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We assessed potential exposures to a broad suite of contaminants (inorganic, organic and microbial) in

culturally important surface waters from three watersheds in a northern plains Native American

community (Apsáalooke [Crow Tribe of Montana]) in south-central Montana, United States, with

water insecurity concerns. Inorganic (37), organic (435) and microbial (3) constituents were assessed

in 12 surface water sites from the Pryor Creek (n = 2), Bighorn River (n = 2) and Little Bighorn River

(n = 8) valleys. Twenty-six organics, 33 inorganics and Escherichia coli were detected. Despite

relatively low concentrations in surface waters within the Crow Reservation, mixture toxicity

indicated prevalent chronic ecological effects and human-health secondary contact (recreation)

effects at multiple sites. Further, to address Tribal concerns over the prevalence and corresponding

risks of per- and polyfluoroalkyl substances (PFAS), we sampled water, sediment, biofilms and fish at

a limited number of locations in the Little Bighorn River. Results indicated that PFAS were prevalent in

fish tissues, including whole blood and filets, and to a lesser extent in biofilms, despite few detections

in water and sediment samples. This is the first attempt to document environmental PFAS

contamination within the reservation and the potential human-health concerns for the general

population from consumption of recreational/subsistence fish. Overall, this effort provided

preliminary information on the contaminant mixtures present and their potential health implications,

which can support the protection of community health and culturally meaningful resources across

the Crow Reservation.
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Environmental signicance

“Water is life” (Bii'ishch́ıis) for the Crow Tribe of Montana. Water security and sustainability are issues affecting all aspects of their lives from drinking water to
recreation and spiritual practices. Their connection to the rivers has been passed through generations but due to water quality concerns, use of the rivers for
drinking, swimming, shing, and subsistence hunting and gathering has decreased dramatically over time. Exposures to a range of naturally occurring (e.g.,
arsenic) and anthropogenic contaminants (e.g., PFAS) in culturally signicant surface waters was prevalent and has been reported previously on a limited basis.
This type of information can be used to dene potential community risks and support Tribal prioritization of remediation/mitigation actions to protect their
natural resources.
Introduction

Water protection or water security on Indigenous lands is driven
by the desire for equal access to clean water in support of public
health/safety.1 Further, for many Tribal communities, water is
considered culturally and spiritually sacred1 as part of deeply
held Indigenous knowledge and practices regarding the
“reciprocal relations” between Indigenous peoples and the
waters that have sustained them for generations.1,2 Contrary to
most cultures that consider water solely as a resource/
commodity, Indigenous peoples maintain a spiritual connect-
edness with the land, water and non-human life. In many cases
water is considered alive and the degradation of water quality
on Tribal lands threatens their ability to maintain these rela-
tionships as an important part of their cultural identity.2–4

Degradation of water quality and questions about safety and
consumption of traditional foods can have a direct effect on
spiritual, mental, and physical health of Tribal communities.5–7

In the United States (US), the Department of Interior and
Department of Agriculture issued joint secretarial orders in
2021 that moved beyond consultation by mandating agencies to
make “agreements with Indian Tribes to collaborate in the co-
stewardship of Federal lands and waters under the Depart-
ments jurisdiction”, and calling for departments to incorporate
Tribal expertise and Indigenous knowledge into land-resource
assessments.8,9 Federal protection of Tribal surface-water
quality generally falls under the Clean Water Act (CWA), with
statutes allowing state or Tribe (through Tribes Approved for
Treatment as a State, TAS) primacy if corresponding standards/
regulations are equally or more protective than Federal stan-
dards. However, despite regulations and US trust responsibility,
many Tribes consider federal protection inadequate, leading to
impaired water quality and questions surrounding public
safety.8,10 Although the CWA provides provisions for Tribes to
address water-quality issues, obtaining the appropriate exper-
tise and funding has made this option intractable for most.1,8

For example, of the 330 federally recognized Tribes that meet
TAS requirements, only 54 have received TAS status of which
only 44 have had their own water-quality standards approved by
the U.S. Environmental Protection Agency (EPA).1

Studies have addressed inequities on Tribal lands with an
emphasis on drinking-water quality and subsistence shing/
hunting. In the Dakotas and the western US, natural and
anthropogenic (e.g., mining) arsenic and uranium have been
documented in groundwater drinking-water supplies.11–13

Escherichia coli (E. coli) and other potentially pathogenic
bacteria have been observed in Tribal drinking water and
surface waters used for recreation and ceremonies.14–17 Other
| Environ. Sci.: Processes Impacts, 2026, 28, 579–597
emerging/unregulated contaminants including per- and poly-
uoroalkyl substances (PFAS), pesticides, and pharmaceuticals
have also been observed frequently in drinking water at the
point of consumption18,19 including within Tribal communi-
ties20 and in surface waters.21,22 These precedents highlight the
benets of conducting studies on Tribal lands in collaboration
with Tribal communities and public health agencies to increase
the robustness of resource assessments.

PFAS, are a class consisting of thousands of substances that
were rst produced in the 1940s, are pervasive in the environ-
ment, and aremajor concerns for the health of humans, wildlife
and ecosystems due to their environmental prevalence, persis-
tence, and toxicity.23,24 PFAS accumulate in organisms through
consumption of contaminated food and water and can be
transferred maternally. In humans, PFAS have been docu-
mented widely in human plasma25 and have been linked to
developmental, metabolic, and immune disorders as well as
certain cancers.26–28 Limited information is currently available
on PFAS occurrence, distribution, and accumulation in sh and
other organisms consumed by Tribal communities.

For the northern plains Crow Tribe of Montana [Apsáalooke
people (“Children of the Large Beaked Bird” mistranslated to
Crow)],29 “water is life” (Bii'ishch́ıis). Water is inherent in
Apsáalooke culture, sacred practices and beliefs and has always
been held in high respect among Tribal members.7,30,31 River
and spring waters have long been used in many ceremonies, for
subsistence shing and as a place to recreate and gather during
hot summer months, and the local riparian ecosystems are
home to medicinal plants and species vital to subsistence
hunting and gathering, food security and cultural identity.7 The
Crow Reservation encompasses the center of the Tribe's tradi-
tional territory and ancestral homeland for many centuries, and
a signicant amount of ecological knowledge has been retained
by the community.7 For example, Tribal elders have noted the
river remains ‘murky’most of the year and no longer ‘clears up’
following spring runoff, potentially due to agriculture and
ranching in the watersheds, causing rural families to switch
from collecting river water for domestic use to shallow private
wells drilled to rst water and many within an existing ood-
plain.15 In 2005, a Crow environmental health assessment
conducted by Tribal partners and a local academic partner
concluded that water contamination was the most serious
environmental health threat to the community15,32 which led to
the formation of the Crow Environmental Health Steering
Committee (CEHSC). This volunteer group of Tribal members
and an academic partner (Little Bighorn College) initiated the
Crow Water Quality Project (CWQP) which has resulted in
a series of investigations documenting inorganic15 and
This journal is © The Royal Society of Chemistry 2026
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microbial contamination16 of drinking water and high levels of
fecal contamination, including pathogenic microorganisms, in
the Little Bighorn River.33,34 A recent cumulative risk assessment
indicated that more that 39% of drinking water wells on the
Crow Reservation were unsafe due to mixtures of inorganics
including uranium, manganese, nitrate, zinc, and arsenic.35

Point-of-use treatment is suitable for removing trace inor-
ganics.36 However, for the Crow community, nancial resources
are limited and 95% of the participants in the study did not
employ treatment even though 80% reported high dissolved
solids and poor taste and odor.35 The CEHSC recognized the
need to address possible exposures to other inorganics and
a wide range of potential anthropogenic contaminants (e.g.,
PFAS) in drinking water and culturally signicant surface
waters, to dene potential community risks and support Tribal
community prioritization of remediation/mitigation actions.

In 2022, the CWQP at Little Big Horn College partnered with
the U.S. Geological Survey (USGS) on a synoptic study designed
to assess potential exposures to a broad suite of contaminants
(inorganic, organic and microbial) in culturally signicant
surface water in the three major watersheds of the Crow
Reservation. PFAS concentrations in sh, sediment and bi-
olms collected from the Little Bighorn River also were assessed
to provide initial insight into the prevalence and corresponding
risks of PFAS in Tribal trust resources. These assessments were
Fig. 1 Map of Crow Reservation boundary (orange line) in Montana, Un
sample locations within the (east to west) Little Bighorn River, Bighorn R

This journal is © The Royal Society of Chemistry 2026
part of a larger 2022–2023 study designed to assess the cumu-
lative risk of mixed contaminant exposures to human health by
collecting samples of tapwater of private wells and small
community water supplies throughout the Crow community.37

This partnership follows the principles of Community Based
Participatory Research,38,39 and is jointly guided by CEHSC,
USGS, Montana State University (MSU) and National Institutes
of Health (NIH) scientists.
Methodology
Study area and site selection

The Crow Reservation in south-central Montana, US is home to
about 75% of the more than 14 000 enrolled tribal members
(https://tribalnations.mt.gov/Directory/CrowNation) and
encompasses about 2.2 million acres of traditional territories
including three mountain ranges and three river valleys. Most
of the communities including the Tribal capital, Crow Agency,
are situated in the Little Bighorn River valley, with smaller
communities in the Bighorn River and Pryor Creek valleys15

(Fig. 1). These waters have always been held in high respect
by the Tribe and to this day, rivers and springs are used in
many sacred ceremonies. Children play in these waters during
the summer and local riparian areas are home to medicinal
ited States, and locations of surface water, sediment, biofilm and fish
iver, and Pryor Creek drainages. See Table 1 for the complete site list.

Environ. Sci.: Processes Impacts, 2026, 28, 579–597 | 581
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plants and food (e.g., berries, deer, etc.) vital to both food
security and cultural identity.31

The Bighorn River is an approximately 742 km long tributary
of the Yellowstone River that runs through Wyoming and
Montana in the western portion of the US. In Montana, the
Bighorn River ows through the Bighorn Mountains on the
Crow Reservation, where it is impounded by the Yellowtail Dam
to form the Bighorn Lake Reservoir within the Bighorn Canyon
National Recreation Area. In Apsáalooke, the Bighorn River is
known as Iisaxpúatahcheeaashisee, which translates to English
as Large Bighorn Sheep River. The Little Bighorn River is a 222
km long Bighorn River tributary that ows through the Crow
Reservation, past the towns of Wyola and Lodge Grass, the Little
Bighorn Battleeld National Monument, and Crow Agency to its
conuence with the Bighorn River near the town of Hardin. In
the Apsáalooke language, the Little Bighorn River is known as
Iisaxpúatahcheeaashe Aliakáate. Finally, Pryor Creek is
a Yellowstone River tributary that headwaters in the Pryor
Mountains and ows through the town of Pryor, the site of Chief
Plenty Coups State Park named for the last traditional chief of
the Crow Nation (Aleek-chea-ahoosh, meaning “many
achievements”).

In July of 2022 and 2023 samples were collected from sites
along Pryor Creek (n= 2 sites, 2023 only), the Bighorn River (n=

2 sites; 2023 only) and the Little Bighorn River (n= 10; 2022 and
2023), to understand human and ecological exposures to
contaminants in various media, including culturally signicant
Table 1 Sampling matrix showing the types of samples collected at each
only (n = 6). See Fig. 1 for the location of each site and Tables S4–S8 fo

Site Site number Drainage

Plenty Coups State Park Spring at Pryor PC1* Pryor Creek
Pryor Creek at Sundance Bridge PC2 Pryor Creek
Ft Smith WW Lagoon at Ft Smith, MT BH1 Bighorn River
Unnamed pond nr Co Rd 313, St Xavier,
MT

BH2* Bighorn River

Little Bighorn R ab Sport Ck nr Wyola,
MT

LBH1 Little Bighorn
River

Little Bighorn R nr Sloan Ditch nr Wyola
MT

LBH2 Little Bighorn
River

L Bighorn R bl Lodge Grass Cr nr Lodge
Grass MT

LBH3 Little Bighorn
River

Irr OF to L Bighorn R Oxbow nr Lodge
Grass, MT

LBH4* Little Bighorn
River

Irrigation ditch near Garryowen, MT LBH5* Little Bighorn
River

L Bighorn R bl Med Tail Coulee nr Crow
Agency MT

LBH6 Little Bighorn
River

Little Bighorn R ab Agency Canal nr Crow
Agency MT

LBH7 Little Bighorn
River

L Bighorn R bl Heritage Rd brdg at Crow
Agency MT

LBH8 Little Bighorn
River

Little Bighorn R. at Pitch's nr Crow
Agency, MT

LBH9 Little Bighorn
River

Little Bighorn R bl Custer Cr, at Crow
Agency, MT

LBH10 Little Bighorn
River

a *, indicates site is not along the main stem of river.

582 | Environ. Sci.: Processes Impacts, 2026, 28, 579–597
surface waters, sediment, biolms and sh tissues on the Crow
Indian Reservation (Table 1 and Fig. 1). Sites were selected by
Tribal partners based on cultural signicance, community use
(e.g., swimming holes, shing) and potential susceptibility to
contamination (e.g., downstream of landlls, wastewater
effluent or agricultural drains). Following sample collection and
analysis, all data were reported back to the Tribe through in-
person community engagement events in the summer of 2024
organized by CEHSC.
Surface water sample collection and analysis

A total of 19 surface-water samples at 13 sites (Fig. 1) were
collected by USGS in cooperation with the CEHSC and Crow
college students in 2022 and 2023 (Tables 1 and S1) using
standard methods. Surface water samples were analyzed by the
USGS40 based on previously published methods for 435 unique
organic compounds using six targeted methods41–47 and 46
inorganic constituents using four targeted methods.48–55 Three
microbiological indicators were also analyzed (total coliforms,
E. coli), and heterotrophic plate counts (general bacteria).16

Organic analytes included cyanotoxins, disinfection byproducts
(DBPs), pesticides, PFAS, pharmaceuticals and volatile organic
compounds (VOCs); additional method details are in the SI
(Table S2). Water quality and contaminant data for all surface
water samples as well as detailed information on analytes and
detection limits for each of the methods are available in
Romanok et al.37 and Tables S2, S4, S5.
site. Some sites were sampled in both 2022 and 2023 for surface water
r the contaminant resultsa

Year sampled Surface water Sediment Biolms Fish tissue

2023 7 7

2023 7 7

2023 7

2023 7 7

2023 7

2022, 2023 7 7 7

2022, 2023 7 7 7

2023 7 7

2023 7 7

2022, 2023 7 7 7

2022, 2023 7 7 7 7

2022, 2023 7 7 7

2022, 2023 7 7

2023 7 7

This journal is © The Royal Society of Chemistry 2026
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Sediment, biolm and tissue sample collection and analysis

Sediment samples were collected from 12 sites in July 2023
(Table 1) using pre-cleaned, methanol-rinsed, stainless-steel
scoops.56 Samples were collected from depositional zones in
each stream reach from the top approximately 2–5 centimeters
(cm) of sediment. Sediment from each stream reach was
collected from approximately ve different locations along the
same side of the stream and composited in clean wide-mouth,
high density polyethylene (HDPE) jars. Samples were not
sieved. Samples were placed on ice in the eld, shipped cold
and stored frozen (−40 °C).

Biolms (an aggregate of microorganisms encased in exo-
polysaccharides (EPS)) are considered one of the most widely
distributed producers in aquatic environments and have been
used as a natural integrative sampling tool to assess anthro-
pogenic contaminants in aquatic environments.57 In July 2023,
biolm samples were collected from multiple rock surfaces at
ve sites (Table 1), using methanol-rinsed, stainless-steel kni-
ves, and composited in a small Whirlpack or glass jar for PFAS
and microbial-community analyses, respectively. Composited
biolms samples were transported on ice to the laboratory and
stored frozen at −40 °C.

Fish were collected by hook and line from two sites on the
Little Bighorn River in July 2023 by volunteers from the
community (Table 1): a presumptive, low-impact location
upstream of the town of Wyola and an impacted location in
Crow Agency (Fig. 1). At the upstream site, we collected 10
Brown Trout (Salmo trutta), and at the site in Crow Agency we
collected 10 catsh (Siluriformes), four goldeye (Hiodon alo-
soides) and six rock bass (Ambloplites rupestris). Fish were kept
alive in aerated 5-gallon buckets prior to processing and were
processed within 1-hour of collection. Fish were euthanized
with Finquel (MS222; Argent Laboratories, Redmond, Wash-
ington) similar to Blazer et al.58 All procedures were conducted
in accordance with the ARRIVE 2.0 (ref. 59) guidelines and
institutional guidelines. The sampling and handling proce-
dures outlined above were reviewed and approved by the U.S.
Geological Survey Eastern Ecological Science Center's Institu-
tional Animal Care and Use Committee and the Crow Envi-
ronmental Health Steering Committee. Individual sh were
measured to the nearest millimeter (mm) and whole blood
samples were collected from the caudal-vein using heparinized
3-cm3 syringes with 23-gauge needles, transferred to 2-mL
HDPE centrifuge tubes, and stored immediately on dry ice. All
sh were inspected for visible abnormalities, and then,
depending on size, eld-dissected skin-off lets (two per sh) or
whole sh, for laboratory dissection, were placed in 1-gallon
plastic bags. All samples (whole sh, lets, and blood) were
stored in the eld on dry ice and shipped to the laboratory on
dry ice, where they were stored at −40 °C prior to analysis.

Biolm and tissue samples (whole blood and lets) were
shipped frozen on dry ice within 90 days to RTI Laboratories
(Livonia, Michigan, USA) for the extraction and analysis of 28
individual PFAS (Table S3). Sediment samples were shipped
frozen within 90 days of collection on wet ice to SGS AXYS
Analytical Services Ltd (British Columbia, Canada) for the
This journal is © The Royal Society of Chemistry 2026
extraction and analysis of 40 individual PFAS (Table S3). Prior to
analysis, samples were air-dried, and percent moisture was
determined. All samples were analyzed using EPA Method 1633
with slight laboratory-specic modications.60 Briey, all
samples were spiked with isotopically labeled standards,
extracted in potassium hydroxide and acetonitrile, followed by
basic methanol and clean-up using aWaters Oasis WAX 150mg,
solid phase extraction (SPE) cartridge. Following extraction,
clean-up and concentration, samples were analyzed by liquid
chromatograph/tandem quadrupole mass spectrometry (LC-
MS/MS). Method detection limits ranged from 0.036–0.17 ng
g−1 wet weight (ww) for biolms, 0.071–0.76 ng g−1 ww for lets,
0.048–5.4 ng mL−1 for whole blood and 0.027–1.8 ng g−1 dry
weight (dw) for sediment (Table S3). PFAS concentrations
measured in sediment, biolms and sh tissue as well as
detailed information on analytes and detection limits for each
of the methods are available in Romanok et al.61

DNA from the ve biolm samples was extracted in duplicate
with FastDNA™ SPIN Kit for Soil (MP Biomedicals, Santa Ana,
CA), combined and concentrations measured with Qubit™
dsDNA HS Assay Kit (Thermo Fisher Scientic, Waltham, MA).
Prior to the use in polymerase chain reaction (PCR), the DNA
concentration in each sample was adjusted to 5–10 ng mL−1.
PCR was carried out with primer pairs 341F-805R62 with
universal Illumina overhang adapters. The 25 mL amplicon PCR
components involving the use of PRIMATM Hot Start Taq
Master Mix (MIDSCI, Fenton, MO) were prepared following
manufacturer's instructions and PCR conditions were per-
formed in duplicate for each sample as previously described.63

Subsequent PCR clean-up of 16S rRNA gene amplicons and
library preparation were done following Illumina's 16S Meta-
genomic Sequencing Library Preparation sequencing protocol,
followed by library sequencing with 2 × 300 bp Miseq Reagent
kit on the Ilumina Miseq platform (Illumina, San Diego CA).
The 16S rRNA gene amplicon sequences were imported into
QIIME 2 pipeline and processed with demux, followed by
DADA2 for sequence denoising, chimera check, and construc-
tion of paired-end sequences.64,65 Taxonomic identication was
performed using the SILVA 138.1 taxonomy classier.66 Raw
DNA sequences were placed in the National Center for
Biotechnology Information (NCBI) database under bioproject
number: PRJNA1291266.
Quality assurance

Quantitative ($limit of quantitation, $LOQ) and semi-
quantitative (between LOQ and long-term method detection
limit, MDL) results were treated as detections.67–69 Quality-
assurance/quality-control included analyses of eld blanks
(surface water only; n = 2), laboratory blanks, laboratory spikes,
and stable isotope surrogates. No inorganic or organic constit-
uents were detected in blanks at concentrations in the range
observed in surface water samples.37 For PFAS, one laboratory
blank per batch for a total of ve blanks were analyzed across all
media (sediment, tissue and whole blood). PFBA (per-
uorobutanoic acid) was detected in sh let and biolm,
PFPeA (peruoropentanoic acid) was detected in sh let, and
Environ. Sci.: Processes Impacts, 2026, 28, 579–597 | 583

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5em00565e


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/1

2/
20

26
 1

:2
1:

35
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
PFOSA (peruorooctanesulfonamide) was detected in one
sediment sample. PFOSA in sediment resulted in the removal of
four values that were all at or below the level detected in the
laboratory blank. Values for PFBA and PFPeA in sh tissue (lets
and whole blood) and PFPeA in biolm were removed owing to
suspected interference and detections in blank samples. Both
compounds have only one major ion transition and have been
shown to suffer from interference from lipids.70–72 The median
surrogate recovery for organic analytes in surface water was
95.5% (interquartile range (IQR): 82.5–104%). The median
surrogate recoveries for PFAS in tissue, biolms and sediment
were 75.3% (IQR: 52.0–95.5%), 42.4% (IQR: 30.8–50.3%), and
96.0% (IQR: 88.1–102%), respectively. Detailed quality assur-
ance information can be found in Romanok et al.61
Statistical analysis and effects-based screening

Differences in centroids and dispersion in PFAS concentrations
between sh species and between tissue type (whole blood vs.
lets) were assessed by nonparametric one-way PERMANOVA (n
= 9999 permutations) on Euclidean distance (Paleontological
Statistics, PAST, vers. 4.03).73

A screening-level assessment74,75 of potential cumulative
effects of chemical mixtures in each surface-water sample was
conducted using a Hazard Index Assessment as described
previously.74,76,77 We considered four general classes of cumu-
lative risk assessments focused on (1) ecological effects
assuming acute exposure, (2) ecological effects assuming
chronic exposure, (3) effects on human health due to recrea-
tional activities (e.g., incidental water consumption) and (4)
effects on human health due to lifetime exposure (i.e., surface
water as the primary drinking water source). In all four
scenarios, we employed a cumulative benchmark-based toxicity
quotient (TQ) approach18,77 where individual TQ (ratio of expo-
sure concentration to corresponding benchmark) are summed
using a non-interactive concentration addition model78 to
predict cumulative TQ (STQ).

To inform potential aggregated acute (scenario 1) and
chronic (scenario 2) ecological effects broadly, we used EPA's
freshwater aquatic life quality criteria (water quality standards
[WQS]) for priority pollutants)79 and Montana Department of
Environmental Quality (MTDEQ) aquatic life standards.80

Benchmark-based assessments of aggregate organic contami-
nant (e.g., pesticide) risk were conducted for sh, aquatic
invertebrates and vascular/nonvascular plants using EPA Office
of Pesticide Programs (OPP) aquatic life benchmark(s) (ALB) for
acute (scenario 1) and chronic (scenario 2) effects of individual
pesticides.81 To assess short-term exposure to humans through
recreational activities (scenario 3; Table S9b), we included
a separate assessment of aggregated risk based on the most
protective criteria for E. coli (e.g. primary contact through
recreation; not to exceed 126 cfu/100 mL)82 and cyanotoxins.83

Lastly, to provide insight into potential risks of use of surface
water as primary drinking-/cooking-water source (scenario 4),
the most protective human-health benchmarks (i.e., lowest
benchmark concentration) among maximum contaminant level
goal(s) (MCLG),84,85 World Health Organization (WHO)
584 | Environ. Sci.: Processes Impacts, 2026, 28, 579–597
guideline values (GV) and provisional GV (pGV),86 and other
available state benchmarks were employed (Table S9b),
assuming life-time exposure conditions, as described previ-
ously.18 MCLG values of zero (i.e., no identied safe-exposure
level for sensitive sub-populations, including infants, chil-
dren, the elderly, and those with compromised immune
systems and chronic diseases)84,87 were set to 0.1 mg L−1 for
arsenic, lead, uranium and 0.0001 mg L−1 for PFOA.18 Due to the
inclusion of a margin of safety in health benchmarks, for all
assessments a STQ = 1 indicates a high probability of risk
whereas a STQ < 0.1 indicates negligible risk.

P
TQ results and

respective health-based benchmarks are summarized in Tables
S10a–d. The toxEval version 1.4.0 package88 and the open source
statistical soware R89 were used for all screening assessments.
Results and discussion

Water security and sustainability are issues affecting all aspects
of the northern plains Apsáalooke from drinking water to
recreation and spiritual practices.7,15,35 This study and its
companion effort37 were designed to inform the potential
ecological and human-health risks from exposures to organic
and inorganic contaminant mixtures present on the Crow
Reservation at Tribe-selected sites. Surface-water sites were
selected based on their intended uses (e.g., summer swimming
holes and sacred ceremonies) as well as their potential vulner-
ability to both point and nonpoint sources (e.g., agricultural
activities, unlined landlls, wastewater inputs). The Apsáalooke
connection to the rivers has been passed through generations.
However, due to water-quality concerns, use of the rivers for
drinking, swimming and shing has decreased over time.7

Information on the contaminant mixtures present and their
potential health implications can support protection of the
community's environmental health and water resources across
the Crow Reservation.
Surface-water quality: mixtures of contaminants and
pathogens

Mixtures of organic and inorganic contaminants as well as E.
coli were observed in surface water collected from the three
valleys on the Crow Reservation (Tables S4–S6 (ref. 37)). Of the
435 organic contaminants measured in the 19 surface-water
samples, 31 (7%) were detected at least once including eight
pesticides, eight VOCs, eight pharmaceuticals, ve PFAS and
two cyanotoxins (Table S4), with detections per sample ranging
from 0 to 10 (median: 3). In contrast to previous studies in rivers
and streams across the US,21,22 individual concentrations and
the number of organic contaminants detected in the summer of
2022 and 2023 were low across all three rivers (median:
25 ng L−1; IQR: 1–7 ng L−1; Fig. S1 and Table S4), with no
exceedances of available acute or chronic aquatic-life or human-
health benchmarks. The most frequently detected compounds
were the VOCs butanal (57%; 11 of 19 samples) and carbon
disulde (52%; 10 of 19 samples), the pharmaceutical metfor-
min (26% 5 of 19 samples) and the herbicide glyphosate (21%; 4
of 19 samples). PFAS were observed infrequently in surface
This journal is © The Royal Society of Chemistry 2026
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waters at concentrations ranging from 0.1–2 ng L−1 (Table S4),
consistent with prior ndings in areas without direct point
sources.90 The greatest number of compounds were observed at
two agriculturally impacted sites (BH2, LBH4), one site below
a wastewater lagoon near Ft. Smith, MT (BH1) and a spring
impacted by a leaking septic tank (PC1; Table S4), indicating
a higher potential risk to aquatic organisms and people in areas
inuenced by point sources. Point and non-point sources,
including agricultural activities (e.g., pesticide and biosolid
applications91) and municipal/industrial wastewater,21,92 have
been long been identied as primary drivers of contaminant
exposure to aquatic organisms.

Of the 37 inorganic constituents measured, 33 were observed
at least once in surface-water samples. Reporting limits for
eight constituents (antimony, arsenic, cadmium, cobalt, lead,
molybdenum, nickel and selenium) were higher in 2022
compared to 2023 due to method differences (Table S2) which
resulted in non-detects in samples collected in 2022 compared
to 2023 (Table S5). Trace elements including aluminum,
barium, boron, iron, lithium, manganese, strontium, thallium,
uranium and zinc were observed in 100% (19/19) of the samples
collected (Table S5 and Fig. S2).37 Only two exceedances of
available aquatic-life benchmarks were observed (Table S5).
Copper was detected in less than 50% of the samples with one
exceedance (9.0 mg L−1 site PC1) of the aquatic life benchmark
Fig. 2 Concentrations (colony forming units per 100 mL) of hetero-
trophic plate counts (HPC, left plot), total coliforms (center plot), and
Escherichia coli (E. coli, right plot) detected during 2022 (black circles,
C) and 2023 (yellow circles, ) in surface water samples collected
from up to nine sites in the Little Bighorn River (LBH), two sites in the
Bighorn River drainage (BH) and two sites along Pryor Creek (PC)
within the Crow Reservation, Montana. Boxes, centerlines, and whis-
kers indicate interquartile range, median, and 5th and 95th percentiles,
respectively. Purple solid line represents Montana Department of
Environmental Protection's recreational criteria for E. coli.82

This journal is © The Royal Society of Chemistry 2026
for non-vascular plants (ALB: 3.1 mg L−1), whereas iron was
observed in 100% of the samples with one exceedance (1240 mg
L−1 site LBH4) of EPA's chronic freshwater aquatic life criteria
(WQS: 1000 mg L−1; Table S5). Trace elements observed herein
are naturally occurring, but elevated concentrations can result
from anthropogenic activities93 and have the potential to
negatively affect human and ecological health particularly when
exposures occur as mixtures.

General heterotrophic bacteria (heterotrophic plate counts;
HPC), total coliforms and E. coli were observed frequently in
surface waters from the three basins (Fig. 2 and Table S6).
Heterotrophic bacteria which are ubiquitous in the environ-
ment94 were detected in 89% (17/19) of surface waters [median:
3700 CFU/100 mL (IQR: 680–11,000 CFU/100 mL)] with no
detections at either the agricultural pond in the Bighorn Valley
(BH2) or in the Little Bighorn River in Crow Agency (LBH8) in
2023. Total coliforms were observed in 95% (18/19) of surfaces
waters [median: 850 CFU/100 mL (IQR: 402–1650 CFU/100 mL)
with no detections at site LBH6 in 2023. E. coli was observed less
frequently (68% [13/19] of samples collected in 2022 and 2023
[median: 110 CFU/100 mL; IQR: 50–400 CFU/100 mL]). In rural
settings, E. coli and other fecal indicator bacteria are wide-
spread, occur widely in wildlife and domesticated animals and
may enter waterways at elevated concentrations through
domestic sewage and runoff from ranching and agricultural
practices.33 With the abundance of homes and ranching oper-
ations proximal to streams across the reservation, and aging
public wastewater infrastructure, leaking septic tanks, livestock
and inadequate municipal treatment may be potential sources
that could negatively affect tribal water quality. More frequent
sampling across time and space as well as detailed microbial
source tracking studies,34,95 could identify specic sources and
drivers (e.g., seasonality) of E. coli abundance in the study area.

Montana DEQ has issued E. coli criteria for class A and B
waters during different times of the year based on recreational
use. Further, Montana's E. coli criteria for class A use waters are
associated with drinking water and are more stringent because
these waters are to be maintained suitable for drinking-water
use aer simple disinfection rather than conventional treat-
ment.82 The year-round criterion for drinking water is 32 CFU/
100 mL which was exceeded in all but one surface-water site
with detections (Fig. 2 and Table S6). Recreational E. coli criteria
for class A and B waters in the summer (April 1–October 31) are
126 CFU/100mL which was exceeded at ve of the 13 sites where
E. coli was observed (Fig. 2). Exceedances of the recreational E.
coli criteria were not observed in the swimming hole upstream
nearWyola (LBH2; 2022: 110 CFU/100mL and 2023: 20 CFU/100
mL)) but were observed at the Crow Agency swimming hole
(LBH10; 1000 CFU/100 mL), indicating a potential recreation
risk to the community particularly children during the summer
months. The Little Bighorn River in Crow Agency (LBH7) serves
as a drinking-water source for the Crow Reservation; previous
data have reported E. coli concentrations >7000 most probably
number (MPN) per 100 mL at the drinking-water intake during
spring run-off conditions,33 which resulted in several studies
designed to assess E. coli contamination throughout the reser-
vation with an emphasis on private-well drinking water.16 In the
Environ. Sci.: Processes Impacts, 2026, 28, 579–597 | 585
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current study, E. coli concentrations collected just above the
drinking-water intake in 2022 and 2023 were 100 and 250 CFU/
100 mL, respectively (Table S6) but despite detections in surface
water, E. coli was not observed in the Crow public water supply
prior to distribution,37 indicating effective removal during
treatment. Chlorine-based disinfection (e.g., chlorination,
chloramination, or chlorine dioxide) is common in US public-
supply drinking water96 and designed to reduce or eliminate
exposures to harmful microorganisms, including viruses and
pathogenic bacteria.97
Potential ecological and human-health effects

Several benchmark-based STQ screening approaches were used
to estimate both the ecological and human-health risks of
exposure to contaminant mixtures in surface waters collected
from the Crow Reservation. Unlike available human-health
benchmarks (Table S9b), the available aquatic life bench-
marks for contaminants observed in this study are limited
primarily to pesticides and trace metals (Table S9a). We
assessed the acute and chronic risk to aquatic life using the
most conservative freshwater aquatic life standards (WQS)
based on information from EPA79 and MTDEQ80 (Table S9a). As
an additional line of evidence for potential risks to vertebrates
and to inform the potential risks to lower aquatic trophic levels,
analogous EPA OPP ALB-based STQ risk approaches22 were
employed, wherein the potential risks associated with pesticide
exposures were assessed based on acute and chronic bench-
marks for sh, invertebrates and vascular/nonvascular plants81

(Table S9a).
Based on freshwater aquatic life WQS, all samples exceeded

a STQWQS of 1 (Fig. 3 and Table S10a) indicating a high prob-
ability of adverse effects from co-occurring exposures to
multiple trace metals, if measured concentrations are indicative
of persistent, chronic exposures, with risk driven primarily by
lead, aluminum, copper and zinc depending on sample (Fig. 3).
Assuming measured concentrations are indicative of transient,
acute-exposure conditions, four samples (PC1, BH2, LBH4,
LBH7) exceeded a STQWQS of 1 indicating a high probability of
aggregated risk, and the remaining 15 samples exceeded
a STQWQS of 0.1 indicating a potential risk to aquatic life
(Fig. S3), with copper and zinc as primary risk drivers (Table
S10a).

Based on OPP ALB, no sites exceeded STQsh-acute of 1 for
sh, but eight sites (PC1, BH2, LBH2, LBH4, LBH6, LBH7,
LBH8, LBH9) exceeded a STQsh-chronic of 0.1 for chronic expo-
sure conditions and four of those (PC1, BH2, LBH4, LBH7) also
exceeded a STQsh-acute of 0.1 for acute exposure conditions
(Fig. 3, S3 and Table S10b). One sample (PC1) exceeded the OPP
ALB-based STQinvertebrate-acute of 1 whereas seven sites (BH2,
LBH2, LBH4, LBH6, LBH7, LBH8, LBH9 exceeded the
STQinvertebrate-acute of 0.1 for acute exposures to invertebrates
(Fig. S3), with copper driving the exposure risk. Similarly,
chronic exposure risk to invertebrates was also driven by copper
with four sites (PC1, BH2, LBH4, LBH7) exceeding
a STQinvertebrate-chronic of 1 and four (LBH2, LBH6, LBH8, LBH9)
exceeding a STQinvertebrate-chronic of 0.1 (Fig. 3). No OPP ALB-
586 | Environ. Sci.: Processes Impacts, 2026, 28, 579–597
based STQplant > 1 were observed for vascular or nonvascular
plants (Table S10b). Copper is an essential mineral that at low
concentrations is vital to organismal health but has also been
used as a pesticide (bactericide, algaecide, fungicide) for
centuries.98 Exposure to copper has the potential to affect
ecosystem processes by reducing biodiversity at the lower
trophic levels, including phototrophic and heterotrophic
microbial communities and terrestrial and aquatic inverte-
brates.98 For vertebrates, prolonged exposure to copper can
result in oxidative stress leading to tissue damage and effects on
bioenergetics and endocrine function.99

To inform potential short-term exposure risk to the Crow
community through recreational activities, we assessed aggre-
gated risk based on the most protective criteria for E. coli82 and
cyanotoxins.83 Five sites, one in the Bighorn (BH2) and four in
the Little Bighorn (LBH3, LBH7, LBH8, LBH10) including a local
swimming hole (LBH10) exceeded a STQrecreation of 1 indicating
a high probability of aggregated risk from short-term recrea-
tional activities (Fig. S4 and Table S10c) driven predominantly
by E. coli. Subsequent recreational risks from cyanotoxins were
low across our study area as anatoxin-a was only detected at site
BH2, a local farm pond. During this study, only two sites had
a STQrecreation < 0.1 indicating no risk (Fig. S4). Although only
two locations (LBH2 and LBH10) have been identied as
community swimming holes, the water and its surrounding
shoreline is utilized for other traditional practices and cere-
monies. Understanding potential short-term risk through
recreation or contact will help the community determine if
preventative measures or mitigation activities should be taken
at various locations to improve water quality and reduce
potential exposures.

Lastly, to inform the risks of systematic consumption of
untreated surface-water for cooking and drinking, historically
commonplace but increasingly rare practice, we assumed life-
time exposure and employed the most protective human-health
benchmarks. Every site exceeded a STQHH > 1 indicating high
aggregated risk to human-health (Fig. S4) with arsenic, uranium
and PFOA, all with MCLG of zero, driving the exposure risk
(Table S10d). Similarly, frequent

P
TQHH > 1 exceedances were

observed in residential private wells collected throughout the
community in tandem with the current study with exposure risk
being driven predominantly by uranium and arsenic37 illus-
trating the hydrologic connectivity between shallow ground-
water wells and surface waters. Historically, drinking water was
sourced from springs and rivers within the three watersheds
sampled as part of this study.7 Today public drinking water
supply for Crow Agency is sourced from the Little Bighorn15

(downstream of site LBH7), and most residential private wells
are proximal to the rivers, drilled to rst water and thus
hydrologically connected to and inuenced by adjacent surface-
water quality.15,100

Synoptic studies like this one are only the rst step in
addressing surface water quality concerns expressed by the
Crow community. More observations across more sites/seasons
could enhance understanding of human and ecological expo-
sure risk and support future mitigation, conservation or reme-
diation plans.
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Benchmark-based toxicity quotients (TQ) calculated from chronic water-quality standards for freshwater species (top), and aquatic life
benchmarks for fish (middle) and invertebrates (bottom) at the fourteen surface-water sampling locations in the Bighorn River (BH), Little Bighorn
River (LBH) and Pryor Creek (PC) within the Crow Reservation, Montana. Red triangles represent the cumulative toxicity quotient (STQ). Solid red
lines and dashed orange lines indicate benchmark equivalent exposure (STQ = 1) and screening-level of concern (STQ = 0.1), respectively.
Boxes, centerlines, and whiskers indicate interquartile range, median, and 5th and 95th percentiles, respectively.
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Occurrence, accumulation and potential human-health
effects of per- and polyuoroalkyl substances in sediment,
biolms and biota

As noted previously, PFAS are widespread in surface water,
groundwater, public drinking water supplies prior to distribu-
tion and private-well tapwater,19,101,102 so this study also sought
to address potential PFAS contamination in Tribal waters and
aquatic resources including sediment, biolms and sh lets
and whole blood. PFAS concentrations in sh lets informed
a secondary route of human exposure through consumption,
while whole blood concentrations provided insight into poten-
tial ecological exposure and accumulation. Ecologically, sedi-
ment and biolms could be important sources of PFAS to lower
trophic-level aquatic organisms including invertebrates, larval
sh and larval frogs and toads. Further, microbial consortia
have demonstrated the ability to utilize PFAS as a carbon source
while facilitating deuorination.103,104

Similar to surface water, the number and concentrations of
individual PFAS in sediment and biolms were low (<5 ng g−1)
across all sites sampled with no overlap between sediment and
water. In sediment, only two PFAS were observed including
a single detection of 6:2 FTS (1H,1H,2H,2H-peruorooctane-
sulfonate; C8) from an irrigation ditch in the Little Bighorn
This journal is © The Royal Society of Chemistry 2026
River basin (LBH5) and N-MeFOSA (N-methyl-
peruorooctanesulfonamide; C8), which was detected in 83%
(10/12) of the sites with a median concentration of 0.43 ng g−1

dw (IQR: 0.42–0.45 ng g−1 dw; Table S7). In biolms, three PFAS
of varying chain length (C4–C13) were observed infrequently at
sub ng g−1 levels, with no overlap between biolms and water or
sediment. It is important to note, method surrogate recoveries
were low (median: 42.4%; IQR: 30.8–50.3%) and some were
outside the acceptable range for method performance, indi-
cating values should be considered estimated. We observed
single detections of PFHxA (peruorohexanoic acid; C6),
PFTrDA (peruorotridecanoic acid; C13) and PFBS
(peruorobutanesulfonic acid; C4) (Table S7;61). With the
exception of PFTrDA, individual PFAS observed in biolms in
our study included shorter chain compounds (C4–C7), reported
frequently in surface waters105 globally. Although detection was
infrequent, our results contrast with previous reports of higher
accumulation of longer chain PFOS (peruorooctanesulfonic
acid) and peruoroalkyl carboxylic acids (PFCAs; C8–C14) and
noticeable differences in chain length between biolms and
water.57,106 Members of the bacterial order Pseudomonadales
(class: Gammaproteobacteria) —including Pseudomonas spp.—
were detected (0.8–3.1% relative abundance) as part of a diverse
biolm community at all ve sites sampled (Fig. S5).
Environ. Sci.: Processes Impacts, 2026, 28, 579–597 | 587
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Gammaproteobacteria are a diverse class of bacteria with
certain Pseudomonas strains having the potential to degrade
PFAS107 and their presence in biolms suggests the potential for
in situ degradation. This possibility is further supported by the
observation that the PFAS detected in the biolms (PFHxA and
PFBS) were shorter-chain compared to those found in the
surrounding sediment (6:2 FTS and N-MeFOSA), which may
indicate microbial transformation or breakdown of longer-
chain PFAS within the biolm matrix to terminal products
(e.g. PFBA, PFHxA) that can also persist in the environment.108

Supporting this interpretation, previous studies have shown
that 6:2 FTS can rapidly transform into PFPeA, PFHxA, and 5:3
acid under aerobic conditions, with limited transformation
occurring under anaerobic conditions.109,110 Although limited,
these ndings underscore the potential importance of oxygen-
rich microenvironments—such as those found in riverine bi-
olms—in potentially facilitating degradation of some longer-
chain PFAS.

To provide initial insight into potential PFAS occurrence,
bioaccumulation and human-health implications of consump-
tion of sh caught within the Crow Reservation, whole blood
and lets were collected from 29 individual sh in 2023 at two
sites on Little Bighorn River and analyzed for 28 individual PFAS
(Tables 1 and S8;61). Of the 28 PFAS measured in sh tissues, 13
(46%) were detected at least once. Similar to other
studies,90,111,112 PFOS (C8; 82%; 46 of 56 samples) and several
other long chain PFCAs including PFUdA (peruoroundecanoic
acid (C11); 68%; 38/56), PFDA (peruorodecanoic acid (C10);
55%; 31 of 56 samples) and PFNA (peruorononanoic acid (C9);
55%; 31/56) were detected frequently in sh (Fig. 4). The
Fig. 4 Concentrations (parts per billion, ppb) of four individual per-
and polyfluoroalkyl substances (PFAS) observed frequently in individual
fish filets (ng g−1 wet weight, ww) and whole blood (ng mL−1) samples
collected from Crow Agency, Montana ((a), top) and above Wyola,
Montana ((b), bottom). Individual PFAS are organized by chain length
(C4–C11).
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median PFAS concentration across sites and species was 0.59 ng
g−1 wet weight (ww) (IQR: 0.35–1.1 ng g−1 ww) with cumulative
PFAS concentrations ranging from non-detect-34.9 ng g−1 ww
(median: 2.83 ng g−1 ww; Fig. 5 and Table S8). These results
were within the low end of the range of concentrations observed
in a variety of sportsh species collected across the US (median:
11.8; range 0.43–286 ng g−1 ww).111 Cumulative PFAS concen-
trations observed in this study are similar to those found in
commercial sh and shellsh collected from across the US
(0.45–17.80 ng g−1 ww).113 Similarly, PFOS was the most
frequently detected compound in commercial sh in the US and
globally.113 Further, the low sh PFAS concentrations (<40 ng
g−1 ww) observed in our study, are consistent with prior reports
of lower sh tissue concentrations in rural/remote areas with
limited PFAS sources, compared to urban areas.114

Concentrations and the numbers/types of individual PFAS
varied among species (Crow Agency only, data not shown) and
tissue type (let vs. whole blood), irrespective of site (Fig. 5). For
example, in brown trout collected upstream of Wyola, seven
PFAS were detected in lets and nine PFAS were detected in
whole blood samples (Table S8) whereas in sh collected from
Crow Agency six PFAS were observed in lets and 10 were
observed in whole blood samples (Table S8). Median individual
PFAS concentrations in brown trout let and whole blood
collected from above Wyola were 0.290 ng g−1 ww (IQR: 0.230–
0.900 ng g−1 ww) and 0.540 ng mL−1 (IQR: 0.370–0.730 ng
mL−1), respectively.

In sh from above Wyola, median cumulative PFAS were
higher (p = 0.0001) in whole blood (3.16 ng g−1 ww) than in
lets (0.350 ng g−1 ww; Fig. 5), and whole blood had a greater
number (median: 5.5) of PFAS detected compared to lets
(median: 1; p= 0.0033). Similarly, sh from Crow Agency higher
median cumulative PFAS concentrations (p= 0.0002; Fig. 5) and
greater number of detected compounds (p = 0.001) in whole
blood (concentration: 6.70 ng mL−1; number: 6) compared to
lets (concentration: 0.780 ng g−1 ww; number: 2). PFAS typi-
cally do not behave like neutral hydrophobic contaminants and
instead prefer proteins due to their anionic nature,101 resulting
in generally higher concentrations in blood/plasma and other
organs compared to lets.115

Despite the limited number of individual sh collected per
species, we did note several species level differences in lets
from Crow Agency where we were able to collect multiple
species. A greater number of individual PFAS in goldeye
(median: 4) lets compared to catsh (median: 2) lets (p =

0.015) were observed, as well as higher median cumulative
concentrations in goldeye (2.73 ng g−1 ww) lets compared to
catsh (0.470 ng g−1 ww; p = 0.03). No other species differences
were observed for lets or whole blood and due to potential site
level differences, we were not able to compare all species
collected. Catsh, particularly the channel catsh, which is
native to Montana and prevalent in the Yellowstone and Mis-
souri River drainages including the Little Bighorn River, are
omnivorous benthic feeders whereas goldeye and rock bass are
carnivorous pelagic feeders. Differences in concentrations and
number of individual PFAS detected could be a result of feeding
guild (e.g., benthic, pelagic, omnivore, piscivore, etc.), habitat,
This journal is © The Royal Society of Chemistry 2026
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body size and collection location.116 Despite some apparent
differences among species at one location, more information
across a larger number of species, life histories and habitats
could help determine which species are most at risk of PFAS
accumulation in the study area. Fish consumption advisories
are issued by federal, state, Tribal, or local entities in the US to
inform communities on safe consumption of locally caught sh
and national advisories have been developed for ubiquitous
contaminants such as mercury and polychlorinated biphenyls.
Signicant variations in PFAS bioaccumulation and tissue
concentrations among species and waterbodies117 pose unique
challenges to the development of national sh consumption
advisories for PFAS. As a result, several states have derived their
own PFAS-driven sh consumption guidelines, many of which
focus only on PFOS, thus likely underestimating potential
exposure risk. Further, differences in the PFOS trigger concen-
trations, which underlie various state PFOS sh consumption
advisories, create challenges for risk communication.118 In the
absence of PFAS sh consumption advisories nationally or for
Montana, we compared observed sh tissue concentrations to
both Colorado's newly adopted (May 2025) advisories for PFOS
and New Jersey's advisories for PFOS, PFOA, PFNA and PFUdA
(Table 2). In New Jersey, advisories are established for the
general population and for high risk individuals including
pregnant women, young children and women of childbearing
age.90 In Colorado, advisories are established for the general
population (anyone over 18 years of age), women of child-
bearing age (18–40) and children (ages 0–6).119 In Crow Agency,
PFOS concentrations in lets corresponded to a Colorado
advisory of no more than 4 meals per month (>1.30–2.70) in
Fig. 5 Cumulative per- and polyfluoroalkyl substances (PFAS)
concentrations (ppb) in fish filet (ng g−1 wet weight) and whole blood
(ng mL−1) samples collected from two sites along the Little Bighorn
River within the Crow Reservation, Montana. Boxes, centerlines, and
whiskers indicate interquartile range, median, and 5th and 95th
percentiles, respectively. The letter above boxplot pair indicates the
permuted probability that the centroids and dispersions are the same
(PERMANOVA; 9999 permutations). T
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three individual sh (one rock bass and two goldeye) for the
general population and at least one individual among all species
sampled (3/9 catsh, 4/5 rock bass and 2/3 goldeye) corresponded
to no more than 4 meals per month or less for children ages 0–6
years old. Similarly, at least one individual among all species
sampled (1/9 catsh, 3/5 rock bass and 2/3 goldeye) corresponded
to themore protective New Jersey advisory consumption frequency
of “no more than weekly” for both the general population and
high-risk individuals (Table S8). Concentrations of PFNA were also
high enough to trigger “no more than weekly” consumption
advisories in all three goldeye (0.23–1.6 ng g−1 ww) collected, and
one brown trout let triggered a “no more than weekly” advisory
for PFOA (0.62–4.3 ng g−1 ww; Table S8) despite infrequent
detections. Although we had a limited number of samples, this
preliminary assessment documents, for the rst time, sh-tissue
PFAS concentrations of human health concern in the Little Bi-
ghorn River and highlights that further understanding of PFAS
exposures risks of important recreational/subsistence sh species
on the Crow Reservation could support risk communication and
management of their trust resources.
Limitations

The current study was designed to broadly assess contaminant
exposures/accumulation in three basins within the Crow
Reservation and thus several notable limitations warrant
discussion. First, the temporal (only two snapshots in time) and
spatial (primarily Little Bighorn River, with fewer samples in
Pryor Creek and the Bighorn River) coverage provides important
initial insight and illustrates the importance of more in-depth
sampling to more accurately assess surface-water quality
within the Crow Reservation. Second, the target analytical
scope, while extensive, represents only a fraction of the esti-
mated chemicals in production120 and potentially present in
ambient surface waters;21 thus human and ecological exposure
risk may be underestimated. Third, STQ approaches utilized
herein to assess potential human and ecological health impli-
cations are limited by available ecological-endpoint and
species-specic benchmarks. Fourth, sh tissues were not
analyzed for other bioaccumulative contaminants with
consumption advisories (e.g., mercury observed at low concen-
trations in surface waters), thus likely underestimating poten-
tial consumption risk. Finally, a small number of individual sh
were collected across sites (n = 2) and species (4 species with 10
or less individuals) limiting our ability to address variability in
PFAS concentrations among individual, species, and site. The
small sample sizes and limited spatial extent reduced our ability
to broadly address potential risk to human-health from
consumption at this time. However, despite these notable
limitations, the information presented provides the Crow
community with information on surface-water quality and cor-
responding human and ecological health implications.
Conclusions

Water is sacred to the Apsáalooke people and over the last few
decades, the quality of that water has come into question due to
590 | Environ. Sci.: Processes Impacts, 2026, 28, 579–597
increased human activity, point and non-point source
discharges into the rivers/streams, and notable detections of
pathogenic bacteria and trace metals in surface waters and
drinking water. Currently, there is a paucity of information on
low-level exposures to complex mixtures of organic, inorganic
and microbial contaminants in Tribal surface waters and even
less information on PFAS accumulation in the region. Despite
relatively low concentrations in surface waters within the Crow
Reservation, mixture toxicity indicated prevalent chronic
ecological effects and human-health secondary contact (recre-
ation) effects. Although drinking of untreated surface water is
no longer required and is presumed minimal, conservative risk
estimates in the event of lifetime drinking-water exposure
indicate multiple exceedances of human-health benchmarks,
notably for arsenic and uranium, in line with those for
concurrently sampled tapwater sourced from stream-adjacent
private wells throughout the reservation.37

PFAS is another emerging issue for the Crow community
with limited information currently available on PFAS sources
that could potentially affect water resources on the reservation.
This initial snapshot (two sites on the Little Bighorn) indicated
PFAS was prevalent in sh tissues and to a lesser extent in bi-
olms, despite few detections in water and sediment. The
results document environmental PFAS contamination within
the reservation and the potential for human exposures from
consumption of recreational/subsistence sh. Multiple exceed-
ances of the State of New Jersey's “no more than weekly” sh
consumption advisories for PFOA, PFOS and PFNA indicated
potential PFAS human-health concerns for the general pop-
ulation and high-risk individuals. Studies designed to address
potential risk from sh consumption could potentially support
the development of consumption advisories by focusing on
species of Tribal importance across a greater spatial extent
based on a detailed understanding of Tribal-consumption
patterns (e.g., meal size and frequency).

Studies like these involving a Tribal-USGS-academic part-
nership and designed around the principles of community-
based participatory research help to ensure that (1) the
research addresses questions that are of importance to the
Tribal community as well as to science, (2) the community
understands and values the results and is more empowered to
act on them to reduce perceived risks and (3) the research
partnership provides opportunities for local students to learn
and advance their careers in science in ways their community
values. The results of the current study emphasize the impor-
tance of continued characterization of contaminant exposures
in surface waters throughout the Crow Reservation with an
emphasis on PFAS accumulation and human-health risk asso-
ciated with consumption of sh. Although only a snapshot in
time and space, this preliminary reconnaissance provided
information on the quality of surface waters to support Tribal
conservation and risk mitigation decision-making.
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