ABSTRACT
MCEACHRAN, ANDREW DAVID. Pharmaceutical and Personal Care Product (PPCP)
Occurrence, Distribution, and Export at a Forest-Water Reuse System (Under the direction of
Elizabeth G. Nichols).
Forest-water reuse systems are sustainable water-reuse systems which infiltrate municipal,
industrial, and agricultural wastewater through forest soils to shallow aquifers and then
surface waters via slow-rate irrigation. Their ability to mitigate regulated nutrients, metals,
and organic chemicals is well known, but the fate of non-regulated chemicals in these
systems is largely unstudied. Non-regulated chemicals include contaminants of emerging
concern and pharmaceuticals and personal care products, which individually and collectively
elicit detrimental effects on aquatic ecosystems and potentially human health. The
environmental input of emerging contaminants from conventional wastewater treatment
plants is well documented. How forest-water systems provision and regulate water is
informative to sustainable technologies that can mitigate climate change variability,
provision wood products and bioenergy, preserve forested landscapes, and improve water
resources for communities and wildlife. This research investigated pharmaceuticals and
personal care products (PPCPs) in soils, groundwater, and surface water at a 2,000 hectare
forest irrigated year-around with secondary-treated, municipal wastewater. This temperate,
irrigated forest does contribute PPCPs to soils, groundwater, and surface waters. PPCPs were
more abundant in soils versus underlying groundwater by an order of magnitude. PPCP
concentrations in surface waters were greater at the onset of significant storm events and
during low-rainfall periods. Finally, PPCPs and other emerging contaminants were lower at
the forest-water reuse system than a conventional treatment system of similar treatment

volume. Overall, PPCP concentrations in surface waters and groundwater were at least one



order of magnitude below guideline values for ecological risk and several orders of
magnitude below estimated human health risks. This research has shown that in addition to
regulating water quality and availability, this forest-water system reduced the environmental
input of PPCPs to a greater extent than a conventional treatment system did. This data will
inform future implementation of forest-water reuse systems and indicates that these systems

can be effective sustainable water-reuse systems with regards to PPCPs in the environment.
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INTRODUCTION

Climate change and population pressures are expected to place increasing demands
on water quality and availability.! Temperate climates, in addition to more arid regions of the
world, are already experiencing water availability shortages due to competition of
resources.’? Sustainable water reuse systems can provide water security through
improvements of water quality and regulation of water availability.? Forest-water reuse
systems are one type of sustainable water reuse system capable of providing water security.
Forest-water reuse systems are slow-rate land application systems that that treat industrial,
agricultural, and municipal wastewaters while providing ecosystem services such as
provisioning wood products, biodiversity, and carbon storage.** Forest-water reuse systems
in temperate regions enable year-round wastewater treatment and nutrient storage without
detriment to forest integrity or water quality. These systems mitigate regulated nutrients,
metals, and organics in wastewaters to acceptable criteria levels before reaching groundwater

and surface water* %

and are more energy efficient and cost-effective than conventional
treatment systems of similar size. Land application of wastewater has effectively mitigated
regulated contaminants in the United States for decades.® However, the fate and effects of
non-regulated wastewater contaminants in these systems remains largely uninvestigated.
The occurrence and fate of contaminants of emerging concern, and specifically
pharmaceutical and personal care products (PPCPs), in the environment are of increasing
public importance due to their ubiquitous nature and documented environmental effects on

wildlife.”*® These compounds, which include antibiotics, synthetic hormones, and

prescription and non-prescription drugs, enter the environment chiefly through wastewater



but also via agricultural processes and pharmaceutical production. Once in the environment,
PPCPs elicit detrimental effects on aquatic wildlife in the manner of negative reproductive

effects,"*"*® behavioral changes,™* and proliferation of antibiotic resistance,* 1%

among
others.” Conventional, tertiary wastewater treatment plants (WWTPs) are well-documented
sources of PPCPs and emerging contaminants in the environment;*®® however, alternative
wastewater treatment systems have been under-investigated.

This research was conducted to better understand how forest-water systems manage
emerging contaminants over time and to define the extent to which forest-water reuse
systems input emerging contaminants into the environment. Understanding emerging
contaminant input from forest-water reuse systems will inform the future implementation of
these systems for sustainable water reuse. This research was carried out through three
separate but related studies outlined here as subsequent Chapters 1-3. Chapter 1 is a
preliminary investigation of PPCPs at a forest-water reuse system in Jacksonville, NC. This
study identifies the occurrence of PPCPs in groundwater and surface water at the forest-water
reuse system. Chapter 2 is a year-long study of the environmental fate of a select group of
PPCPs at the same forest-water reuse system in Jacksonville, NC. Soil, groundwater, and
surface water were investigated in an effort to more completely understand how the forest-
water reuse system functions with respect to PPCPs. And finally, Chapter 3 presents an
explicit comparison of PPCP and broader emerging contaminant input between a
conventional, tertiary wastewater treatment plant and the Jacksonville forest-water reuse

system through a three month sampling period of surface water and wastewater. Water reuse

systems are likely to play a critical role in stabilizing water resources as climate change and



population pressures place increasing demands on clean water sources. Forest-water reuse
systems can provide a sustainable alternative to traditional wastewater treatment but
minimizing emerging contaminant input into the environment is critical to their large-scale

implementation.
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Abstract: The cocumence and fae of pharmacentical and personal care prodwcts in the envinnme nt ane of increasing poblic imponance
because of their ubiquitous mawre and documented effecs onwildlife, ecosystems, and poentially humans. One poential, yet undefined,
spurce of entry of pharmaceuticals in the environment is via the land application of municipal wastewsater onto permited lands. The
objective of the present siudy is o deermine the extent to which pharmacenticals are mitgated by or exponied from managed tree
plantations irrigated with municipal wastewater. A specific focus of the present study & the presence of pharmaceatical compounds in
groundwater and surface water discharge. The fudy sie is a mundcipality that land-applies secondary treated wastew ster oo 930
hectares of a 2000-hectane managed hardwood and pine planaton. & site of 33 pharmaceaticak and gerodd hormones was argeted in
the analysis, which consiged of monthly grab sampling of gomdwater, surface water, and wastewater, follow ed by concentration and
cleanup via solid phase extraction and separation, detection, and quantfication via Bguid chromaography coupled with tandem mass
apectrometry. Moe than one-half of all compounds detectad in imgated wastewater were nod present in gomdwaier and subsequent
surface water. How ever, antibdotics, nomsteroidal anti-inflammatory dmgs, caffeing, and other preseription and over-the-comnter drugs
remained in groundwater and wene transponied into suface water &t concentrations up to 10ng/L. These resulis provide impontant
documentation for pharmaceutical fate and transpon in forest sygems imrigated with mundcipal wastewalker, a previously undocumented

spurce of environmental entry. Environ Todeol Chem 200635898905, © A5 SETAC

Keywonds: Pharmaceutical Waewaler Ciround water

INTRODUCTION

Ashuman populations grow, the need for sustainable treatment
and reuse of municipal wastewaler becomes  increasingby
essential. Most municipal wastewater generated in the United
States is treated through various levels of wastewater treatment
plants (WWTPs), and the treated effluent is discharged inio
receving waters, which can include streams, rivers, and lakes,
Because of the unique chemical nature of many pharmacenticals
and personal care products (FPCPs), these frequentdy adminis-
tered and consumed compounds can reman in wasewater
throughout the treatment and discharge process and have been
detected in ambient rivers and streams throughout the United
States [1]. Once in the envimonment, PPCPs can result m
detimentul effects on aguate wildlife, Natural and synthetic
estrogen  compounds, including  17P-estradiol, estrone, and
1Ta-ethymylestmdiol, have been meported to camse decreased
fecundity in fathead mimnows [2] and reduced testicular
development in trout [3], among other negative reproductive
effects in fish. Furthermore, inhibition of growth and development
of secondary sexual charactenstics in Daphnia magna, an
important ndicator species in aquatic ecosystems, was reported
after exposure to a varety of endocrine-active chemicals [4].
Other commonly used compounds that are pemistent
wastewater treatment ef luent are nonsteroidal anti-m flammatory
drugs. Thesecompounds, including ibuprofen and naproxen, have
been reported in theenvionment at concentrations of 300ng/L n
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surface waters 5], and they elicit negative reproductive effects
on agquatic organisms at low, but potentially envimmmentally
relevant, concentrations [6). Furthermore, commonly used
antidepressant  drugs, once in the environment, can elict
behavioml changes in fish. Antibiotics in the environment lead
to the development and propagation of antibiotic resistance | 7-49)
and have been frequently detected in surface waters and in
wistewater lagoons at concentrations exceeding 100 ng/L. These
concentrations have been reported to mflvence the prolifertion of
antibiotic-resistant bacteria in the environment and thus present
potential public health concems [1]. In addition o the effects of
individual classes of chemical compounds on agquatic organisms,
exposure to mixtures of chemicals likely leads to compounded and
interactive effects on aquatic spedes and ecosystems. Because
phamaceutical compounds are often found at low levels and in
mixtures  from wastewaer efluent, the potential additive,
antagonistic, or synergistic effects of mixtues on aguatic
ecosystems is important to understand. Luna et al. | 10] eporned
that mixtures of 17f-estmdiol and the mtidepressant fluoxetine
decreased meproductive success of 3 magna significantly more
than either chemical compound alone.

Analtemate sohution to directdischarge of treated wastewater
is the land application of municipal wastewaier onto permitted
lands [11]. In the United States, land application technologies
wen implemented in the 1970s with the introduction of the
National Environmental Policy Act and amendments to the
Federal Water Pollution Control Act in 1972 [12]. This
technology involves the irgation of municpal wastewater
onto agricultuml or forested lands; the treatment of wastewater
may vary from no treatment to tertiary treatment before actual
irmgation onto land. Thestate of North Carolina has 86 permitted
sites forthe land application of municipal wastewater. The study
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site of interest in the present study applies secondary treated
wastewater onto 930 hectares of mixed hardwood and pine
fiorests with apotential capacity toirngate 2000 hectares of forest
(A, Birch, 2015, Master's thesis, North Caroling State University,
Raleigh, NC, USA). The custing forest and new bioenergy
hardwood tree plantations comply with minent management
requirements for groundwater | 13 ).

Although these forest systems filter mutrients from waste-
water to acceptable criteria levels before reaching surface water
sources, the fate and transport of PPCPs from wastewater
application to groundwaters and surface waters is unknown.
Preliminary screening data indicated detectable amounts of the
wastewater indicator and plasticizer bisphenol A in groundwa-
tercollected at the site viaa nontargeted qualitative method. The
evaluation of PPCP release from land-applied forest systems to
aguatic ecosy stems requines characterization of flow paths over
time, because the volume of land-applied wastewater can be
greater during dry conditions and lower during significant
rainfall events. The hydrological chamcterization of the study
site is the focus of a sepamte research publication and indicated
that wastewater makes up an average of 24% of the mean daly
discharge of the site (A. Birch, 20015, Master's thesis, North
Carolina State University, Raleigh, NC, USA). The objective of
the present study was todetermine the presence of PPCPs in the
land-applied system and provide preliminary data as to the
extent to which PPCPs can be mitigated by or exported from
managed forest systems imigated with municipal wastewater.

METHODS

Sire deseriprion and sampling

The wastewater land-application fadlity receives approxi-
mately 19000m*/d of municipal wastewater from a city with a
population of TOOM) and a daily wastewater outflow of
approximately 19700m> [13]. Secondary treated wastewaer
is land-applied using 1-m imigation risers after residence times
of 7 d to 14 din open reservoirs onto 930 hectares, as needed, of
forested land. The land application facility has been in opemtion
since 1998, when it was constructed inresponse to the failure of
a traditional WWTP. Soils within the watershed contaning the
land-application site genemlly fall under the sandy loam or fine
sand soil textural class and are well to moderately well drained.
The soils at the groundwater sampling locations are s pecifical Ly
classified as MNorfolk loamy sand. The watershed meceives an
amnnual average minfall of 1300 mm. On average, 1200mm
wastewater is land-applied on a vearly hasis on this site [13].
During the presentstudy period, the watershed received 130mm
precipitation and 120 mm wastewater irrigation per month. The
land-application process is designed such that there is no
overland flow of wastewater, indicating that all of the applied
wastewater is either retained in the soil vadose zone, is
evapotranspired, or becomes groundwater.

Six groundwater wells and 2 surface water points werns
selected from the 2000-hectare wastewater land application site.
Groundwater wells were selected where previous mesearch
indicated infiltration of wastewater by means of similarisotopic
signatures (5'%0 and §7H) in the proundwater to that of
wastewater (A. Birch, 2015, Master's thesis, North Camlina
State University, Raleigh, NC, USA). The groundwater grdient
labeled transect A (TA) connects a large upland area of
irgation {wellz 2, 3, and &) to 2 small tibutary {TA SW ) down
gradient, providing the capability to analyze PPCP concen-
trations along a groundwater gradient (Figure 1). Tmnsect B is
groundwater unrelated to the gradient in TA, and the final

Emviron Toxicol Chem 35, 2016 g

surface water sampling point {outlet) was included to determine
PPCP concentrations in surface water leaving the facility's
property (this sampling point was not sampled for August and
September 2014).

Sampling ocourred monthly from August 20014 to Jamu-
ary 2015 and followed US Geological Survey field manual
protocols for groundwater and surface water [14]. Momnthly
sampling was conducted to cover greater temporal vanation, the
lack of which is a common critique of environmental sampling
and analysis of PPCPs | 15). Forgroundwater, wells werne purged
3 wolumes before collection of 1 L groundwater, using a
stainless steel bailer, into precleaned and baked amber glass
bottles, The bailer was nnsed with water and acetone between
groumdwater wells, One-liter depth-integmted and 1-L width-
integrated surface watersamples were collected by using amber
glass liter bottles: wastewater in the irrigation system was
collected from a central spigot between the holding reservoirs
and the land application irigation system. A total of 10 samples
(6 groundwater samples, 2 surface water samples, 1 wastewater
sample, and 1 field duplicate) wenz collected each sampling
event. Samples were transported to the laboratory on ice and
stored at 4 °C until extraction, within 10 d of sampling.

Targer compourds

The 33 compounds targeted in the present study were
seleded according to their potential risk to aguatic organisms,
or are commonly prescribed or consumed pharmaceuticals in
the United States (Table 1). Chemical standards wer
purchased from  Sigma  Aldrich, and stable—isotopically
labeled internal standands were pumchased from Cambridge
Isotope Laboratonies.

Exraction and analysis

Extraction procedures were similar to those desaribed by
Cahill et al. [16], Klosterhaus et al. [17], and Phillipset al. [15]
with minor amendments. All water samples were filtered
through 2.7-pm Whatman glass fiber filters (Fisher Scentific)
and spiked with surrogate internal {recovery) standards befom
extraction. Samples were extracted and concentrated using
Oasis HLB  solid phase extmction cartndges (Waters).
Cartridges were preconditioned with methanol and water, and
prefiltered samples were loaded through solid phase extraction
cartndges under vacuum at 10mL/min to 15 mL/min. The solid
phase extraction cartridges were dried under vacuum for 15 min,
rinsed with 2mlL water, and dried under vacuum for 15 min
again hefore elution with 2 4-mL aliquots of methanol followed
by 4 mL acidified methanol (0.1 % tmfAvoroacetic acid). Eluents
were evapomted to near dryness, rinsed and combined in
methanol, and evaporated to dryness. Samples were recon-
stituted in a final volume of 250 pL. composed of 200 kL 1:1
methanolwater and S0pl. of stable-isotopically labeled
reference internal standard. Processed samples wene then stored
at —80°C until instumental analysis. Immediately before
analysis, samples were centrifuge-filtered using Pall Life
Sciences Nanosep 3K Omega filters.

Two separation and analysis methods were used to sepamte,
detect, and quantify target compounds (Supplemental Data,
Tables 51 and 52). The hasic/neutral targeted compounds were
separited by meverse-phase liquid chromatography, using an
Acquity UPLC BEH (Ethylene Bridged Hybrid) Shield RPIS
(2. 1mm = 150mm, 1.7 pm) column from Waters and analyzed
on a Thermo Scientific TS0 Quantum Ulra triple-quadrupole
mass spectrometer configured with a Waters Acquity UPLC
separtion system. The second method was used to target the
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more acidic analytes, and separation occurred via an Acquity
UPLC BEH CI8 (2.1mm x 100mm, 17 pm) column.
Compound detection was achieved via electrospray ionization
in positive mode for the first method and negative mode for
the second. Target compounds were quantified using an
intemal standard method comprising 7 levels of calibration
standards.

Qualiry assurance
Field duplicate samples were collected for every sampling
event and analyzed inthe same method. In addition, for each set

of samples collected, 1 field blank and 1 standard spiked blank
were extracted and analyzed in the same manner to determine

1 A; TA SW =transect A surface water.

background contamination and ongoing method recovenes,
respectively. Finally, all samples were spiked with 2 stable-
isotopically labeled surrogate recovery standards before
extraction. Method recoveries and relative standard deviations
(SDs) of recoveries were within the range of other studies
targeting a similar number of compounds from water and
wastewater [17,19]. Average standard analyte recovenes for all
compounds of interest were 67%, and average relative SD of
recovery (%RSD) was 26% (Supplemental Data, Table S3).
Two surrogate internal standards, 12c) carbamazepine and
[*C] 17B-estmdiol, were added to every sample before
extraction, and ongoing % RSDs of these were 18% and 50%,
respectively. In field blanks only, %RSD was 4% ([*C]

Table 1. Pharm icsk and p ] care oducts (PPCPs) tageted in chemical analysis
Chemical analysis grouping® PPCP
Steroid hormaones 17« ethynyl lol 17-8 hiol estriol, prog
Antibotics and sntimicrobiaks Sulfamethoxazole, 11 ycin, sulf: hezine, tylosin, timethoprim, tnclsen, erythromycin
N xlzl anti-inf] y drugs Nap L phen, salycilic acid (spinn metsbalite)
Prescription and nong iption drugs Gemfitrozil, meprob v.ilmem. e, val b P alol

Cafleine
N,N-diethyl-metatoluxmide (DEET)
Nicotine metsholie

Plasticizer

Virsdert el

(xﬂe:n:. praxanthine (metsbolite)
DEET

Cotimne
Buphenal-A (BPA)

*Specified groupings for chemical analysis based on general chemical class.
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carbamazepine and "] 17B-estmdiol). Only the compound
N N-dicthyl-meata-toluamide (the inseat epellent DEET) was
detected in extracted field blanks above limits of detection. Fidd
duplicates were used to determine the melative percentage
difference of targeted compounds. Average relative percentage
difference was 37% (+£15%) across all PPCPs detected in
duplicate samples throughout the sampling period. Method
detection limits were compound specific. Most analyte method
detection limits values were less than 1 ng/L, and no detection
limit was higher than 15ng/L.

RESULTS

PPCP derection and gquantitation

Of the 33 pharmaceut cal compounds targeted in analysis, on
average 24 were detected in wastewater during each of the 6
sampling months, with 27 being the maximum mmber of
compounds detected inany given month and 20 the minimum.
Mo mone than 12 PPCPs were detected inany groundwater well
during any given sampling event, and no mome than 10 PPCPs
wemn detected in most groundwater samples (Figure 2.
Excluding wastewater, the greatest number of compounds
wem detected in the watershed outlet surface water point.
Detections of pharmaceuticals at the watershed outlet exceeded
detections at individual groundwater locations throughout the
site { Figume 2). With res pect tocompound-specific prevalence in
groundwater and surface water, cotinine, caffeine, carbamaze-
pine, and DEET were detected in more than 80% of all sampling
locations (not including wastewater) for nearly every month of
sampling (Figure 3). Other frequently observed compounds
included sulfamethoxarole (0-T0% of all sampling locations,
depending on the month ) and paraxanthine (40-100%). Estrone
and pmogesterone were the only steroid hormones identified.
Progesterone was present only in wastewater, and estrone was
intermittently found in all water sample types. No significant
patterns were ohserved in the frequency of detection of
compounds by month of the year.

Pharmaceutical concentrations in groundwaters and surface
waters were at least 1 order of magnitude lower than land-
applied wastewater, The compounds with the highest average

o

a5

20

FPCPy datecied

& & ‘;3"' o ﬁ'.‘ o

Figure 2 The vzl number of tarpeted phearmeceuticak and personal
care products {PPCPs) detecied in waler sanples by campling menth
{Augus A 4-January 2005). Samples ae wasewaler (WW ), ansec A
surface water (TA 5W), and walenhed oulel (Oudlet). The remsimng ame
gramdwater wells. Transect A(TA) 1, TAZ and TA SW represent a gracient
o groamehwater (TAs 1 and 2) Bowing down from an uplend srea (wells 2, 3,
and &) o 2 suree water discharge point (TA 5W). TB= ransect B.
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Figure 3. Frequency of detection of selected pharmasceuticals sl persanal
care procucts (PPCPs) in groundwater and surface water samples by
sampling month (August A 4=-lemuary A15). The PPCPs aling the x-axis
are smanged in order of kvwer 1o higher octanol -water partition coellicient
values, mdicating which PPCPs would be mone or less hikely 1o persist in
waleror sorh Lo soil. Cotinine (anicoline metabolite), callene, N N-diethyl-
me -loluamide {DEET), and carbamssrepine (an sntiepileptic presorplion
dmg) were soame of the most Imequenlly deteced compounds hmoughout the
sampling periods.

concentrations in imgated wastewaer wens valsartan (1000ng/L),
sulfamethoxaznle (300 ng'L), trimethoprim (Y00 ng/L), diphenbry-
dramine (4(0ng/L), and gemfibrozil (750ngA). OFf these, only
sulfamethoxaznle was consistently present in groundwater, and
avenge concentrations were less than 5 ng/. ( Supplemental Data,
Tahle 54). The highest concentrations of pharmaceuticals in
groundwater wen: cotinine {mean =9 ng'L), caffene (12ng'L),
carbamazepme (5 ng/L), and sulfamethoxazole (4 ngdL; Figure 4).
The PPCPs present af the highest average concentration in the
watershed outlet surface water point were lmcomycin (19ng/L),
cotinine (2Z3ng/L), DEET (2ngl), caffeine (8nglL), and
trimethoprim (7 ng/L).

In an effort to simplify observations, the targeted pharmma-
ceuticals were grouped acconding to chemical class (Table 1).
This grouping was for chservational purposes only and was not
meant to indicate mechanistic similanties or additive effects, or
to adhere to other groupings in the litemture. Summed
concentrations of pharmaceuticals for spedfic sampling points
were analyzed to investigate the change in concentration and
movement along a gradient to a surface water discharge point,
and ultimately out of the watershed through the outlet (Figure 5).
Antibiotics and antimicrobials and other presoription and
nonprescription drugs make up the greatest summed concen-
trations in the land-applied wastewater. This pharmaceutical
group was present all the way through a groundwater gradient to
a surface water discharge point and in the waters hed omtlet, but
caffeine and caffeine’s major metabolite pamxanthine wene
present & similar concentrations throughout groundwater and
surface water. Most chemical groups decreased throughout the
grmdient to the surface water discharge point; however, the
watershed outlet surface water point contains markedly higher
concentrations than the other surface water point sampled.
Antibiotics, DEET, and antimicrobials made up the greatest
fraction in the watershed outlet point.

IMSCUSS KN

Determining effective approaches of municipal wastewater
treatment and disposal is cotical to the future of societal and
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environmental heal th. Therefore, determining how land applics-
tion of minimally treated municipal wastewater may lead to
environmental input of pharmaceuticals is crucial to the greater
understanding of wastewatertrzatment options and development.
Few smdies in the litemture have mepored concentmtions of
pharmaceuticals in groundwater. Barnes et al. [20] conducted a
stndy sampling groundwater from 18 states across the country
and detected phammaceuticals, including sulfamethoxazole,
caffeine, ibuprofen, cotinine, and fluoxetine. The ground-
waters sampled inthat study were sped fical ly selected to he of
potential concern because of their location promimate to
agriculture operations and cities; however, they were not
directly mlated to wastewater or land application. Of the
PPCPs observed in the Barnes et al. study [20], sulfamethox-
azole was detected in the greatest percentage of groundwater
sources and was observed at a similar frequency in the present
study area. Caffeine and cotinine were detected in only 13%
and 2% of groundwater samples, espectivel y, wheneas these 2
compounds were ubiguitous in the present study arca. Overall,
the targeted PPCPs wem more frequently detected in the
present study than in the Barnes et al. study [20]; however,
concentrations were not higher. In addition, only 1 such study
currently in the literature examines groundwater in relation to
wastewater land application. In that study, ibuprofen was not
detected in any groundwater samples, and caffeine was
detected only intermittently [21]. In addition, these com-
pounds were not consistently detected in wastewater effluent,
indicating that these results may vary substantially from the

present study, in which high concentrations of pharmaceuti-
cals were present in the wastewater.

By examining a groundwater grmdient, it was possible to
determine which PPCPs were the most persistent from land
application to groundwater transport and surface water export
and thus the extent to which infiltration of wastewater occurs,
As an additional indicator of wastewater infiltmtion on the site,
chloride concentrations in groundwater directly down gradient
of irigation were significantly higher than those not receiving
irigation (A. Birch, 2015, Master's thesis, North Camlina State
University, Raleigh, NC, USA). Surface water data from the
watershed outlet rpresent sample collections from October to
Jamuary only, when water-use and transpiration of water by the
forest system declines because of hardwood and other plant
dormancy. Seveml targeted PPCPs, including caffeine, DEET,
sulfamethoxazole, and cotinine, wen: detected throughow the
subsurface pathway and in surface waters (Figure 5). Caffeine
and DEET were ohserved at the highest concentmations
throughout groundwater and into surface water, followed by
the prescription and nonprescription drugs. These chemical
compomds were also present in the watershed outlet surface
water point; however, antibiotics and antimicrobials made up
greater total concentrations than any other group in this surface
water, Even though these chemical compounds were prevalent
throughout a groundwater gmdient, the concentmtions ame
severnil orders of magnitude below that which is land-applied in
wastewater, likely because of chemical sorption to soil and
decomposition before reaching groundwater. However, despite

11
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Figure 5. Six-maonth average concentrations of larpeted pharmscemticak, presented in summed groupings (Table 1): (A) wadewster concenirations. (B) 2
selected groamdwater samples and 2 surface water poants. Tramsect A(TA) 1, TAZ, and TA 5W represent 2 gradient of groamdwater (TA 1 2nd 2) llowing down
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precription and monpresonplion drugs, axd antibiotc: and amtmicoobizk remsin e most pesiient throughout gomndwater inlo surface water.

NEAIDs = noor demmidal anti-n lammstory dmugs.

reduction in concentration, these chemical compounds are
persistent throughout groundwater and remain so imto surface
water, With the present data and temporal scope, we arc unable
to explicitly define the land-application facility as the sole
source of PPCPs leaving the watershed via surface water at the
outlet, because an upstream surface water point was not
included throughowt the present study period. However, after
the present study period, 1 surface water sample was analyzed
from upstream of the entine watershed and indicated little input
imo the system (7 PPCPs were present, and the highest
concentration of any of these, DEET, was 10ng/L; all others
weme less than 3 ng/L). A more extensive sampling regimen is
underway to characterize PPCPs in surface waters emtering and
exiting the land application site.

To assess differences in ovemll environmental input and
mitigation, the environmental input of PPCPs from wastewater
land application was compared with WWTP efflvent discharge
im0 receiving waters, Severul studies have quantified pharma-
ceuticals in WWTP effluent and receiving surface waters to
determine environmental input from incomplete removal during
the WWTP process [1,19.22]. In geneml, concentrations
detected in surface waters proximate to or downstream from
WWTPs in the literature were greater than those detected in
groundwater at this forested land application site (Table 2).
However, caffeine, sulfamethoxazole, and DEET were quanti-
fiedin groundwater at similar concentrations to those reported in
surface waters, albeit at the low end of these mnges. Similarly,
most pharmacenticals quantified in surface water in the present
study were at concentrations below that which has been reported

in the literature. However, DEET and tnmethoprim concen-
trations in the watershed outlet on the land-application site wens
similar to those reported in surface water sites throughout the
country and world.

To more thoroughly assess the effectiveness of the forest
syslem as 8 wastewater treatment technology, the percentage of
deease in concentration of target compounds was calculated.
Forthosecompounds detected in thewatershed outlet, decreases

Tshle 2. Selecied pharmaceuticsl concentrations in groand water and
surface water from the present siudy compared with hieraure values in
surfsce waler, presenied m ngil.

Present slwly Literature values
Pharmsce utical W range 5W range W
Certinine 3-13 1-3 205"
Cafleine 6-25 57 105"
Carhamarepine 0-11 2 25% 157
Sulfzmethaxale 021 -2 B-150°, 24F, 1°
DEET &-150 =] n®
Trimethaprim =2 (=20 =150, 11°
Ihuproden -2 0-2 ANF, 28"
Erythromycin 0 1] 340
Esrone =20 1] 38"
Naprosen 012 -5 11%, 53¢

“Presented & range of medisn concentrations [1].

" Precented = mesn concendration

“Presented a median concentration [19].

OW = goundwater, 5W —surlace waler; DEET =N N-diethylmeta-
Lol uamide.

12



g Environ Toxcol Chem 35, 2016

inconcentration between that in land-applied wastewater and the
watershed outiet were largely greater than 98%, with few
exceptions. Lincomycin (19 ng/L) and sulfamethox azole (4 ng/L)
concentrations were higher in the wateshed outlet than in land-
applied wastewater (9ng/L and 1ng/L, respectively): however,
these concentrations were still lower than those previously
mreported in suface waters. Trimethoprim, present at 1 of the
highest concentrations in land-applied wastewater, experienced a
FI5% decrease in concentration before reaching the watershed
outlet point. And DEET, which was present at the highest
concentration in the watershed outlet, was reduced by B1%
compared with land-applicd wastewater concentrations, This
indicates that the foresied system effectively removes significant
percentages of PPCPs before reaching the watershed outlet.
Changes in concentration of PPCPs along the groundwater
gradient to the surface water discharge point were also
determined. More than 505 of paraxanthine, caffeine, carba-
muazepine, and valsartan remained in the water between well TA 1
and surface watersite TA SW (Figure 1). This indicates that these
compounds pemsist in groundwater and are likely to remain in
groundwater to the watershed outlet. However, 75% to 100% of
cotining, acetaminophen, triclosan, and DEET were removed
hetween well TA 1 and surface watersite TA SW, indicating that
although these compounds infiltmte to groundwater, they are less
persistent and degrade before reaching surface water. The
concentrations of the vast majority of targeted PPCPF compounds
ame suhstantially reduced from concentrations in land-applied
wastewater befon: being exported off of the sie in surface water,

When comparing PPCP concentrations at this forested land
application system with traditional WWTP effluent, one must
qualify several attributes. First, the location of surface waber
samples melative to a traditional WWTP effluent owfall is
critical. [Mstance downstream from a discharge location can
change PPCP concentrations by orders of magnitude. Second,
the type of WWTFP is critical, because certain WWTFs
(traditional tertiary, advanced activated charcoal, and so forth)
may remove larger percentages of pharmaceutical compounds
hefore release into surface water. Although several pharma-
cewticals were mutinely detected in groundwater and surface
water at this facility, which land applies secondary treated
wastewater, most of these compounds were present at
concentrtions lower than that reported in surface waters
downstream of traditional WWTPs which discharge tertiary-
treated effluent.

In general, acute toxicity swdies havereported concentrations
at which 50 of a population exhibit a esponse (ECS(0) and
concentrations lethal to 50% of a population (LCS0) in the
milligmm per liter range, sevenl ordes of magnitude greater than
the concentrations reported in the present study. For example,
carhamazepine was acuely toxic to £ magna at 17.2mg/
L |2324], and the mean concentration in groundwater and
surface water in the present study was less than 25ng/L.
indicating no acute risk at the measured concentrations. Chronic
effects are likely more appropriate to consider because of the
continuous input of pharmacewtical compounds at low levels,
Ramly amr acute effects seen at environmentally relevant
concentrations; however, low-level exposume over time can
lead to subtle changes in aguatic organisms and populations.
Monsteroidal anti-inflammatory dmigs were reported to affect
mproduction in Daphnia at concentrations of 1.8mg/L [25],
and car ine has been reported to elicitsublethal effects as
low a5 10pg/L [26). In the present study, even when added
together, all nonsteroidal anti-mfammatory drugs total less
than 50ngl. and carbamarepine never exceeded 20ng/L in

A McBachran el al

groundwater or surface water. Anotherstudy examining changes
in morphology and feeding in the cidarian Hydra attenwata
reported that sulfamethoxazole, timethoprim, and caffeine all
exhibited EC50 values greaer than 100mg/L, and gemfibmozil,
ibuprofen, and carbamazepine exhibited BCS0 values greater
than 1 mg/L [27]. Concentrations of pharmaceuticals in land-
applied wastewater are high enough to elicit chronic effects, and
perhapsacute effects; however, pharmaceutical concentrmtions in
groundwater and surface water at this land application facility
wiere lower than the range of direct risk to aguatic organisms. The
lone exception is the presence of antibiotics &t concentrmtions
sufficiently high toinfluence the proliferation and propag ation of
antibictic resistance in aguatic environments. Risk associated
with the development of antibiotic resistance is insufficiently
addrzssed when considering WWTP effluent or land application,
where continuous input of antibiotics occurs.

CONCLUSHINS

The present preliminary assessment found that PPCPs ane
present in secondary-treatd municipal wastewater after resi-
dence times of 7d to 14 d in open reservoirs before land-
application onto a mined pine—hardwood forest. Select pharma-
cewuticals were detected in groundwaters and surface waters on
site and atthe watershed outlet of the site, but concentrations wene
lower than PPCP concentrmtions in irngated wastewaier as well
a5 concentrations reported elsewhere in surface waters down-
stream of conventional WWITPs, Research is ongomg to mon:
fully address how land application systems function with regard
to PPCP fate and tmnsport.
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SUPPLEMENTAL DATA
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Pharmaceutical Occurrence in Groundwater and Surface Waters in Forests Land-Applied
with Municipal Wastewater
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Mobile phase conditions for liquid chromatography separation

Supplemental Data Table S1. Mobile Phase gradient composition for Method 1- Positive ESI

Time (min) | Mobile Phase A (%)® | Mobile Phase B (%)"
0:00 100 0

1:00 95 5

5:00 95 5

8:00 50 50

13:00 50 50

18:00 20 80

23:00 20 80

27:00 0 100

42:00 0 100

*Mobile phase A is water
b_ Mobile Phase B is Methanol with 0.05% Acetic Acid. Flow rate is 0.200 mL/min. After

gradient program, mobile phase conditions were restored to time 0:00 and equilibrated for 5

minutes before the next run.
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Supplemental Data Table S2. Mobile Phase gradient composition for Method 2- Negative

ESI.

Time (min) | Mobile Phase A* (%) | Mobile Phase B® (%)
0:00 99.9 0.1
2:00 95 5
6:00 95 5
10:00 50 50
13:00 50 50
16:00 20 80
19:00 20 80
21:00 0.1 99.9
31:00 0.1 99.9

%-Mobile phase A is water
b Mobile Phase B is Methanol. Flow rate is 0.250 mL/min. After gradient program, mobile

phase conditions were restored to time 0:00 and equilibrated for 8 minutes before the next

run.
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Quality control and method performance

Supplemental Data Table S3. Method Performance. Recovery of targeted analytes (%) and

associated relative standard deviation (RSD %) of recovery.

Analyte Percent Recovery (n) RSD (%)
Lincomycin 174 (4) 22
Cotinine 171 (4) 23
Trimethoprim 165 (5) 21
Valsartan 92 (5) 23
Carbamazepine 90 (9) 13
Ibuprofen 88 (8) 6
DEET 83 (9) 26
Erythromycin 79 (6) 40
Gemfibrozil 77 (5) 15
Sulfamethazine 77 (7) 24
Caffeine 73 (9) 8
Testosterone 72 (9) 19
Estriol 72 (9) 15
Naproxen 69 (9) 27
Progesterone 67 (9) 25
Tylosin 67 (8) 40
Meprobamate 61 (9) 29
BPA 56 (8) 26
Paroxetine 56 (7) 31
Triamterene 54 (5) 32
Diphenhydramine 54 (9) 23
Triclosan 53 (9) 23
Sulfamethoxazole 52 (9) 30
17a- Ethynylestradiol 49 (7) 31
Atenolol 45 (6) 43
Paraxanthine 38 (9) 21
Fluoxetine 37 (8) 34
Estrone 36 (7) 50
17p- Estradiol 33(8) 29
Acetaminophen 28 (9) 22
Diltiazem 19 (5) 32
Triclocarban 9 (8) 46
Salicylic Acid 8 (6) 19
[**C] Carbamazepine 112 (4) 4
[**C] 17B-Estradiol 22 (8) 50

n= number of replicates included in average calculation
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ABSTRACT

Forest-water reuse systems infiltrate municipal, industrial, and agricultural wastewater
through forest soils to shallow aquifers and then surface waters via slow-rate irrigation.

Their ability to mitigate regulated nutrients, metals, and organic chemicals is well known, but
the fate of non-regulated chemicals in these systems is largely unstudied. How these systems
provision and regulate water is informative to sustainable technologies that can mitigate
climate change variability, provision wood products and bioenergy, preserve forested
landscapes, and improve water resources for communities and wildlife. This study
quantified 33 pharmaceuticals and personal care products (PPCPs) in soils, groundwater, and
surface water at a 2,000 hectare forest irrigated year-around with secondary-treated,
municipal wastewater. This temperate, irrigated forest does contribute PPCPs to soils,
groundwater, and surface waters. PPCPs were more abundant in soils versus underlying
groundwater by an order of magnitude. PPCP concentrations in surface waters were greater
at the onset of significant storm events and during low-rainfall periods. Overall, PPCP
concentrations in surface waters and groundwater were at least one order of magnitude below
guideline values for ecological risk and several orders of magnitude below estimated human

health risks.

KEYWORDS: Water reuse, forests, PPCPs
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INTRODUCTION

Climate change and population pressures are expected to increase the scarcity and
diminish the quality of water resources." While significant attention has been paid to more
arid regions of the world, temperate climates are experiencing water availability shortages
and competition.! As such, managing water security will become increasingly important as
urbanization and human population growth continues. One strategy to improve water quality
and regulate water availability is the use of forest-water reuse systems.” 2 These systems are
permitted, slow-rate land application systems that treat municipal, industrial, and agricultural
wastewaters via soil infiltration and groundwater recharge prior to surface water discharge.*°
Slow-rate irrigation is the most ubiquitous and oldest wastewater land application technology
that can be designed for different natural and managed landscapes such as crop lands, golf
courses, and forest ecosystems.* ® ” Slow-rate infiltration systems are designed to treat the
most wastewater on a given amount of land at rates in excess of crop irrigation needs.® In
temperate regions, forest slow-rate infiltration systems enable year-around wastewater
treatment, nutrient storage, and intermittent soil saturation without adverse impacts on forest
integrity and water quality. Forest-water reuse systems effectively mitigate regulated
nutrients, metals, and organics to acceptable criteria levels before reaching groundwater and

surface water®"®

and compared to traditional wastewater treatment plants (WWTP) of
similar wastewater volume treatment capacity, these systems are more cost-effective and
energy efficient. In addition, they provide various ecosystem services such as provisioning

wood products, biodiversity, carbon storage, and bioenergy.'® However, very little is known

about the fate and effects of non-regulated wastewater contaminants in these forest systems.
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Contaminants of emerging concern, specifically pharmaceuticals and personal care

products (PPCPs), are non-regulated contaminants that have been routinely reported in the

11-14 |18

environment **"** where they can elicit reproductive,™ *® behavioral,*” and endocrinologica
effects on aquatic organisms. Environmental input of PPCPs is generally associated with
municipal wastewater release to surface waters because most wastewater treatment
technologies do not completely remove them prior to discharge to surface water bodies.**%*
Unknown and under-investigated sources of PPCPs into the environment need to be studied
due to growing evidence of adverse effects in aquatic organisms from low level exposure to
PPCPs. The fate of PPCPs in forest-water reuse systems merit evaluation to understand how
these systems fully regulate water quality for groundwater and surface waters.

This study reports on monthly PPCP occurrence in a temperate forest-water reuse
system that is irrigated with secondary-treated, municipal wastewater throughout the year.
Previous research has documented that forest-water reuse systems effectively manage
regulated nutrients for groundwater and surface waters.'® A recent hydrological study of this
system found that municipal wastewater comprised on average 50-76% of groundwater and
23% of surface water in irrigated catchments.”> Additionally, select PPCPs were identified in
forest groundwater and surface water leaving the irrigated subwatershed.?®* However, the
temporal dynamics of PPCP concentrations in wastewater and forest groundwater remained
uncertain as well as the temporal export of PPCPs from the forest-water reuse watershed via

surface waters. Because of their potential contribution to sustainable water reuse, aquifer

recharge, and surface water streamflow, the ability of these systems to remove or contribute
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non-regulated contaminants across temporal dynamics is important to future forest-water

reuse, design, implementation, and optimization.

MATERIALS AND METHODS
Study Area and Sampling

The majority of the study area of interest has been previously described.*® %% %3
Briefly, the study site is a 2,000 hectare, wastewater land-application facility which services
a municipality of 70,000.2* Secondary-treated wastewater is land-applied using one meter
irrigation risers onto 930 hectares of forested land after 7-14 days residence time in open
reservoirs with weekly application rates of 25-75 mm. The 930 hectare land-application area
receives approximately 1200 mm of wastewater and 1300 mm of precipitation annually.
Regulatory permits require that wastewater is applied only when conditions support
infiltration of wastewater into soils; wastewater pooling and run-off at the soil surface is not
allowed.’

Wastewater, groundwater, and surface water were collected over 12 consecutive
months from August 2014 to July 2015 for analysis of PPCPs. Wastewater was collected
from a central distribution spigot within the irrigation network and reflects wastewater after
secondary treatment and storage in open reservoirs. Surface water samples were collected
from Southwest Creek upstream of the land-application facility (Upstream), at a small
tributary within the site (TA SW), and at the subwatershed outlet on Southwest Creek
(Outlet) shown in Figure S1. Groundwater samples were collected along two separate

gradients in two separate catchments, Transect A (TA 1-2, Well 3) and Transect B (TB 1-2),
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and from a reference groundwater well in a forested area that is not irrigated with wastewater
(Reference). Surface and groundwater sampling procedures followed USGS field manual
protocols®® and have been previously described.?* All water samples were collected in pre-
cleaned and baked 1-Liter amber glass bottles, transported to the laboratory on ice, and stored
at 4 "C until extraction, within 10 days of sampling. A separate surface water sampling event
took place during a 24 hour storm event in July 2015. The stage of the watershed outlet
surface water was continuously monitored during the event while seven surface water
samples were collected in order to evaluate how PPCPs are transported during high flow
periods.

Soil samples were collected in two consecutive months (June and July 2015)
concurrent with water sampling events along each groundwater transect (Transect A and B,
see Figure S1) at two depths: 0-5 cm from the surface and 60-65 cm below the surface. At
each location and depth, approximately 100 grams of soil (wet weight) were collected from
four locations surrounding the groundwater sampling well. Samples were thoroughly mixed
and quartered in the field following US EPA protocols for soil sampling.?® All soil samples
were collected in pre-cleaned and baked glass bottles, transported to the laboratory on ice,
and stored at 4 'C until extraction, within 10 days of sampling. Soils ranged from sandy
loam to fine sand and were fully characterized before subsequent analysis (Table S1). The
percent dry material was very consistent among locations ranging from 86%-93% (Table S1).
Thus data are presented in wet weight because normalization to dry weight would not

influence our conclusions.
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Sample Extraction and Analysis

Wastewater and water samples. Extraction and pre-concentration of PPCPs in water samples
has been previously described® and is based on previously published methods.?” % Briefly,
Oasis HLB solid phase extraction (SPE) cartridges were used for extraction and pre-
concentration, followed by evaporation and reconstitution to a final volume of 250 pL
(including 50 pL of reference internal standards [**C] caffeine and [**C] ibuprofen).

Soil samples. Soil samples were extracted following EPA Method 1694%° with amendments.
All samples were both water and solvent extracted to define fractionation of PPCPs within
the soil. Briefly, 10 g of undried homogenized soil was mixed with 15 mL of deionized
water in 50 mL Oak Ridge Teflon© tubes to create a slurry. Reference internal standards and
an additional 10 mL of deionized water was added and the mixture was shaken for 4 hours.
Tubes were centrifuged, the water fraction was decanted off, and the process was repeated.
Water fractions were kept separate and stored at 4 'C until SPE cleanup. Proceeding with the
solvent extraction, 25 mL of acetonitrile was added to the same Oak Ridge Teflon© tube and
shaken for 4 hours, centrifuged, and the solvent decanted off. The process was repeated with
10 mL of methanol plus 15 mL acetonitrile. Solvent extracts were combined, evaporated to
10 mL under a nitrogen stream, and mixed with 200 mL deionized water for SPE cleanup.
Cleanup and pre-concentration followed the same method as the water samples and has been
previously documented.?

Targeted analysis of PPCPs. Thirty-three PPCPs were targeted in the method (Table 1) and
include steroid hormones, antibiotics and antimicrobials, prescription and non-prescription

drugs, and personal care products including plasticizers, insect repellants, caffeine, and
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nicotine metabolites. The targeted analytes were selected due to their ubiquity in

wastewater!: 19

and status as some of the most prescribed/consumed pharmaceuticals in
the country. All soil and water samples were analyzed in the same manner.?* Two separation
and instrument methods (positive and negative electrospray) were used to identify and
quantify all targeted compounds on a Thermo Scientific TSQ Quantum Ultra triple-

quadrupole mass spectrometer configured with a Waters Acquity UPLC separation system.

Targeted PPCPs were quantified using a seven-point internal calibration curve.?®

Data Quality Assurance and Statistics

Data quality assurance and controls consisted of field duplicates, method blanks,
method recovery spikes, and surrogate stable isotopically labeled internal standards. One
field duplicate sample was collected for every sampling event throughout the study period.
Additionally, with every set of samples, both a deionized water blank and method recovery
spike was extracted and analyzed to determine background contamination as well as ongoing
method recoveries of all targeted pharmaceuticals. A surrogate recovery standard with an
intermediate log Kow, [**C] carbamazepine, was spiked into every sample (soil and water)
before extraction to evaluate extraction efficiency and matrix interferences. Average
recovery was 105% in all water samples and 86% in all soil. Method recovery of targeted

compounds was within the range of other similar studies® 2

and the average for all targeted
compounds was 69% in water samples and 42% in soil. Method detection limits ranged from
0.75 ng/L to 7.5 ng/L in water samples and were 0.075 ng/g wet weight in soil. Statistical

differences and relationships in concentrations were determined using, where appropriate,
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one-way analysis of variances (ANOVA), Student’s t-tests, and Pearsons product-moment
correlation coefficient. Data that did not fit assumptions of normality were analyzed using
non-parametric statistics, specifically the Kruskal-Wallis Rank Sum, Wilcoxon Rank Sum
tests, and Spearmans’ rank order correlation test, as denoted. All analyses were conducted in

R Computing Software (version 3.0.1).

RESULTS AND DISCUSSION
Wastewater

There are little data on seasonal variation of PPCPs in wastewater and river systems,
and no data on PPCP seasonal occurrence in open-air reservoirs and forest water reuse
systems. The most abundant PPCPs in wastewater were predominated by the Prescription
and Over-the-Counter Drug, NSAIDs, and Antibiotics/Antimicrobials chemical groups
(Table 1, Figure 1). Average concentrations of individual PPCPs in the irrigated wastewater
ranged from <1 ng/L to 900 ng/L; the most abundant PPCPs were valsartan, fluoxetine,
gemfibrozil, trimethoprim, and diphenhydramine. Concentrations of valsartan, fluoxetine,
and caffeine in irrigated wastewater were similar to concentrations reported for municipal
wastewaters in other studies.'®**?** Total summed concentrations of all PPCPs in
wastewater decreased significantly with respect to increasing daily temperatures for spring
and summer (Figure 1, r=-0.74, p=0.003). The decrease in total PPCP concentrations with
warmer daily temperatures may reflect chemical, biological, and physical PPCP dissipation
in the open-air reservoirs due to increased sunlight intensity (photodegradation), algal

growth, and subsequent water quality changes with photosynthetic fluxes. Seasonal variation

26



in PPCP occurrence in wastewater may also result from use or disuse of certain PPCPs in
certain seasons (i.e. cold medicines/NSAIDs in the winter, allergy medicines in the spring).
Photodegradation of some PPCPs has been documented: triclosan and steroid hormones® can
photodegrade and these PPCPs were some of the least abundant PPCPs detected in the
irrigated wastewater (Table S2). Algal growth may promote uptake, sorption, and
biodegradation of PPCPs in the wastewater lagoons during the 7-14 day residence time
before irrigation. Likewise, higher temperatures could lead to higher rates of hydrolysis,
volatilization, and microbial degradation. Finally, variations in reservoir volumes due to
rainfall may decrease PPCP concentrations due to dilution effects. While exact mechanisms
remain unknown and were beyond the scope of this study, PPCP occurrence and
concentrations decreased in the open-air reservoirs during the warmer months of the year,
representing a PPCP removal mechanism not previously reported in the literature.
PPCPs in Soils and Groundwater

The forest-water reuse system treats wastewater by soil infiltration and eventual
groundwater discharge to surface waters. Forest soils are critical to PPCPs and nutrient
removal to protect groundwater and surface water quality.*>’ PPCP concentrations were
greater in surface soils compared to 60 cm deeper soils (Figure 2A) and total summed PPCP
concentrations were greater on irrigated soils than the reference, non-irrigated soil (Figure
2A, 2B). Concentrations of PPCPs ranged from less than 1 ng/g to 5 ng/g wet weight for
irrigated soils. Carbamazepine, meprobamate, bisphenol-A, and 17-a ethynyl estradiol were
the most abundant PPCPs in soils (Table S2). PPCP concentrations in irrigated forest soils

were similar to PPCP concentrations in soils irrigated with reclaimed wastewater (1-15 ng/g)
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31 and soils amended with biosolids (<1 ng/g).** Based on more than 20 years of wastewater
irrigation at this site and expected half-lives of PPCPs greater than 400 days in soil,** PPCP
concentrations were lower than predicted. Increased organic matter from wastewater
irrigation can enhance biodegradation and sequestration of PPCPs in soil** and could have
contributed to lower PPCP concentrations.

Municipal wastewater irrigation contributes water and organic matter to surface soils
which can impact soil sorption of PPCPs. Surface soils for Transect A had twice the organic
carbon content as their deeper soils (Table S1). These surface soils also had greater amounts
of total PPCPs and greater concentrations of PPCPs with higher Log Kow Vvalues (Figure
2A). These trends were not observed for Transect B soils where surface and deeper soils had
similar organic carbon content, PPCP amounts, and PPCP distribution. Transect B soils were
more sandy than Transect A. More antibiotics and antimicrobials were quantified in Transect
A soils than Transect B soils while Transect B soils contained more prescription and over-the
counter drugs (Figure 2A). Physicochemical differences in soil quality likely contribute to
differences in PPCP profiles in these different soils.

The composition and distribution of PPCPs by chemical class was markedly different
between soils and underlying groundwater; PPCPs with larger log Kow values were found at
greater concentrations in soils versus groundwater (Figure 2B & 2C). As relative
hydrophobicity (as average log Kow) of PPCPs within chemical groups increased, the
abundance of those chemical groups in soils vs underlying groundwater also increased
(Figure S2). PPCP concentrations in soils were an order of magnitude higher than PPCP

concentrations in groundwater (Figure 2B and 2C). Total PPCP concentrations in soil were
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greater than 6 ppb while total PPCP concentrations in underlying groundwater ranged from
60-120 ppt.

Concentrations of PPCPs in groundwater ranged from less than 1 ng/L to greater than
50 ng/L throughout the year (Table S2). The most abundant PPCPs in groundwater were
cotinine, caffeine, valsartan, and carbamazepine which generally have lower log Kow values
and greater water solubilities than the other targeted PPCPs (Table 1). Total summed
concentrations varied significantly by groundwater sampling location (ANOVA, p=0.03,
Figure 3, differences denoted by letters), and groundwater in irrigated forest areas had
significantly greater total PPCP concentrations than the non-irrigated, reference groundwater
(t-test and Wilcoxon Rank Sum test, all p<0.05) except for well TA 2 (Wilcoxon Rank Sum
test, p=0.38). In general, the most upland groundwater wells had higher total PPCP
concentrations than groundwater wells down gradient (Figure 3B and Figure S1).

Concentrations in groundwater were at least one order of magnitude lower than those
in irrigated wastewater. For example, both valsartan and fluoxetine concentrations in
groundwater were less than 10 ng/L, and caffeine was less than 20 ng/L while concentrations
in wastewater were greater than 1000, 700, and 150 ng/L in wastewater, respectively. In
general, as the sum of precipitation and wastewater irrigation increased, total PPCP
concentrations in groundwater also increased (Figure 3B). Groundwater with the greatest
total PPCP concentrations were dominated by chemical groups with the lowest mean log
Kow Vvalues indicating that these PPCPs migrated from soils to groundwater more so than the
more hydrophobic PPCPs.

PPCPs in Surface Waters

29



The irrigation of forest soils with wastewater provides a viable pathway for PPCP
input to groundwater and surface waters. Surface waters entering the irrigated forest area did
contain PPCPs (Figure 4A and 4B). Several PPCPs, including atenolol, acetaminophen,
paroxetine, and gemfibrozil, were quantified in upstream surface waters but not the irrigated
wastewater, and some PPCPs were present at similar concentrations both upstream and
downstream of irrigated forest areas. In general, PPCP concentrations were greater for
surface waters in the irrigated forests than upstream of the irrigated forest area (Figure 4B),
and concentrations of PPCPs were greatest at the watershed outlet (t-test, p<0.001, Figure
4B). The most abundant PPCPs at the Outlet were lincomycin, cotinine, caffeine, DEET,
fluoxetine, and valsartan while the most abundant PPCPS in upstream surface waters were
atenolol, caffeine, and cotinine (Figure S3). Concentrations of PPCPs in surface waters were

similar to and often lower than previously reported values for PPCPs in surface waters.'**

35, 36

Monthly irrigation volumes or seasonal rainfall did not significantly affect PPCP
concentrations in surface water; however, concentrations at the watershed outlet did vary
significantly with respect to precipitation (r=-0.54, p=0.05). As precipitation increased, the
total summed concentration decreased due to dilution by non-irrigated catchments within the
watershed. PPCPs were quantified in surface waters collected at several time points
throughout a major storm event in July 2015 (Figure 4C). As expected, the Southwest Creek
stage increased at the watershed outlet in two pulses.®” Total PPCP concentrations increased
until after the first crest of stream stage and then steadily decreased as rainfall continued and

a second rise in stage occurred (Figure 4C). Declining PPCP concentrations during the
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second stage pulse follows expected dilution effects from rainfall contributions across the
entire subwatershed while initial PPCP spikes in the first stage represent initial mobilization
and “first flush” of groundwater containing PPCPs. These observations are unique and
important to understanding how forest-water reuse systems can contribute PPCPs to surface
waters, particularly with expected increased storm intensities due to climate change.

Throughout the year, the most abundant PPCPs at the watershed outlet were
consistently below reported ecotoxicological no observed effect concentrations (NOECs),
even during low rainfall conditions when land-applied wastewater comprised 74% of the
surface water at the subwatershed outlet.”* Lincomycin and valsartan, two of the more
abundant PPCPs in this study, have NOEC values exceeding 70 ug/L*® and 80 mg/L*,
respectively. Their concentrations in surface water at the forest system subwatershed outlet
were less than 20 ng/L. Additionally, while the development of antibiotic resistance is a
possibility whenever the long-term presence of antibiotics exists, concentrations at the
watershed outlet were an order of magnitude lower than concentrations where sulfonamide
antibiotics correlated to sulfonamide resistance.”® These individual concentrations do not
present chronic ecological risk at the detected values and are lower than surface water
concentrations downstream of conventional WWTPs.' 2 However, wastewater contains
hundreds of chemical compounds and exposure to mixtures of PPCPs can increase toxicity;*
the long term effects of aquatic organismal exposure to complex mixtures of PPCPs remains
unknown.

Potential human health risk exposure includes groundwater and surface waters used

for drinking sources. In this study, concentrations of PPCPs in groundwater were an order of
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magnitude below guideline values indicated in human health risk assessments previously
conducted for individual PPCPs in drinking water.**** Further, risk-based action levels
developed by the National Academy of Sciences (NAS) were compared to observed
concentrations of caffeine, carbamazepine, sulfamethoxazole, and ibuprofen, four of the most
frequently detected PPCPs in groundwater in this study.** Concentrations in groundwater in
this study were similar to the estimated PPCP concentrations used by the NAS in developing
action levels. The risk-based action levels ranged from 70,000,000 ng/L (caffeine) to
280,000,000 (ibuprofen), yielding margins of safety of 3,500,000 to 120,000,000, or several
orders of magnitude above the USEPA’s margin of safety for a low level of concern.
However, action levels using mixtures of pharmaceuticals remain undefined for these
systems. Collectively, these comparisons suggest that forest-water reuse systems can
mitigate PPCP input to below actionable risk levels of individual PPCPs before reaching
current drinking water supplies.
Management Implications

Forest-water reuse systems are one option for sustainable wastewater treatment of
nutrients and regulated chemicals such as metals and organics when systems are properly
designed and managed. This study shows that non-regulated organic contaminants of
concern are also mitigated below levels considered harmful to ecosystems and human health.
This temperate forest system has been in operation for 20 years, and it does contribute PPCPs
to irrigated soils, groundwater, and surface waters. However, substantial percentages (>90%
concentration) of PPCPs were removed through the forest-soil-groundwater system before

reaching the watershed outlet at individual concentrations below aquatic and human health
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risks. These findings are important to the potential utility of these systems to provide
sustainable water reuse alternatives to conventional municipal wastewater treatment for
temperate landscapes and can help inform risk evaluation for wastewater irrigation onto
human food crops. Although forested systems do not pose a human health risk from
ingestion of plant material, exposure to PPCPs via ingestion of wastewater-irrigated crops

can occur®®*

and uptake of PPCPs into plant material has not been completely characterized.
Forest-water reuse systems can inform risk assessments and future water reuse applications
by providing the opportunity to understand human exposure and risk without direct exposure
to PPCPs.

Our findings suggest that land application of municipal wastewater in forest-water
reuse systems presents a feasible option for water reuse and wastewater treatment with
minimal risk to aquatic wildlife and human health. Other ecosystem benefits can be derived
from these systems such as provisioning wood products, regulating soil and biodiversity, and
provisioning water availability for surrounding areas. The benefits and tradeoffs of

ecosystem services from forest water re-use systems merits quantification to understand their

potential utility in both built and rural landscapes now and for the future.

33



ACKNOWLEDGEMENTS

The authors would like to thank L. Collins and W. Bodnar at the UNC Biomarker Mass
Spectrometry Center for instrument use and technical assistance and A. Birch, S. Shifflett,
and N. Harbordt for field and technical assistance. This study was supported with funding
from the North Carolina State University Department of Forestry and Environmental
Resources, the North Carolina Department of Agriculture & Consumer Services Bioenergy
Research Initiative, the UNC Center for Environmental Health and Susceptibility
(P30ES010126), the National Institute of Environmental Health Sciences (NIEHS)
Superfund Basic Research Program (Grant 5 P42 ES005948), and the NSF Research
Experience for Undergraduates (REU): Basic and Environmental Soil Science Training

(Grant 1358938).

34



REFERENCES

1. Ingram, K. T.; Dow, K.; Carter, L.; Anderson, J. Climate of the Southeast United
States: variability, change, impacts, and vulnerability. Island Press, Washington, D.C. 2013.

2. Isosaari, P.; Hermanowicz, S. W.; Rubin, Y. Sustainable natural systems for treatment
and disposal of food processing wastewater. Crit. Rev. Env. Sci. Tech. 2010, 40 (7), 662-697.

3. Braatz, S.; Kandiah, A. The use of municipal waste water for forest and tree
irrigation. Food and Agriculture Organization of the United Nations. 2002.
http://www.fao.org/docrep/w0312e/w0312e09.htm (accessed 02/11/2016).

4. Crites, R. W. Land use of wastewater and sludge. Environ. Sci. Technol. 1984, 18 (5),
140A-147A.

5. Pound, C. E.; Crites, R. W. Wastewater treatment and reuse by land application.
Office of Research and Development, US Environmental Protection Agency. 1973.

6. McKim, H. L.; Sopper, W. E.; Cole, D.; Nutter, W.; Urie, D. Wastewater applications
in forest ecosystems; U.S. Cold Regions Research and Engineering Laboratory (CRREL),
Hanover, NH, 1982.

7. United States Environmental Protection Agency. Process Design Manual: Land
Treatment of Municipal Wastewater Effluents. Cincinnati, OH, 2006.

8. Crites, R. W.; Middlebrooks, E. J.; Bastian, R. K. Natural wastewater treatment
systems. CRC Press: 2014.

9. Hutchins, S. R.; Tomson, M. B.; Bedient, P. B.; Ward, C. H.; Wilson, J. T. Fate of
trace organics during land application of municipal wastewater. Crit. Rev. Env. Sci. Tech.
1985, 15 (4), 355-416.

10.  Shifflett, S. D.; Hazel, D. W.; Frederick, D. J.; Nichols, E. G. Species Trials of Short
Rotation Woody Crops on Two Wastewater Application Sites in North Carolina, USA.
BioEnergy Research 2014, 7 (1), 157-173.

11. Kolpin, D. W.; Furlong, E. T.; Meyer, M. T.; Thurman, E. M.; Zaugg, S. D.; Barber,
L. B.; Buxton, H. T. Pharmaceuticals, hormones, and other organic wastewater contaminants
in U.S. streams, 1999-2000: A national reconnaissance. Environ. Sci. Technol. 2002, 36 (6),
1202-1211.

12. Barnes, K. K.; Kolpin, D. W.; Furlong, E. T.; Zaugg, S. D.; Meyer, M. T.; Barber, L.
B. A national reconnaissance of pharmaceuticals and other organic wastewater contaminants
in the United States—I) Groundwater. Sci. Total Environ. 2008, 402 (2), 192-200.

35


http://www.fao.org/docrep/w0312e/w0312e09.htm

13.  Boyd, G. R.; Reemtsma, H.; Grimm, D. A.; Mitra, S. Pharmaceuticals and personal
care products (PPCPs) in surface and treated waters of Louisiana, USA and Ontario, Canada.
Sci. Total Environ. 2003, 311 (1-3), 135-149.

14. Kim, S. D.; Cho, J.; Kim, I. S.; Vanderford, B. J.; Snyder, S. A. Occurrence and
removal of pharmaceuticals and endocrine disruptors in South Korean surface, drinking, and
waste waters. Water Res. 2007, 41 (5), 1013-1021.

15.  Panter, G. H.; Thompson, R. S.; Sumpter, J. P. Adverse reproductive effects in male
fathead minnows (Pimephales promelas) exposed to environmentally relevant concentrations
of the natural oestrogens, oestradiol and oestrone. Aquat. Toxicol. 1998, 42 (4), 243-253.

16. Bringolf, R. B.; Heltsley, R. M.; Newton, T. J.; Eads, C. B.; Fraley, S. J.; Shea, D.;
Cope, W. G. Environmental occurrence and reproductive effects of the pharmaceutical
fluoxetine in native freshwater mussels. Environ. Toxicol. Chem. 2010, 29 (6), 1311-1318.

17.  Weinberger li, J.; Klaper, R. Environmental concentrations of the selective serotonin
reuptake inhibitor fluoxetine impact specific behaviors involved in reproduction, feeding and
predator avoidance in the fish Pimephales promelas (fathead minnow). Aquat. Toxicol. 2014,
151, 77-83.

18. Olmstead, A. W.; LeBlanc, G. A. Effects of endocrine-active chemicals on the
development of sex characteristics of Daphnia magna. Environ. Toxicol. Chem. 2000, 19 (8),
2107-2113.

19.  Papageorgiou, M.; Kosma, C.; Lambropoulou, D. Seasonal occurrence, removal,
mass loading and environmental risk assessment of 55 pharmaceuticals and personal care
products in a municipal wastewater treatment plant in Central Greece. Sci. Total Environ.
2016, 543, Part A, 547-569.

20. Metcalfe, C. D.; Chu, S.; Judt, C.; Li, H.; Oakes, K. D.; Servos, M. R.; Andrews, D.
M. Antidepressants and their metabolites in municipal wastewater, and downstream exposure
in an urban watershed. Environ. Toxicol. Chem. 2010, 29 (1), 79-89.

21.  Ternes, T. A,; Joss, A.; Siegrist, H. Peer Reviewed: Scrutinizing Pharmaceuticals and
Personal Care Products in Wastewater Treatment. Environ. Sci. Technol. 2004, 38 (20),
392A-399A.

22. Birch, A. L.; Nichols, E. G.; James, A. L.; Emanuel, R. E. Hydrologic impacts of
municipal wastewater irrigation to a temperate forest watershed. J. Environ. Qual. 2016.
DOI: 10.2134/jeq2015.11.0577

23. McEachran, A. D.; Shea, D.; Bodnar, W.; Nichols, E. G. Pharmaceutical occurrence
in groundwater and surface waters in forests land-applied with municipal wastewater.
Environ. Toxicol. Chem. 2016, 35 (4), 898-905.

36



24, United States Census Bureau. State and County Quickfacts: Jacksonville, NC. 2015.
http://www.census.gov/quickfacts/table/PST045215/3734200.

25.  Wilde, F. D.; Radtke, D. B.; Gibs, J.; lwatsubo, R. T. 1999a, National field manual
for the collection of water-quality data—Collection of water samples: US Geological Survey
Techniques of Water-Resources Investigations, book 9, chap. A4, variously paged 2005.

26.  Simmons, K.; Deatrick, J.; Lewis, B. SESD Operating Procedure for Soil Sampling.
United States Environmental Protection Agency, Athens, GA, 2014.

27.  Cabhill, J. D.; Furlong, E. T.; Burkhardt, M. R.; Kolpin, D.; Anderson, L. G.
Determination of pharmaceutical compounds in surface-and ground-water samples by solid-
phase extraction and high-performance liquid chromatography—electrospray ionization mass
spectrometry. J. Chromatogr. A. 2004, 1041 (1), 171-180.

28.  Klosterhaus, S. L.; Grace, R.; Hamilton, M. C.; Yee, D. Method validation and
reconnaissance of pharmaceuticals, personal care products, and alkylphenols in surface
waters, sediments, and mussels in an urban estuary. Environ. Int. 2013, 54, 92-99.

29. Englert, B. Method 1694: Pharmaceuticals and Personal Care Products in Water, Soil,
Sediment, and Biosolids by HPLC/MS/MS. US Environmental Protection Agency (EPA)
2007, 1-72.

30.  Sun, Q.; Li, M.; Ma, C.; Chen, X.; Xie, X.; Yu, C.-P. Seasonal and spatial variations
of PPCP occurrence, removal and mass loading in three wastewater treatment plants located
in different urbanization areas in Xiamen, China. Environ. Pollut. 2016, 208, Part B, 371-
381.

31. Kinney, C. A.; Furlong, E. T.; Werner, S. L.; Cahill, J. D. Presence and distribution of
wastewater-derived pharmaceuticals in soil irrigated with reclaimed water. Environ. Toxicol.
Chem. 2006, 25 (2), 317-326.

32. Wu, C.; Spongberg, A. L.; Witter, J. D.; Fang, M.; Ames, A.; Czajkowski, K. P.
Detection of Pharmaceuticals and Personal Care Products in Agricultural Soils Receiving
Biosolids Application. CLEAN — Soil, Air, Water 2010, 38 (3), 230-237.

33.  Walters, E.; McClellan, K.; Halden, R. U. Occurrence and loss over three years of 72
pharmaceuticals and personal care products from biosolids-soil mixtures in outdoor
mesocosms. Water Res. 2010, 44 (20), 6011-6020.

34. Dalkmann, P.; Siebe, C.; Amelung, W.; Schloter, M.; Siemens, J. Does Long-Term
Irrigation with Untreated Wastewater Accelerate the Dissipation of Pharmaceuticals in Soil?
Environ. Sci. Technol. 2014, 48 (9), 4963-4970.

37



35.  Loraine, G. A.; Pettigrove, M. E. Seasonal Variations in Concentrations of
Pharmaceuticals and Personal Care Products in Drinking Water and Reclaimed Wastewater
in Southern California. Environ. Sci. Technol. 2006, 40 (3), 687-695.

36.  Pedersen, J. A.; Soliman, M.; Suffet, I. H. Human Pharmaceuticals, Hormones, and
Personal Care Product Ingredients in Runoff from Agricultural Fields Irrigated with Treated
Wastewater. J. Agr. Food Chem. 2005, 53 (5), 1625-1632.

37. Das, G. Hydrology and Soil Conservation Engineering: Including Watershed
Management. PHI Learning Pvt. Ltd.: 2008.

38.  Andreozzi, R.; Canterino, M.; Giudice, R. L.; Marotta, R.; Pinto, G.; Pollio, A.
Lincomycin solar photodegradation, algal toxicity and removal from wastewaters by means
of ozonation. Water Res. 2006, 40 (3), 630-638.

39. Bayer, A.; Asner, R.; Schussler, W.; Kopf, W.; WeiR3, K.; Sengl, M.; Letzel, M.
Behavior of sartans (antihypertensive drugs) in wastewater treatment plants, their occurrence
and risk for the aquatic environment. Environ. Sci. Pollut. R. 2014, 21 (18), 10830-10839.

40.  Gao, P.; Munir, M.; Xagoraraki, I. Correlation of tetracycline and sulfonamide
antibiotics with corresponding resistance genes and resistant bacteria in a conventional
municipal wastewater treatment plant. Sci. Total Environ. 2012, 421-422, 173-183.

41. Luna, T. O.; Plautz, S. C.; Salice, C. J. Effects of 17a-ethynylestradiol, fluoxetine,
and the mixture on life history traits and population growth rates in a freshwater gastropod.
Environ. Toxicol. Chem. 2013.

42.  deJongh, C. M.; Kooij, P. J. F.; de Voogt, P.; ter Laak, T. L. Screening and human
health risk assessment of pharmaceuticals and their transformation products in Dutch surface
waters and drinking water. Sci. Total Environ. 2012, 427-428, 70-77.

43. Schriks, M.; Heringa, M. B.; van der Kooi, M. M. E.; de Voogt, P.; van Wezel, A. P.
Toxicological relevance of emerging contaminants for drinking water quality. Water Res.
2010, 44 (2), 461-476.

44, National Research Council . Committee on the Assessment of Water Reuse as an
Approach for Meeting Future Water Supply, N., Water Reuse: Potential for Expanding the
Nation's Water Supply Through Reuse of Municipal Wastewater. National Academies Press:
2012.

45, Paltiel, O.; Fedorova, G.; Tadmor, G.; Kleinstern, G.; Maor, Y.; Chefetz, B. Human
exposure to wastewater-derived pharmaceuticals in fresh produce: A randomized controlled
trial focusing on carbamazepine. Environ. Sci. Technol. 2016. DOI: 10.1021/acs.est.5b06256

38



46.  Wu, X,; Conkle, J.; Ernst, F.; Gan, J. Treated Wastewater Irrigation: Uptake of
pharmaceutical and personal care products by common vegetables under field conditions.
Environ. Sci. Technol. 2014, 48 (19), 11286-11293.

39



TABLES

Table 2.1 Pharmaceuticals and personal care products (PPCPs) included in analysis by
chemical group and corresponding log Kow values, in order of decreasing mean log Kow.

Chemical Analysis Groups

PPCPs

LOg Kowa
Low-High

(Mean)

Steroid Hormones

Plasticizer
Prescription and Non-

prescription Drugs

Nonsteroidal Anti-
inflammatory Drugs
(NSAIDs)

DEET

Antibiotics and
Antimicrobials
Nicotine Metabolite

Caffeine

17-a ethynyl estradiol, 17-p estradiol, estrone,
estriol, progesterone, testosterone

Bisphenol-A (BPA)

Gemfibrozil, meprobamate, fluoxetine, diltiazem,
paroxetine, valsartan, carbamazepine, atenolol,
diphenhydramine, triamterene

Naproxen, ibuprofen, acetaminophen, salycilic acid

(aspirin metabolite)

N,N-Diethyl-meta-toluamide (DEET)
Sulfamethoxazole, lincomycin, sulfamethazine,
tylosin, trimethoprim, triclosan, erythromycin
Cotinine

Caffeine, paraxanthine (metabolite)

2.45-4.01 (3.32)

3.32 (N/A)

0.16-4.77 (2.61)

0.46-3.97 (2.21)

2.02 (N/A)

0.14-4.76 (1.94)

0.07 (N/A)

-0.07 (N/A)

?log Kow values compiled from the Hazardous Substances Data Bank. Bethesda (MD):
National Library of Medicine (US) [Last Revised 2016-03-17]. Available from
http://toxnet.nIm.nih.gov/cqi-bin/sis/htmlgen?HSDB
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Figure 2.1 Total summed concentrations of PPCPs by chemical group in wastewater (bars)
and average monthly daily temperature (filled circles). Chemical groups are indicated by
color and are ordered by decreasing mean log Kow of the group. Total PPCP concentration

in wastewater decreased with increasing mean daily temperatures.
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Figure 2.2 (A) Average concentrations of PPCPs in chemical groups for soils at a non-

irrigated location (Ref) and at two irrigated forest transects (TA 1-2 and TB 1-2) at two soil

depths (0-10 cm and 60-65 cm below surface). Chemical groups are indicated by color and

are ordered by decreasing mean log Koy of the group. (B) Average concentrations of PPCPs

by group in combined surface and deep soils by location. (C) Average PPCP concentrations

by chemical group in groundwater at a non-irrigated location (Ref) and at two irrigated

transects (TA 1-2 and TB 1-2).
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Figure 2.3 (A) Box plots of summed XPPCP concentrations at six groundwater sampling

locations for one year (n=12). Significant differences of XPPCP concentrations between

locations are denoted by letter (ANOVA, p=0.03). Boxplots denote the median, 25"

percentile, and 75" percentile with whiskers extending to the 5™ and 95™ percentile. (B)

Monthly XPPCP concentrations by chemical group with monthly precipitation plus irrigation

volumes for irrigated wells TA 1 (top) and well TA 2 (bottom- downgradient of TA 1).
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Figure 2.4 (A) Locations of surface waters collected upstream of irrigated areas, within the

forest-water reuse site, and at the sub-watershed outlet. (B) Average PPCP concentrations by

chemical group at surface water locations. (C) Total summed PPCP concentrations by

chemical group at seven sampling times throughout the duration of a storm event in July

2015. The stage (mm) of Southwest Creek is denoted by a black line throughout the duration

of the storm event (22 hours).
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ABSTRACT

Wastewaters are a well-defined source of emerging contaminants into the
environment. Conventional, tertiary wastewater treatment systems do not effectively remove
many emerging contaminants, including pharmaceuticals, endocrine disrupting compounds,
and perfluorinated compounds, resulting in the discharge of chemical contaminants into
waterways. Forest-water reuse systems infiltrate municipal, industrial, and agricultural
wastewater through forest soils via slow-rate irrigation. Forest-water reuse systems stabilize
water availability, provide ecosystem service benefits, and are lower cost and energy than
conventional treatment systems. Forest-water reuse systems have only recently been
investigated as to their pharmaceutical input. To better understand their role as a source of
emerging contaminants and outlook for broad-scale implementation, these systems need to be
directly compared to conventional wastewater treatment systems. In this study, both a
quantitative, targeted analysis and a suspect screening approach were utilized to better
understand how emerging contaminant input from a forest-water reuse system compares to a
conventional tertiary treatment system. Quantitatively, greater concentrations and total mass
flow of pharmaceuticals was exhibited downstream of the conventional treatment system.
From a suspect screening standpoint, more confirmed chemicals were present, and at a
greater relative abundance, downstream of the conventional system as well. This data shows
that increased implementation of sustainable forest-water reuse systems can reduce the

environmental input of emerging contaminants to a greater degree than conventional systems.
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INTRODUCTION

Wastewaters are a well-defined source of emerging contaminants in the environment
4 Subsets of emerging contaminants widely studied over the last decade include
pharmaceuticals and personal care products (PPCPs), endocrine disrupting compounds
(EDCs), and, more recently, perfluorinated compounds (PFCs). These contaminants can
individually and collectively elicit detrimental effects on aquatic biota >’ and can propagate
antibiotic resistance.® Conventional, large-scale tertiary wastewater treatment plants do not
effectively remove many emerging contaminants from wastewater before discharge into
receiving surface water bodies, resulting in continuous influx of emerging contaminants into
surface waters.® Concentrations of PPCPs and other emerging contaminants downstream of
conventional wastewater treatment effluent discharge are typically reported in the ng/L range
* but have been reported as high as 6.5 mg/L,’ or within the range of effect concentrations
developed for certain aquatic organisms.”

Forest-water reuse (FWR) systems are slow-rate irrigation systems that treat
municipal, industrial, and agricultural wastewater through infiltration into forest soils and
groundwater.® ™ These systems are lower cost and energy than conventional treatment
systems of similar size, provide ecosystem service benefits via wood production and carbon
storage, and effectively manage regulated nutrients, metals, and organics.’® **** However,™
their role as a source of emerging contaminants in the environment has only recently been
investigated.* These systems do input PPCPs into the environment via surface water but
remove greater than 90% of PPCP concentration in irrigated wastewater before reaching

surface water.'* Alternative wastewater treatment systems, such as FWR systems, have yet
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to be explicitly compared to conventional wastewater treatment systems regarding their
environmental input of emerging contaminants.

Targeted, quantitative analysis of emerging contaminants using analytical standards is
a well-established practice and has been well documented in the literature.”* Analytical
advances have enabled previously unidentified or uncharacterized emerging contaminants to
be detected in the environment when analytical standards are either unavailable or not
practical.> *® High-resolution mass spectrometry (HRMS) can be used to identify unknown
or suspected chemical compounds. Suspect screening involves using existing chemical
information databases to identify chemical compounds in samples by utilizing mass, isotope
abundance and isotope spacing.'” Suspect screening methods applied to wastewater and
surface waters receiving treated wastewater effluent reported the presence of thousands of
compounds,*®*® but this method has yet to be applied to alternative wastewater treatment
systems, including FWR systems. A combined effort utilizing quantitative, targeted analysis
and suspect screening methods in surface waters downstream of wastewater discharge
systems will enable the determination of both mass flow of pharmaceuticals and an overall
estimation of suspected chemicals present within a large-scale inventory search.

Water scarcity and quality are expected to be adversely affected by climate change
and population pressures,'® and as such, the ability to regulate water availability and improve
water quality will become increasingly important with growing human populations. Forest-
water reuse systems can manage water quality and availability while treating wastewater and
present one solution towards sustainable water reuse.'® Understanding how emerging

contaminant input compares between FWR systems and conventional treatment systems is
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important for the future implementation of FWR systems. In this study, emerging
contaminants were investigated utilizing a quantitative, targeted and qualitative, suspect-
screening approach to compare the overall environmental input of emerging contaminants in
surface water between a FWR system and a conventional, tertiary wastewater treatment
system. Defining the relative environmental burden of emerging contaminants between the
two systems will provide data that can improve wastewater treatment, water quality, and

water sustainability.

MATERIALS AND METHODS
Site Description and Sampling

Both the FWR system™* % and traditional WWTP® sampling locations have been
previously described. The FWR system land-applies secondary treated wastewater onto 930
hectares of forested land after 7-14 days residence time in open air reservoirs. This system
services a population of 70,000 and treats on average 19 million liters of wastewater per day
(5.1 million gallons per day), irrigating 25-75 mm of wastewater weekly (Table 1).
Southwest Creek flows through the system and a streamflow and stage data of the creek was
collected using a previously installed gage at the subwatershed outlet. The North Cary Water
Reclamation Facility (NCWREF) serves as one of two WWTPs servicing a population of
150,000 and treats on average 24 million liters per day (6.55 million gallons per day).
Wastewater at the NCWREF is tertiary-treated followed by UV-disinfection before discharge

into a small channel leading to Crabtree Creek. Crabtree Creek is a tributary of the Neuse
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River beginning in the town of Cary, NC before emptying into the Neuse. Streamflow and
stage data was collected from the nearest USGS gage station.

One-liter surface water and wastewater samples were collected monthly from October
2015-December 2015. At the FWR facility wastewater was collected from a spigot which is
part of the central irrigation system that represents wastewater headed for irrigation after
residence time in the open reservoirs. Surface water samples were collected from upstream
of the land application area on Southwest Creek (Upstream) and downstream of the irrigation
system at the subwatershed outlet on Southwest Creek (Outlet). Wastewater from the
NCWRF was collected from the effluent discharge pipe and surface water samples were
collected upstream of the effluent channel on Crabtree Creek (Upstream) and at two
sampling locations 50 meters and 100 meters downstream of the discharge pipe on Crabtree
Creek (Downstream 1 and Downstream 2, respectively). All water samples were collected in
pre-cleaned and baked 1-Liter amber glass bottles, transported to the laboratory on ice, and
stored at 4° C until extraction within 7 days of sampling.

Extraction and Analysis

Thirty-three PPCPs were selected for their ubiquity in wastewater, previous detection
at the FWR system study site,** and status as frequently used pharmaceuticals (Table 2).
Extraction and analysis has been previously described.** Briefly, filtered surface water and
wastewater samples were extracted under light vacuum using Oasis HLB solid phase
extraction (SPE) cartridges. Eluents were evaporated down and reconstituted to a final

volume of 250 ul with 1:1 (Methanol:DI Water) and reference internal standards ([**C]
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caffeine and [*C] ibuprofen). Final extracts were split for targeted and suspect screening
analysis.
Targeted analysis via UPLC-MS/MS

Targeted, quantitative analysis was conducted using a Thermo Scientific TSQ
Quantum Ultra triple-quadruople mass spectrometer with a Waters Acquity UPLC separation
system and has been previously described.** Two separation and instrument methods
(positive and negative electrospray ionization) were utilized to maximize identification and
quantification capabilities.
Suspect screening via HPLC-TOF/MS

Methods for suspect screening are described in detail in Rager et al. (2016).%
Briefly, samples were analyzed using an Agilent 1100 HPLC (Agilent Technologies, Palo
Alto, CA) interfaced with an Agilent 6210 Time-of-Flight (TOF) mass spectrometer.
Chromatographic separation was accomplished using an Eclipse Plus C8 column (2.1 x 50
mm, 3.5 um; Agilent Technologies, Palo Alto, CA). The run time was 45 minutes per
sample and ions from 100-1700 m/z were monitored. Formulas were identified using the
Find By Formula tool and the corresponding personal compound database library (PCDL) in
MassHunter Workstation Software Qualitative Analysis (Agilent Software, v.B.06.00). The
four databases used were the EPA's Distributed Structure-Searchable Toxicity (DSSTox)
database, MassHunter Forensics and Toxicology (Agilent), MassHunter Pesticides (Agilent),
and an in-house database containing approximately 50 per- and polyfluorinated compounds.
The output from this tool includes candidate compounds from each database with a match

score that is based on mass, isotope abundance, and isotope spacing. In total, extracted
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molecular features were matched against more than 10,000 structures encompassed by all
three databases. Strict match criteria indicates scores of > 90 having a high degree of
confidence, however match scores >80 contain many confidently matched chemical
compounds. Thus match scores of both >80 and > 90 were evaluated for further analysis.
Data Quality Assurance

One field duplicate sample was collected during every sampling event and processed
in the same manner for quality control purposes. Additionally, a deionized water blank and
method recovery spike were processed in every batch of samples for background
contamination and ongoing method recoveries of targeted compounds. Surrogate recovery
standards were spiked into every sample to evaluate matrix interferences and extraction
efficiency. Average recovery of surrogate standards was 71% and average recovery of all
targeted compounds was 71%. Method quantification limits were compound-specific and

ranged from 0.75 ng/L and 7.5 ng/L.

RESULTS AND DISCUSSION
Targeted Analysis

Concentrations of targeted PPCPs upstream of the conventional system on Crabtree
Creek were greater than concentrations upstream of the FWRS (Table 1). Average
concentrations were all less than 40 ng/L, 24 of the 33 targeted PPCPs were not detected
upstream of either system, and caffeine and DEET were present at the greatest concentrations
(Table 1). Total summed wastewater concentrations of targeted PPCPs did not differ

significantly between the two systems; wastewater did vary between the two systems in
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terms of chemical composition (Figure 1). Concentrations of DEET, BPA, and caffeine were
greater at the FWR system while the group of prescription and non-prescription drugs were
greater at the conventional system. Individual chemical concentrations depended on the
system: atenolol, cotinine, DEET, bisphenol-A, and ibuprofen were greatest at the FWR
system while trimethoprim, triamterene, fluoxetine, and sulfamethoxazole were greater at the
conventional system (Figure 1).

Individual PPCP concentrations in wastewater at the FWR in the present study are
within the range of individual concentrations reported throughout a longer term study at the
same FWR system (McEachran et al in review). The PPCPs present at the greatest
concentrations in irrigated wastewater at the FWR system were atenolol, sulfamethoxazole,
and trimethoprim, and diphenhdryamine and, excluding sulfamethoxazole, all were
consistently lower in the present study than in literature values in conventional wastewater
effluent.?>** Residence time in the open-air reservoir at the FWR system can encourage
degradation and transformation of PPCPs before irrigation leading to differences in both
chemical composition of wastewater and individual PPCP concentrations between the FWR
system and a conventional system. PPCP concentrations in the treated wastewater effluent
from the NCWRF were within the range of similar studies targeting PPCPs in effluent.?* %
DEET has been ubiquitously reported in environmental systems, especially surface waters, *
26 and was greater in concentration at the FWR system than the conventional system. DEET
is likely more abundantly used in the rural region containing the FWR system than the urban

NCWREF. Additionally, employees of the FWR system may contribute DEET to the system.
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Total concentrations of PPCPs downstream of the NCWRF were approximately 30%
of total wastewater concentrations (Figure 1). Individual concentrations of PPCPs did not
decrease in the 50 meters between the two downstream locations at the NCWRF, and some
concentrations increased. Summed PPCPs at the Outlet of the FWR system were
approximately 1% of summed concentrations in irrigated wastewater (Figure 1) and total
summed PPCP concentrations downstream of the conventional system were more than an
order of magnitude greater than concentrations at the outlet of the FWRS (Figure 1). All
individual PPCP concentrations were greater downstream of the conventional system (Table
1); the most abundant PPCPs at Crabtree Creek were within the range of previous studies in
surface waters.?” Fluoxetine concentrations in downstream surface waters were greater than
previous research on Crabtree Creek indicated,® but were still within the range of
environmental concentrations reported elsewhere?® and an order of magnitude below
indicated no observed effect concentration (NOEC) values for this antidepressant.?®
Streamflow was higher during this study compared to previous research, and it has been
documented that emerging contaminants can increase in concentration during high flow
periods due to other potential upstream sources or the release of concentrations from

contaminant stores within the watershed,?* *°

instead of following more conventional
concentration-dilution effects. Total environmental input of the mass of PPCPs was
calculated at each sampling location based on discharge of receiving streams (Southwest
Creek that runs through the FWRS and Crabtree Creek that receives treated effluent at the
NCWREF). Average discharge during sampling events at Crabtree Creek was double the

discharge at Southwest Creek (Table 1). When summed, average environmental input of
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targeted PPCPs at Crabtree Creek was almost 100 times that at Southwest Creek (126,000
mg/day vs 1600 mg/day).

Forest-water reuse systems rely on the soil-forest system to remove contaminants
before reaching groundwater and ultimately surface water. Wastewater influent was not
evaluated and this research cannot speak to treatment efficiency of the two systems.
Background upstream and wastewater PPCP concentrations were similar between the two
systems, but downstream of the conventional system contained substantially more PPCPs
than downstream of the FWR system. Environmental input of targeted pharmaceuticals is

considerably lower from the FWR compared to the conventional treatment system.

Suspect screening

Molecular features per sample ranged from 2000 (Upstream at both sites) to 5200

(wastewater at the FWRS). Similar numbers of molecular features were identified upstream

of both systems, more unique molecular features were identified in the wastewater from the

FWRS, and more features were identified downstream at the conventional system (SI Table).

Suspect screening previously conducted on wastewater samples indicated a greater number

of molecular features than identified in the present study,'” but the numbers in this study are

similar to recent work conducted using similar instrumentation and molecular feature

extraction workflow on house dust.?* Extracted features database-matched at a score of > 80

in wastewater samples identified, on average, 400 chemical compounds (Figure 2). More

compounds were matched in the NCWRF wastewater, indicating there are more unknown or

unidentified compounds present in the irrigated wastewater at the FWR system than at the
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conventional system. Total molecular features identified downstream of the two systems
were similar, but more database-matched compounds were present downstream of the
conventional system (Figure 2).

The most abundant chemical compounds identified in database-matching varied by
sample (Figure 3), but consistently abundant compounds were glycerol, DEET, insecticides
(buprofezin), and herbicides (difenzoquat). The sweetener glycerol (or glycerin) was
predominant in all surface waters and wastewaters. Relative abundance of suspected
chemical compounds was greater in the FWRS wastewater and upstream of the FWRS
compared to the conventional system (Figure 3), but identified compounds were more
abundant downstream of the conventional system.

In total, less than 10% of the unique molecular features extracted in all samples were
database-matched to individual chemical compounds (using a match score of > 80, SI Table),
a common occurrence in suspect screening analysis. Additionally, approximately 15% of the
total abundance of the unique molecular features was captured via database matching,
therefore further data analysis utilizing non-targeted identification methods is necessary to
identify the remaining (>90%) un-matched molecular features. From a suspect screening
standpoint, more unique molecular features were present in the FWR system, both in the
wastewater and in surface waters upstream. However, a greater abundance of chemical
features and suspected chemical compounds were present downstream of the conventional
system. This indicates that even though irrigated wastewater contains more potentially
emerging contaminants, in terms of presence of suspected compounds, the FWRS inputs a

smaller load of emerging contaminants than the conventional system.
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Conclusions and implications for wastewater treatment

Humans and ecological systems rely on effective wastewater treatment for clean
water sources. Wastewater treatment has been effectively treating primary pollutants,
nutrients, and metals for decades. However, with new classes of well-documented
contaminants of emerging concern, effectiveness of removal of these classes represents the
next step in wastewater treatment and clean water availability. Emerging contaminants in
ambient upstream surface waters and wastewaters were relatively similar between an
alternative and a conventional treatment system, but a greater abundance and mass of
emerging contaminants existed downstream of the conventional system. This research has
documented that over a three month period, a forest-water reuse system land applying
secondary treated wastewater inputs fewer emerging contaminants, by mass and sheer
number, into receiving waters than a conventional, tertiary wastewater treatment system of
comparable size. The FWRS lowers the contaminant burden and decreases ecological risk in
downstream surface water sources to a greater extent than the conventional system. This
research provides evidence for the ecological benefit of increased implementation of
wastewater land application systems. The increased implementation of sustainable water
reuse systems that remove emerging contaminants more effectively than conventional
systems can benefit ecological and human health while stabilizing water availability

pressures.
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TABLES

Table 3.1 Treatment system statistics and mass flow of targeted PPCPs in surface water

output.

Jacksonville FWRS North Cary WRF
Population Served 70000 151000
Treatment Capacity (L/day) 2.3x10’ 4.5x10’
Average Volume Treated (L/day) 1.9x10’ 2.4x10’
Average Stream Discharge (L/day) 4.9 x10° 8.8 x10’
Average Summed Concentration (ng/L) 33.4 1439.1
Average Total Mass Input (mg/day) 1624.98 126,673.9
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Table 3.2 Pharmaceuticals and personal care products (PPCPs) included in targeted analysis

by chemical group.

Chemical Analysis Groups

PPCPs

Steroid Hormones

Plasticizer
Prescription and Non-

prescription Drugs

Nonsteroidal Anti-
inflammatory Drugs
(NSAIDs)

DEET

Antibiotics and
Antimicrobials
Nicotine Metabolite

Caffeine

17-a ethynyl estradiol, 17-f estradiol, estrone, estriol,
progesterone, testosterone

Bisphenol-A (BPA)

Gemfibrozil, meprobamate, fluoxetine, diltiazem,
paroxetine, valsartan, carbamazepine, atenolol,
diphenhydramine, triamterene

Naproxen, ibuprofen, acetaminophen, salycilic acid

(aspirin metabolite)

N,N-Diethyl-meta-toluamide (DEET)
Sulfamethoxazole, lincomycin, sulfamethazine, tylosin,
trimethoprim, triclosan, erythromycin

Cotinine

Caffeine, paraxanthine (metabolite)
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Table 3.3 Mean + standard deviation in ng/L of sampling locations at both wastewater
treatment systems. Up=Upstream, WW=Wastewater, Outlet=subwatershed outlet, Down 1=
50 m downstream, Down 2= 100 m downstream

Jacksonville Forest-Water Reuse System

North Cary Water Reclamation Facility

Up WW Outlet Up WW Down 1 Down 2
Atenolol ND 922 £ 532 1.70+£3 0.00+0.0 760+295 156+156  270+107
Lincomycin ND ND ND ND ND ND 12.0+21
Cotinine 3.78+7 959+166  1.85%3 29.9+31 33.4+24 9.85+10 11.6+11
Trimethoprim 197+0.3 249+184 1.05+0.2 6.49 +6 304+227 102119  141+118
Triamterene ND 81.8+78 ND ND 199488 67.2+65 83.4+52
Acetaminophen 0.99+ 2 0.00+0 ND ND 8.60+3 2.48+4.30 0.92+2
Paraxanthine 0.87x1 81.4 £ 62 1.80 +1 4.71+1 90.6+9 35.8+18 52.0+24
Diphenhydramine ND 240 £ 160 092+2 ND 165+40 26.2+29 42.8+34
Caffeine 232+ 1 119+9 4.35 +4 43.4+7 27.612 50.1+16 44.0£12
Diltiazem ND 28.4+25 0.45+1 ND 115436 34.7£35 50.5+£32
Sulfamethazine ND 0.78+1 422 +1 ND ND ND 2.27+4
Erythromycin ND 516+38 ND ND 8.95+4 1.48+2 2.77+£3
Tylosin ND ND ND ND 3.30+2 0.81+1 2.96+3
Paroxetine ND 410+1 1.01+2 ND 16.319 1.74%3 6.50+5
Fluoxetine ND 158 + 269 ND ND 10924154 302+383  332+344
Sulfamethoxazole ND 281 +£139 2.62 £1 ND 457+137  88.2+95 162+145
Meprobamate ND 82.4 £ 84 0.34 £0.6 ND 139422 20.2+26 36.1+43
Carbamazepine ND 68.0 + 63 1.60+0.4 ND 251+41 60.8+50 91.0+62
DEET 22,9+ 10 225 + 200 6.69+6 26.9+24 16.4+10 36.4+37 34.5+30
Naproxen ND 0.00+£0 ND 5.7145 3.22+3 13.3£2 1.25+1
Estriol ND 147413 3406 ND ND 27.7£27 31.8455
Testosterone ND 0.98+2 ND ND ND ND ND
Estrone ND 0.00+0 ND ND ND ND ND
Progesterone ND 6.58+8 ND ND 0.31+0.53 ND ND
Cholesterol ND 0.00+0 ND ND ND ND ND
Gemfibrozil ND 0.00+0 ND 1.31+2 7.02+3 ND ND
Triclocarban ND 511+9 0.63 1 ND ND 13.54£23 10.1+18
Valsartan 0.01 100 + 66 ND ND 42.5+20 5.92+9 8.69+12
Salicyclic Acid ND 0.00+0 ND ND ND ND ND
BPA ND 124 +£123 ND ND ND ND ND
Valsartan ND 3596+1 0.81 +0.7 ND 15.4+2 4.72+4 9.5245
17-B Estradiol ND 0.00+0 ND ND ND ND ND
Estrone ND 0.00+£0 ND ND ND ND ND
17-a Ethynyl-
estradiol ND 0.00+0 ND ND ND ND ND
Ibuprofen ND 196 + 150 ND ND 34.0£12 ND ND
Progesterone ND 8.14+6 ND ND 1.73£1 0.43+0.7 ND
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Figure 3.1. Total average summed concentration of targeted PPCPs divided by chemical

group at the conventional (North Cary Water Reclamation Facility) and forest-water reuse

systems.
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Supplementary Data for:

Comparing the Environmental Input of Pharmaceuticals from Conventional and Alternative

Wastewater Treatment Systems: a Targeted and Suspect Screening Study
Andrew D. McEachran®”, Rebecca McMahen®, Seth Newton, Mark Strynar®, Damian Shea’,

Elizabeth Guthrie Nichols?

Sl Table 1. Total unique molecular features identified per sample and corresponding

suspected chemicals matched at a score of 80 and 90.

Total Molecular Matched at Score > 80 Matched at Score > 90
Features
Jacksonville FWRS
Upstream 2153 157 37
Wastewater 5254 371 104
Downstream 2282 135 28
North Cary WRF
Upstream 2094 146 39
Wastewater 4868 418 150
Downstream 1 (50 m) 1955 190 45
Downstream 2 (100 m) 2229 211 56
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SUMMARY AND CONCLUSIONS

As water quality and availability continue to be threatened by climate change and
population pressures, emerging contaminants in the environment represent the newest threat
to water quality. The constant influx of these contaminants and low level exposure to
mixtures of emerging contaminants results in detrimental ecotoxicological effects.* ©*
Finding ways to stabilize water resources while mitigating the input and impact of emerging
contaminants is critical to clean water sources throughout the world, especially in areas most
likely to be impacted by climate change and population pressures. This research has
indicated that the land application of municipal water into a forested system does result in the
environmental input of pharmaceuticals and other non-regulated contaminants. However, the
majority of the concentrations present in the irrigated wastewater are removed through the
forest-soil system before reaching groundwaters and surface waters. The concentrations
present in groundwater and surface waters were below documented effect concentrations for
both ecotoxicological and human health risk. Additionally, pharmaceutical concentrations in
surface water downstream of the land application system were significantly lower than
concentrations downstream of conventional WWTP effluent discharge. This research has
shown that in addition to regulating water quality and availability, this forest-water system
reduced the environmental input of emerging contaminants to a greater extent than a
conventional treatment system did. This research can inform the future implementation of

water reuse systems and expand emerging contaminant mitigation while providing additional

ecosystem benefits.
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Forest-water reuse systems should be further explored in order to expand their utility
for wastewater reuse. Foremost research objectives should focus on determining the primary
exposure pathways for human health risks for water reuse systems such as the forest-water
system investigated in this study. If water reuse systems are to be expanded by
municipalities and regions throughout the country risk needs to be well-established.
Additional work should document the greater extent of emerging contaminant input in this
system by evaluating non-regulated contaminants further upstream and downstream of the
scope of the current study. Understanding the mechanisms of removal in different
compartments of the forest-water reuse system will provide important research as to the
mechanisms most critical for larger-scale implementation (i.e. the open-air reservoirs vs soil
system, etc.). Finally, in expanding water-reuse systems to edible crop production, terrestrial
ecotoxicological and plant uptake studies should be considered. Plants and biota in the
forest-water reuse system may experience a greater contaminant burden than plants and biota
not irrigated with municipal wastewater and understanding uptake into both plants and biota
will speak to the future utility of wastewater land application in edible crop systems. These
future research objectives would continue to advance the field towards a greater

understanding and greater implementation of sustainable forest-water reuse systems.
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