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J.R. Simplot Company 
Simplot Headquarters 
1099 W. Front Street 
Boise, Idaho  83702 
P.O. Box 27 
Boise, Idaho 83707 
 

July 24, 2023 
 

SUBMITTED VIA EMAIL TO:  elizabeth.spelsberg@deq.idaho.gov 
 
 
Ms. Beth Spelsberg 
Idaho Department of Environmental Quality 
Water Quality Division 
1410 North Hilton Street 
Boise, ID  83706 
 
 
Dear Ms. Spelsberg: 
 
The Department of Environmental Quality (Department) is seeking comments on the June 
2023 Draft Implementation Guidance for Idaho’s Human Health Water Quality Criteria for 
Arsenic (docket no. 58-0102-2201) (Draft Guidance).  The J.R. Simplot Company 
(Simplot) was extensively involved in the negotiated rulemaking for setting the new human 
health water quality criteria (HHWQC) for arsenic.  This participation included attending 
the rulemaking meetings, providing comments and working with the Idaho Association of 
Commerce and Industry on comments throughout this rulemaking.  Furthermore, Simplot 
has a number of business interests throughout the State of Idaho that are subject to the 
arsenic human health water quality criteria.  Thus, these criteria will have direct impact on 
water discharges or remedial actions that involve Simplot operations.  Simplot has several 
comments for consideration by the Department on the Draft Guidance. 
 
A mark-up of the Draft Guidance with recommended edits (shown in redline-strikeout) is 
attached.  The more substantive of the those, along with reasoning for the suggested 
change, are also presented below.  Also attached is the final version of the paper titled 
“Inorganic arsenic concentration in fish governed by trophic level and size, not 
water concentration: implications for human health water quality criteria” that Simplot 
referred to in its May 2023 comment letter.  That paper has now been published in a recent 
issue of Environmental Toxicology and Chemistry.   
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Specific comments. 
 
Page vi, Executive Summary.  When discussing the fate of arsenic in the environment the 
second paragraph of the Executive Summary states “…it cannot be neutralized or 
destroyed.”  Simplot agrees that arsenic cannot be destroyed.  However, “neutralized” 
implies a changing of form to reduce an effect such as when reducing acidity or alkalinity 
of a solution.  Arsenic can change forms, such as from inorganic to organic as is in the 
case of metabolism by fish.  The end of the above sentence in the attached mark-up of 
the Draft Guidance was changed to “…it cannot be destroyed, but it can change forms.  
For example, from inorganic to organic.”  This same change was also made in the first 
paragraph of Section 2.2.1 on page 12 of the attached mark-up of the Draft Guidance 
 
Page vii, Executive Summary.  When discussing the translation of the 8 ug/kg fish tissue 
criterion to a water column criterion, the sentence states “…may result in a water column 
value more or less stringent than the statewide water column element depending on the 
site-specific conditions.”  Because the translated water column criterion, whatever that 
ends up being, is based on the 8 ug/kg fish tissue criterion, the “stringency” of the criterion 
has not changed.  All water column concentrations are based on the allowed 8 ug/kg of 
inorganic arsenic in fish tissue.  As shown in the attached mark-up of the Draft Guidance, 
the end of the above sentence was changed to “…may result in a water column value 
greater than or less than the statewide water column element depending on the site-
specific conditions.” 
 
Page 15, first paragraph.  The recent publication referred to above (Inorganic arsenic 
concentration in fish governed by trophic level and size, not water concentration: 
implications for human health water quality criteria) presents evidence of the dimunition of 
arsenic in higher trophic level fish in Idaho.  Simplot recommends adding that citation to 
the others already listed in the at the end of this paragraph.  
 
Page 18, last paragraph.  A citation to “Table 3” was added to the last sentence of this 
paragraph as Simplot was unable to find reference to that table elsewhere in the attached 
mark-up of the Draft Guidance.  
 
Page 21, First paragraph.  Averaging of all gamefish tissue.  Simplot continues to 
recommend that when more than one composite sample of gamefish is available, the 
compliance determination be based on the average of all gamefish samples and not the 
single gamefish sample with the highest concentration.  Use of the average of all samples, 
assuming more than one sample is available, rather than the single highest sample is 
consistent with other aspects of the proposed fish tissue criterion.  For example, the 
criterion is derived using a fish consumption rate that represents consumption of all 
species of gamefish, not a single species.  The average of all gamefish samples better 
represents the concentration in all gamefish species than the single highest gamefish 
species sample.  Additionally, the proposed rule specifies that gamefish species samples 
are to be composite samples of a minimum of five individual fish.  A composite sample 
represents the average concentration of the individual fish used to create the sample.  The 
proposed rule’s use of a composite recognizes that variation exists between individual fish 
and that an average of several individuals better represents the concentration in receiving 
water fish than does the concentration in a single fish.  Similarly, the average of several 
composite samples of different gamefish species, assuming such are available, better 
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represents the concentration in receiving water fish than does the concentration of a single 
gamefish species sample.  For these reasons, Simplot continues to recommend use of an 
average of all receiving water gamefish species composite samples, when more than a 
single composite gamefish species sample is available.   
 
Page 23, first bullet in Section 4.3.1.  Fish biologist consultation.  The bullet refers to “a 
fish biologist consultation” when conducting a water column translation.  Simplot requests 
clarification and confirmation that as part of the water column translation application 
process such consultation needs to be with a fish biologist with appropriate experience 
and background.  The consultation does not need to be with a Department fish biologist, 
though Simplot understands that a fisheries biologist from the Department may be 
involved in the Department’s review of a proposed site-specific water column translation.   
 
Page 29, Fishless Waters, second to last bullet.  Bioaccumulation dynamics in 
downstream waters.  The second to last bullet lists seasonal variability of inorganic arsenic 
(iAs) concentrations in the water column and fish tissue as a consideration when 
developing a site-specific trophic level weighted-bioaccumulation factor (TL-BAF).  As long 
as the water column and fish tissue samples are collected at the same time, the iAs 
concentration in fish should reflect the effect of the concentration of iAs in the water 
column.  The TL-BAF derived from those paired samples is assumed to be applicable to 
different iAs concentrations that may occur at other times of the year.  While it is certainly 
possible that the water column and fish tissue concentrations could change seasonally, 
the relationship between the two (i.e., the TL-BAF) is assumed to remain relatively 
constant and can be combined with the relevant water column concentration for the iAs 
criterion (i.e, the arithmetic mean) to predict the average fish tissue concentration.  This is 
true even if the TL-BAF was developed using paired data collected at a time of year when 
the water column concentration was substantially higher or lower than the arithmetic mean 
annual concentration.  Simplot recommends that “seasonal” variability be deleted from the 
second bullet (see attached mark-up of the Draft Guidance).  
 
Page 35, 11.2 Establishing Permit Conditions, second bullet.  This bullet indicates that if 
iAs in fish tissue exceeds the tissue criterion of 8 µg/kg, then it will be determined that 
there is Reasonable Potential To Exceed (RPTE) the human health inorganic arsenic 
criteria and arsenic effluent limits will be required.  Before a tissue exceedance 
downstream of a discharge can be deemed positive evidence of RPTE, it needs to be 
shown that the iAs concentration in the downstream tissue samples exceeds the iAs 
concentration in upstream tissue samples.  If the iAs concentration in both up and 
downstream samples is similar but exceeds the fish tissue criterion element of 8 µg/kg, 
that is an indication of naturally occurring iAs concentrations above the fish tissue element 
and not an indication of RPTE.  Given that iAs occurs naturally in Idaho waters and fish 
tissues, the discussion of RPTE in the implementation guidance needs to include 
language that allows permittees to determine if fish tissue criterion element exceedances 
represent RPTE or natural conditions.  
 
Page 39, References.  Morrison et al, citation.  The title in the citation was updated and 
the journal issue and page number added.   
 
Appendix B, section 1) b) ii).  Simplot appreciates the expanded list of potential application 
scenarios for the proposed iAs criterion and believes this will help discharge permit 
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applicants understand their monitoring options.  The Draft Guidance in this section of the 
outline indicates that if the water column criterion is not met, the water body is not in 
compliance with the recreational use element.  Note that for this set of scenarios “1) 
Recreational use waters with fish” (emphasis added) fish tissue could be collected and 
analyzed, but for the scenarios listed in “b) Water column data available, fish tissue data 
not available”, such fish tissue collection and analysis has not yet happened.  Therefore, 
scenarios in which the water column element is not met have the potential to collect fish 
to determine if the fish tissue element is met or not.  Those have been added to the outline 
of scenario in the mark-up of the Draft Guidance and the explanation of the “b)” scenario 
clarified. 
 
Appendix B, section 2) a) iv) (2).  In situations where a water body is not in compliance 
with the DWS element but fish tissue data are available and indicate the water body is in 
compliance with the recreational use element, the Draft Guidance calls for demonstrating 
continued compliance by developing a site-specific fish tissue to water column translation.  
Simplot recommends that continuing compliance can also be demonstrated by collecting 
fish tissue.  The bullet was expanded in the mark-up of the Draft Guidance to state “And 
continued collection of fish tissue data can be used to demonstrate continued compliance 
with recreational criterion element, or a water column translation value can be developed 
using a site-specific BAF and continuing compliance with the recreational use element 
demonstrated using water column data.” 
 
We appreciate the opportunity to provide these comments and recommended edits to the 
Department. 
 
Sincerely, 

 
Alan L. Prouty 
Vice President, Environmental & Regulatory Affairs 
 
Attachments (2) 
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Inorganic Arsenic Concentration in Fish Governed by Trophic
Level and Size, not Water Concentration: Implications
for Human HealthWater Quality Criteria

Emily B. Morrison,a,* Jason Pappani,b Alan Prouty,c Holly M. McChesney,d and Paul D. Andersone

aArcadis US, Hanover, Maryland
bIdaho Department of Environmental Quality, Boise, Idaho, USA
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Abstract: In 2019, the Idaho Department of Environmental Quality implemented a paired surface water and fish tissue data
collection program to derive a state‐specific bioaccumulation factor (BAF) for inorganic arsenic (iAs) as part of the devel-
opment of new human health water quality criteria (HHWQC). No statistically significant relationship was found between total
arsenic (tAs) or iAs in surface water and fish tissue. Fish body weight was the only parameter with a statistically significant
effect on iAs concentration in fish tissue. The ratio of iAs to tAs in fish tissue declined significantly with both increasing trophic
level and increasing body weight. The decrease in iAs concentration in fish tissue with increasing size and trophic level as well
as the decrease in the proportion of tAs that is iAs with increasing trophic level are likely the result of metabolic trans-
formation of iAs to organic As by organisms in each level of the aquatic food web. Although the linear regression–based BAF
using the Idaho paired fish and water data best predicted observed iAs fish tissue concentrations compared to several
alternative BAFs, it was not statistically significant (p< 0.05) and was a poor predictor (R2= 0.01) of iAs concentrations in fish
tissue. These results illustrate that iAs, and possibly other metals, in the natural environment do not conform with commonly
used bioaccumulation models and the paradigm used by the US Environmental Protection Agency for determining HHWQC.
These results indicate that modifications to the paradigm are necessary, such as a fish tissue criterion as Idaho has proposed,
to assure that public health is protected. Environ Toxicol Chem 2023;42:1542–1552. © 2023 SETAC

Keywords: Bioaccumulation; Water quality criteria; Metals

INTRODUCTION
Metals transferred through aquatic food webs and to fish

consumed by humans can pose a risk to human health. Arsenic
is a naturally occurring metalloid (Chen & Folt, 2000; Mandal &
Suzuki, 2002; Smedley & Kinniburgh, 2002; Tanner et al., 2000)
whose toxicity depends on its concentration and speciation.
Arsenic species include both inorganic (e.g., arsenite [AsIII] and
arsenate [AsV]) and organic species (e.g., methylated species,
arsenobetaine, arsenolipids, and arsenosugars). Inorganic
species are generally more toxic than organic species (Agency
for Toxic Substances and Disease Registry, 2007; Cubadda

et al., 2017; Ng, 2005; Rahman et al., 2012) and assumed to
pose the greatest risk to human health; they are, therefore, the
species of arsenic regulated by human health water quality
criteria (HHWQC).

Human health water quality criteria are required as part of
the Clean Water Act. Idaho's current inorganic arsenic (iAs)
HHWQC of 10 µg/L is based on the Safe Drinking Water Act
maximum contaminant level (MCL), which is also consistent
with World Health Organization (2017) drinking water
guidelines. The US Environmental Protection Agency (USEPA)
has recommended national HHWQC for arsenic of 0.14 µg/L
and 0.018 µg/L for consumption of organisms only and
for consumption of water and organisms, respectively
(USEPA, 2002). Background concentrations of iAs in
Idaho's waters range from less than the detection limit of
0.04–19.8 µg/L, with a median of 0.83 µg/L (Idaho Department
of Environmental Quality [IDEQ], 2020). Consequently, iAs
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concentrations in the majority of Idaho waters exceed USEPA
national HHWQC, but concentrations in virtually all waters
meet Idaho's current HHWQC. Litigation over the use of an
MCL as the HHWQC resulted in an agreement with the
USEPA to initiate a new iAs HHWQC rulemaking process
(Opalski, 2016). That process is currently underway and is the
catalyst for the data collection and evaluation effort de-
scribed in this paper.

For compounds assumed to cause cancer, like iAs, estab-
lishment of HHWQC requires several inputs, including fish
consumption rate, bioaccumulation factor (BAF), body weight,
cancer slope factor, and allowable risk level. Idaho water
quality standards (WQS) define those inputs (Idaho Admin-
istrative Procedures Act, 2020). The BAF is used to predict fish
tissue concentration from water concentration and represents
the fundamental conceptual basis underlying the use of a BAF
in an HHWQC: that a direct relationship exists between water
and fish tissue concentrations (see Supporting Information for
detailed discussion of BAF development).

Idaho WQS and USEPA guidance allow for the derivation of
Idaho‐specific inputs, including an Idaho‐specific BAF, when
the inputs used in USEPA national HHWQC may not apply
to Idaho (Idaho Administrative Procedures Act, 2020;
USEPA, 2000a). The USEPA national arsenic HHWQC uses a
bioconcentration factor (BCF) of 44 L/kg. That BCF is derived
by weighting a finfish BCF of 1 L/kg and a shellfish BCF of
350 L/kg by the proportion of total estuarine and freshwater fish
consumption assumed to be comprised of finfish (5.7 g/person/
day) and shellfish (0.8 g/person/day; USEPA, 1980). Given that
finfish but not shellfish are consumed from Idaho waters (IDEQ,
2015), a BCF closer to 1 L/kg, representative of finfish arsenic
accumulation, rather than 44 L/kg, which includes consumption
of shellfish, may be more appropriate for Idaho as well as other
states with limited consumption of native shellfish. Several
studies published since the USEPA derived the BCF of 44 L/kg
report no relationship between total arsenic (tAs) in surface
water and fish tissue in natural environments, with tAs con-
centrations in fish tissue remaining relatively constant across a
wide range of surface water concentrations (Skinner, 1985;
Williams et al., 2006).

In freshwater systems, arsenic concentrations decrease with
increasing trophic level (TL) in the food web, referred to as
biodilution (or biodimunition; Chen & Folt, 2000; Chen
et al., 2008; Cheng et al., 2013; Chetalat et al., 2019; Dovick
et al., 2015; Lopez et al., 2016; Maeda et al., 1990;
USEPA, 2003a). This pattern of biodilution with increasing TL is
confirmed by stable isotope studies that more precisely es-
tablish the TLs of organisms in the aquatic food web (Otter
et al., 2012; Revenga et al., 2012).

Internal bioregulation appears to convert the more toxic
inorganic species of arsenic (e.g., AsIII and AsV) to nontoxic
organic species (e.g., arsenobetaine and methylated forms of
arsenic; Rahman et al., 2012; USEPA, 2003a), though increasing
direct ingestion of organic arsenic species by higher‐
TLorganisms may also contribute to observed biodilution of iAs
(Maher et al., 2011). Organic forms of arsenic were 58%–100%
of the tAs measured in tissues (including muscle, liver, and gill)

in rainbow trout (Ciardullo et al., 2008); tilapia (Pei et al., 2019);
carp (Cui et al., 2021); carp, eel, mullet, and chub (Ciardullo
et al., 2010); and creole perch, rainbow trout, and brown trout
(Juncos et al., 2019). After dietary exposure to iAs in the lab-
oratory, 90% of tAs concentrations in muscle, liver, and gill
tissues in tilapia were comprised of organic species; but only
30%–80% of tAs in the gastrointestinal tract was comprised of
organic arsenic species (Pei et al., 2019), suggesting that bio-
transformation of iAs occurred after ingestion. In addition,
proportions of arsenobetaine increased with prolonged ex-
posure to iAs, suggesting that fish had an adaptive response by
increasing iAs biotransformation into the nontoxic arsenic
species (Cui et al., 2021).

To better understand accumulation of arsenic by fish in
Idaho waters, in 2019 the IDEQ developed and implemented a
paired surface water and fish tissue data collection program for
the purposes of deriving an Idaho‐specific BAF.

A specific focus of the collection program was developing
information on concentrations of iAs, the species of arsenic
assumed to be most toxic to humans. The majority of data
available in the literature are for tAs; however, it is iAs in surface
water and fish that is regulated by the USEPA's HHWQC and
about which limited bioaccumulation data are available in the
literature. We are not aware of a comparable geographically
large‐scale collection of paired iAs in fish tissue and surface
water data. This paper evaluates the relationship between
concentrations of arsenic in surface water and fish tissue in
Idaho, identifies factors affecting the concentrations of iAs in
fish tissue, and discusses the significance of these findings on
the HHWQC development methodology used by the USEPA
for iAs.

METHODS
Field data collection

Between August 14, 2019, and October 17, 2019, the IDEQ
collected paired surface water and fish tissue samples and
analyzed those for iAs and tAs at 24 randomly selected river
reach locations across the state (IDEQ, 2020; Figure 1). Sam-
ples were taken in major river basins including the Clearwater,
Lower Bear, Spokane, Salmon, Middle Snake, and Upper Snake
river basins.

At each sample location, a river reach was defined as 40
times the general wetted width of the reach, with a minimum
reach length of 150 m and maximum reach length of 4000 m.
One surface water and up to three fish samples were collected
at each of the 24 sample locations. To balance resource
availability and the inclusion of representative samples from
throughout the state of Idaho, monitoring was focused on
single, reconnaissance‐level site visits, rather than analysis of
individual fish and multiple fish species and sizes from only a
few sites.

Field duplicate samples were collected at two locations for
surface water and three locations for fish tissue. Fish duplicate
samples were tissue from separate fish samples collected at
the same location and time and of the same species, rather
than a single tissue sample that was split into parent and
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duplicate samples after collection. Fish duplicates were there-
fore treated as independent samples in this analysis.

Water samples were collected and composited from three
transects within each reach. The three transects were located
at the top of the reach, mid‐reach, and the bottom of the
reach. Each transect was sampled at one‐quarter, one‐half, and
three‐quarters of the stream width, resulting in three subsamples

per transect and a total of nine subsamples per reach. The nine
subsamples were composited in a high‐density polyethylene
sample container. Samples were analyzed for tAs and iAs.

Each of the 24 locations was electrofished throughout the
river reach. If electrofishing within the predetermined reach did
not yield the goal of five fish per species, electrofishing con-
tinued downstream until the boat takeout or until the target of

FIGURE 1: Fish tissue and surface water sampling locations in Idaho (2019).
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five fish per species was captured. Five individuals of the same
species were collected. Following USEPA compositing guid-
ance (USEPA, 2000b) to ensure that individuals in a composite
were of similar size, the smallest individual in a composite
sample was no less than 75% of the total length of the largest
individual. At many of the river reach locations it was not
possible to collect five individual fish of two species; 27 of the
48 fish samples were comprised of fewer than five individual
fish. At three locations, only a single species could be
collected; and at one location, three species were collected.
A total of 24 surface water and 48 fish tissue samples were
collected (see Supporting Information, Tables S2 and S3, for
raw data).

Sampled fish were identified to species, where possible.
Some catfish and sculpin fish were identified to genus only.
Fish were then measured for length and weight.

Whole fish were dispatched, rinsed with ambient water,
placed in a zip‐top bag, and frozen on dry ice within 24 h of
collection. Once received by the contract laboratory, individual
fish were processed to extract muscle tissue by removing a
10‐g plug of tissue from the thickest section of the fish muscle
tissue. A tissue sample was comprised of the composited,
homogenized sample from all fish of the same species at
each site.

Fish species sampled included common game fish (trout,
bass, catfish, and whitefish) as well as other “nongame” species
that can be consumed, such as suckers. When setting HHWQC
for the protection of human health, Idaho established a fish
consumption rate based on a fish consumption survey that in-
cluded all Idaho fish, not just game fish (IDEQ, 2015; Northwest
Research Group, 2015). A fish tissue–based water quality cri-
terion would apply to all fish species, regardless of likelihood of
consumption. Therefore, although the sample collection tar-
geted commonly consumed size and species of game fish, in
the absence of suitable game fish species, other nongame
species, or fish of sizes that are not commonly consumed,
were sampled.

Tissue and water sample chemistry analysis
methods

Water and fish tissue samples were analyzed for total re-
coverable arsenic by inductively coupled plasma‐mass spec-
trometry following USEPA Method 1638 (USEPA, 1996a). Fish
tissue samples were digested via modified USEPA Method
3050B (USEPA, 1996b) with a mix of concentrated nitric acid,
hydrochloric acid, and hydrogen peroxide. A known mass of
each tissue sample was placed into a polypropylene vial and
extracted with concentrated nitric acid, and hydrogen peroxide
was added in stages while being heated at 95 °C for 5 h. The
resulting extracts were analyzed for arsenic species with ion
chromatography inductively coupled plasma collision reaction
cell mass spectrometry (IC‐ICP‐CRC‐MS). Filtered (0.45 µm)
water samples were digested in an oven in a closed vessel via
EPA Method 1638 (USEPA, 1996a) with nitric and hydrochloric
acids. Arsenic was analyzed using inductively coupled plasma

triple quadrupole mass spectrometry, and arsenic species
analysis was conducted using IC‐ICP‐CRC‐MS. All tissue and
water analyses were performed by Brooks Applied Labs. Ana-
lytical methods are detailed in the arsenic monitoring quality
assurance project plan (IDEQ, 2019). Laboratory quality assur-
ance included method blanks, laboratory control standards,
matrix duplicates, and matrix spikes in accordance with the
Brooks Applied Labs Comprehensive Quality Assurance Plan
(Brooks Applied Labs, 2018).

Data analysis methods
Surface water duplicates showed little to no variation (<10%)

and were averaged for use in the analyses. As described above,
fish duplicate samples were separate tissue samples collected
from different individuals of the same species at the same loca-
tion and time and treated as independent samples in this anal-
ysis. Sample results reported as less than the maximum detection
limit (MDL) were assigned the MDL for all analyses. Sample‐
specific BAFs were calculated as a ratio (referred to as ratio BAFs
hereafter) between paired composite fish and water concen-
trations at a sampling location (Supporting Information, Table S5,
and additional BAF discussion in the Supporting Information).

Fish species were assigned to TLs following the methods
used by the USEPA (USEPA, 2014, 2016a), including in-
formation from its Rapid Bioassessment Protocol (USEPA,
1999), and are presented in Supporting Information, Table S1.
Bridgelip sucker is the only species assigned to TL‐2
(Dauble, 1980); they are predominantly herbivorous fish. Pri-
marily insectivorous or omnivorous fish were assigned to TL‐3.
Fish feeding on upper‐TL invertebrates or other fish were as-
signed to TL‐4.

Linear regression analyses were used to examine the effect of
surface water iAs and tAs concentrations on iAs and tAs in fish
tissue, the relationship between iAs in surface water and the iAs
BAF, fish body weight on tissue iAs concentrations, the effect of
fish weight on the ratio of iAs to tAs in tissue, and the effect of TL
on the relationship between iAs concentrations in tissue and
surface water. An analysis of variance (ANOVA) was used to
examine the effects of TL on the ratio of iAs to tAs in tissue.

A general linear model with Type III sum of squares was
used to examine if any parameters collected by the IDEQ or
that could be inferred based on life histories have a statistically
significant influence on the concentration of iAs in fish tissue.
Parameters included in the statistical model consisted of TL
(TL‐2, TL‐3, TL‐4), river basin from which samples were col-
lected, fish species, average fish composite sample weight,
concentration of iAs in water, concentration of tAs in water, and
concentration of tAs in fish tissue.

Data were examined for normality and homogeneity of
variance. To meet statistical model assumptions, the iAs to tAs
ratio variable was logit‐transformed (Warton & Hui, 2011), and
all other variables were natural log–transformed for statistical
analyses. The general linear model, ANOVA, and linear re-
gression analyses described above were conducted in Systat,
Ver 13 (Systat, 2017).

Inorganic arsenic BAF—Environmental Toxicology and Chemistry, 2023;42:1542–1552 1545

wileyonlinelibrary.com/ETC © 2023 SETAC

 15528618, 2023, 7, D
ow

nloaded from
 https://setac.onlinelibrary.w

iley.com
/doi/10.1002/etc.5636 by U

niversity O
f M

aryland, W
iley O

nline L
ibrary on [28/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



As noted above, the primary goal of the 2019 data collection
effort was to collect data to derive an Idaho‐specific BAF for iAs;
BAFs are defined as the relationship of the concentration of a
compound in fish to the concentration in water (USEPA, 2003b).
The following Idaho‐specific BAFs were developed using the
2019 Idaho‐specific data: (1) geometric mean of all ratio BAFs,
(2) TL‐weighted BAF based on the geometric mean of the TL
ratio BAFs, (3) regression equation of iAs in surface water and
fish, and (4) the TL‐weighted regression equation of iAs in sur-
face water and fish (see Supporting Information for additional
details on how these alternate BAFs are calculated).

The relative performance of the Idaho‐specific BAFs at pre-
dicting iAs concentrations in fish tissue from colocated iAs water
samples was evaluated using the Akaike information criterion
statistic corrected for small sample size (AICc). In addition, the
BAFs of 44 L/kg for all freshwater and estuarine fish and 1 L/kg
for finfish used by the USEPA to derive the national HHWQC for
iAs (USEPA, 1980) were included to compare their relative ability
to predict iAs concentrations in fish tissue from colocated iAs
water samples collected in Idaho. To allow all models to be
compared via the AICc, regression models developed from
natural log–transformed data were evaluated as power functions
on the untransformed data (power functions are equivalent to
linear regressions on natural log–transformed data). In addition,
non‐regression‐based BAFs and models not derived directly
from the Idaho data were evaluated by comparing the colocated
fish tissue and surface water data to predicted results derived
from those models. Log‐likelihood values were obtained based
on the fit of each model to the colocated fish tissue and surface
water data. The AICc values were calculated from the resulting
log‐likelihood values and the number of model parameters and
used to calculate the relative probability (AICc weight) that the
model best represented the data (Burnham et al., 2011). Devi-
ance, a measure of goodness of fit, was also calculated for each
model. Models with lower AICc values and higher AICc weights
are better predictors of the data compared to the other models
evaluated. All analyses were performed using the AICcmodavg
package in program R (2021).

RESULTS
Fish size

A total of 171 individual fish, representing 14 species and
three TLs were collected from the 24 sampling locations, re-
sulting in 48 composite samples (Supporting Information,
Table S1). Fish length ranged from 60mm to 630mm, with an

arithmetic mean of 220mm (Supporting Information, Table S1).
Weight ranged from 2 g to 3340 g, with an arithmetic mean of
231 g (Supporting Information, Table S1). Sculpin spp., dace
spp., and redside shiners were the smallest species (arithmetic
mean weight <15 g). Catfish sp. and common carp were the
largest species (arithmetic mean weight>1500 g). All other
species had arithmetic mean weights between 30 and 375 g.
The full fish species, length, weight, and arsenic fish tissue and
surface water concentration data set is presented in Supporting
Information, Tables S2–S4.

Concentration of arsenic in fish tissue
The tAs concentration in fish tissue ranged from 0.9 to

583 µg/kg, with an arithmetic mean of 75 µg/kg (Table 1; Sup-
porting Information, S1), and, consistent with trends reported
in the literature, tends to decrease with increasing TL, though
the differences are not statistically significant (df= 2.45,
F= 0.25, p= 0.78). Fish in TL‐4 have the lowest mean tAs
concentration (55 µg/kg), TL‐3 fish have the highest (81 µg/kg),
and TL‐2 fish are intermediate (75 µg/kg; Supporting In-
formation, Table S1).

Concentrations of iAs in fish tissue are substantially lower
than tAs concentrations, ranging from 0.2 to 10 µg/kg, with an
arithmetic mean of 1.8 µg/kg (Table 1). Inorganic arsenic tissue
concentration exhibits a statistically significant decline
(df= 2.45, F= 7.36, p= 0.002, Tukey's post hoc test) with in-
creasing TL, from 5.57 μg/kg in TL‐2 to 2.14 µg/kg in TL‐3 to
0.38 µg/kg in TL‐4 (Supporting Information, Table S1).

Concentration of arsenic in surface water
Concentrations of tAs in surface water range from 0.07 to

7.3 μg/L, with an arithmetic mean of 1.9 µg/L (Table 1). Con-
centrations of iAs in surface water range from 0.04 to 8.1 µg/L,
with an arithmetic mean of 1.7 µg/L (Table 1), indicating that iAs
as a proportion of tAs in surface water is high, and thus organic
As in surface water is low.

Relationship between arsenic in surface water
and fish tissue

The relationships between the concentration of tAs in
surface water and fish tissue (p = 0.30; Figure 2A) or between
iAs in surface water and fish tissue (p= 0.56; Figure 2B and

TABLE 1: Summary statistics for fish tissue and surface water arsenic concentrations

Metric n Frequency of detection (%) Mean Standard deviation Minimum Maximum

Surface water
Total arsenic (μg/L) 24 100 1.9 2.0 0.07 7.3
Inorganic arsenic (μg/L) 24 96 1.7 1.9 0.04 8.1

Fish tissue
Total arsenic (μg/kg) 48 96 75 97 0.9 583
Inorganic arsenic (μg/kg) 48 73 1.8 2.7 0.2 10

Three surface water duplicate samples were averaged with their parent samples.
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Table 2) are not statistically significant. The concentration of
arsenic in water explained little of the variation in fish tissue
concentration (2% and 1% for tAs and iAs, respectively;
Figure 2). Statistically significant relationships (p < 0.05) be-
tween iAs concentrations in fish tissue and water are also
absent for individual species with five or more paired data
points, except for the sculpin species, with no consistent
trends (Table 2). The concentration of iAs in fish tissue in-
creases with increasing iAs water concentration for cutthroat
trout and northern pikeminnow and decreases with increasing

water concentration for brown trout and rainbow trout.
Sculpin species show a statistically significant increase in
tissue iAs concentration with increasing iAs in surface water.
Statistically significant relationships are absent when fish are
grouped by TL (p > 0.05; Table 2). With increasing iAs water
concentration, iAs tissue concentrations increased in TL‐2 fish,
changed little in TL‐3 fish, and decreased slightly in TL‐4 fish
(Table 2; Supporting Information, Figure S1).

Multivariate analysis and effect of weight
Arithmetic mean weight of composite samples is the only

parameter with a statistically significant effect on the concen-
tration of iAs in fish tissue (Table 3). None of the other pa-
rameters included in the analysis (river basin, species, TL, tAs in
fish tissue, and iAs and tAs in surface water) had a statistically
significant effect on the iAs concentration in fish tissue
(Table 3). Surface water iAs and tAs concentrations were sig-
nificantly positively correlated (Pearson's r= 0.98, p< 0.001);
however, when the analysis was rerun without tAs in surface
water, weight was still the only significant factor.

When regression analysis is used to investigate the effect of
weight on iAs in fish tissue, the relationship between composite
fish body weight and iAs in tissue is statistically significant
(p= 0.01), although the regression equation explains only 14%
of the variation (Figure 3). Except for bridgelip sucker, the only
primarily herbivorous and TL‐2 species in the data set, a
threshold seems to be present in the relationship between
weight and iAs tissue concentration. Fish weighing <100 g
have a wide range of iAs tissue concentrations, from 0.2 to
9.4 μg/kg. Above 100 g, most fish have iAs tissue concen-
trations of ≤1 μg/kg, and all such fish have iAs concentrations of
≤2 µg/kg (Figure 3).

When fish are grouped by TL, trends with weight are also
apparent. The concentration of iAs in TL‐2 fish tissue increases
with increasing body weight (p= 0.63; Supporting Information,
Figure S2a), although this relationship is not significant, likely
because of the low sample size. The iAs concentrations in TL‐3
(p= 0.01, R2= 0.20; Supporting Information, Figure S2b) and
TL‐4 (p= 0.69, R2= 0.02; Supporting Information, Figure S2c)
fish tissue decrease with increasing body weight, but only the
trend in TL‐3 fish is statistically significant.

FIGURE 2: (A) Relationship between total arsenic in surface water and
fish tissue. (B) Relationship between inorganic arsenic in surface water
and fish tissue. tAs = total arsenic; SW = surface water; iAs = inorganic
arsenic.

TABLE 2: Summary of inorganic arsenic surface water to fish tissue regression results for all species, individual species, and trophic levels

Species or group Sample size Regression equation R2 p

All species 48 Ln(iAs Fish)= 0.08 × Ln(iAs SW)–0.22 0.01 0.56
Brown trout 5 Ln(iAs Fish)=−0.49 × Ln(iAs SW)–0.81 0.57 0.08
Cutthroat trout 9 Ln(iAs Fish)= 0.08 × Ln(iAs SW)–0.08 0.008 0.83
Northern pikeminnow 5 Ln(iAs Fish)= 0.08 × Ln(iAs SW)–1.01 0.02 0.82
Rainbow trout 6 Ln(iAs Fish)=−0.20 × Ln(iAs SW)+ 0.25 0.04 0.71
Sculpin sp. 7 Ln(iAs Fish)= 0.61 × Ln(iAs SW)+ 0.92 0.78 0.01
Trophic level 2 3 Ln(iAs Fish)= 0.55 × Ln(iAs SW)+ 1.11 0.69 0.38
Trophic level 3 36 Ln(iAs Fish)= 0.20 × Ln(iAs SW)–0.02 0.05 0.20
Trophic level 4 9 Ln(iAs Fish)=−0.46 × Ln(iAs SW)–0.85 0.23 0.20

Nondetects were set equal to the detection limit. Bolded value indicates significant relationship at p< 0.05.
iAs= inorganic arsenic (μg/kg); Ln= natural log; SW= surface water (μg/L).
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Inorganic arsenic to total arsenic ratio in fish
tissue

Inorganic arsenic was a small proportion of the tAs in Idaho
fish tissue (mean percent iAs= 3.48%, range= 0.16%–22.2%).
The TL affects the proportion of iAs in fish tissue. The average
iAs to tAs ratio declines with increasing TL from 0.073 in TL‐2 to
0.038 in TL‐3 to 0.008 in TL‐4 (Supporting Information,
Table S1). The difference in iAs to tAs ratios is statistically
significant between TL‐4 and TL‐2 and between TL‐4 and TL‐3
(Figure 4; df= 2.45, F= 6.82, p= 0.003, Tukey's post hoc test)
but not between TL‐2 and TL‐3.

The iAs to tAs ratio also shows a statistically significant de-
crease with increasing body weight (p< 0.001, R2= 0.09; Sup-
porting Information, Figure S3). However, the trend is not
consistent between TLs. The ratio changes little with increasing
body weight in TL‐2 (p= 0.42, R2= 0.63) and TL‐4 (p= 0.69,
R2= 0.02) but shows a statistically significant decline with
weight in TL‐3 (p= 0.008, R2= 0.20).

Predictive ability of alternate BAFs
The 48 iAs ratio BAFs range from 0.02 to 97 (see Supporting

Information, Table S5) and for some species at some locations
can be as much 80‐fold higher or 40‐fold lower than the

geometric mean ratio BAF of 1.03 L/kg. Ratio BAFs may vary
substantially between species at the same sampling location.
For example, at Mores Creek, rainbow trout have a ratio BAF of
0.17 L/kg, while bridgelip suckers have ratio BAFs of 2.4 and
1.0 L/kg (see Supporting Information, Table S5). Ratio BAFs
also vary for a single species across sampling locations.
Rainbow trout ratio BAFs decrease from 97 L/kg to 0.17 L/kg as
iAs water concentrations increase from 0.076 µg/L to 4.22 µg/L
across six sampling locations (see Supporting Information,
Table S5). When deriving HHWQC, the USEPA assumes that
the BAF is identical across all water concentrations (i.e., the
relationship between fish tissue and water is constant). Our
data show that instead of a constant relationship, ratio BAFs
have a statistically significant decline with increasing iAs in
surface water (p< 0.001, R2= 0.49; Supporting Information,
Figure S4), a trend inconsistent with the USEPA's fundamental
assumption about BAFs (see additional discussion of this topic
in the Supporting Information).

Comparison of the ability of the alternate BAFs to predict
measured concentrations of iAs in fish tissue using the AICc

statistic indicates that the regression‐based BAF on all data
combined was the best predictor of observed Idaho fish tissue
concentrations (Table 4). However, although this BAF was the
best model compared to the other alternatives examined, it
was a poor predictor of fish tissue iAs concentration from sur-
face water (R2= 0.01, p= 0.56; Table 2 and Figure 2B). The
extremely large HHWQC using the Idaho‐specific data
(Table 4) is the result of the lack of a relationship between iAs in
surface water and iAs in fish. The TL‐weighted regression was
ranked lower than the BAF regression using all data combined
because the AIC method penalizes models that contain more
parameters. The BAF of 44 L/kg used to derive the USEPA's
national HHWQC is the worst predictor compared to the other
models (Table 4). The greater predictive ability of the
regression‐based BAFs compared to the other BAFs evaluated

TABLE 3: Results of general linear model

Parameter
Type III sum
of squares F ratio p

Basin 0.577 0.67 0.65
Species 1.3 0.64 0.79
Trophic level 0.005 0.02 0.98
Average fish sample weight 1.3 7.75 0.01
Fish tissue total arsenic 0.105 0.61 0.44
Surface water total arsenic 0.27 1.57 0.22
Surface water inorganic

arsenic
0.408 2.37 0.14

Error 4.0

The average fish sample weight is the average weight of the fish comprising each
composite sample. Bolded parameters are significant at p< 0.05.

FIGURE 3: Inorganic arsenic in fish tissue by composite fish sample
weight. Open triangles represent bridgelip sucker samples, and closed
diamonds represent all other samples. iAs = inorganic arsenic.

FIGURE 4: Inorganic to total arsenic ratios across trophic levels. Dif-
ferent letters indicate significant differences among groups. iAs = in-
organic arsenic; tAs = total arsenic; Tl = trophic level.
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in the present study is expected given that the outcome of
regression analysis is the relationship that best fits the ob-
served data. That lack of predictive ability of the national
BAF (44 L/kg) is also not surprising given that it is not based
on Idaho‐specific data, though the finfish‐only national BAF
(1 L/kg), also not based on Idaho‐specific data, is a better
predictor than the Idaho‐specific geometric mean BAF
(Table 4). The lack of predictive ability of the Idaho‐specific
ratio BAFs is likely related to the large amount of variation
between ratio BAFs across locations as well as within and be-
tween species. Even though the regression‐based Idaho‐
specific BAF best fit the Idaho data compared to the other
models tested, it has little predictive utility in describing the
relationship between iAs in surface water and fish tissue.

DISCUSSION
Bioaccumulation factors are a critical parameter in the der-

ivation of HHWQC because they link fish tissue concentrations
with water column concentrations of substances regulated by
an HHWQC. The fundamental conceptual basis underlying the
use of a BAF in an HHWQC is the existence of a direct
relationship between water and fish tissue concentrations.
Because BAFs can be affected by site‐specific conditions
(USEPA, 2003b), the primary purpose of the state‐wide col-
lection effort undertaken by Idaho in 2019 was to collect a
robust paired data set to derive an Idaho‐specific BAF for iAs. A
key finding from that data collection effort is the absence of a
statistically significant relationship between iAs (or tAs) in fish
tissue and surface water in Idaho. The lack of a relationship
between arsenic in the water column and fish tissue is con-
sistent with previously published data (Skinner, 1985; Williams
et al., 2006), although those data were primarily for tAs. The
data collected by Idaho in 2019 included speciation of arsenic
to quantify the concentration of the more toxic iAs species in
tissue and water and, thus, represent an important extension of
our understanding of the bioaccumulation patterns of arsenic,
and particularly iAs, in natural environments.

Previous studies (Chen & Folt, 2000; Chen et al., 2008;
Cheng et al., 2013; Chetalat et al., 2019; Dovick et al., 2015;
Lopez et al., 2016; Maeda et al., 1990) have reported that
concentrations of tAs in fish tissue and other aquatic biota
appear to be related to TL and to decrease with increasing TL.
The decline in iAs concentration with increasing TL in Idaho fish
parallels the decline in tAs concentration reported in these
studies, but to our knowledge, this is the first large‐scale field
study to report a similar decline for iAs, the arsenic species
regulated by HHWQC.

Inorganic arsenic concentrations in fish tissue were affected by
other parameters likely related to TL. For example, fish body
weight can serve as a surrogate for TL for many species
(Behnke, 1992; Sundbom et al., 2003), with small fish repre-
senting lower TLs and large fish higher TLs. Fish weight is the
only variable in the multivariate analysis that had a statistically
significant effect on the concentration of iAs in fish tissue, with
larger fish having lower concentrations of iAs than smaller fish,TA
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consistent with findings from other studies on tAs (Liao
et al., 2003). Small fish of the majority of species included in the
data set likely represent a lower TL feeding on algae and small,
lower‐TL invertebrates, even though as adults they are primarily
insectivorous, feeding on upper‐TL invertebrates (e.g., shiners,
sculpin, dace, cutthroat trout; Becker, 1983; Gray & Dauble,
2001; Liknes & Graham, 1988; Morrow, 1980), or are piscivorous,
feeding on fish (e.g., bass, most trout species; Behnke, 1992;
Scott & Crossman, 1973). Of all species included in the data set,
the only species that does not follow this pattern is the bridgelip
sucker; adult bridgelip suckers are herbivorous (TL‐2), but young
bridgelip suckers are piscivorous (TL‐3; Dauble, 1980). Notably,
concentrations of iAs in large bridgelip suckers are substantially
higher than measured for any other species of comparable size
(Supporting Information, Table S1).

In addition to the relationship between weight and iAs con-
centration in tissue, several other lines of evidence support the
hypothesis that concentrations of iAs in tissue decrease with
increasing TL. The literature reports that arsenic bioaccumulates
at lower TLs but that those concentrations are not transferred to
upper‐TL organisms (Chen & Folt, 2000; Chen et al., 2008;
Cheng et al., 2013; Chetalat et al., 2019; Dovick et al., 2015;
Lopez et al., 2016; Maeda et al., 1990; Revenga et al., 2012).
Consistent with the literature, iAs tissue concentrations tended
to increase with increasing surface water concentrations in TL‐2
and TL‐3 fish, though the increase was less pronounced in TL‐3
and tended to decrease with increasing water concentration in
TL‐4 fish (Supporting Information, Figure S1).

Most of the arsenic in Idaho fish tissue was present as
organic species (i.e., the iAs to tAs ratio is small), consistent
with the literature that indicates that fish biotransform iAs
to the nontoxic organic species of arsenic (Ciardullo
et al., 2008, 2010; Cui et al., 2021; Pei et al., 2019). The iAs to
tAs ratio in fish tissue is higher in lower‐TL species, like the
bridgelip sucker that feed primarily on aquatic algae, than in
piscivorous upper‐TL species like the trout and bass species
(Figure 4), again consistent with patterns found in the literature
(Ciardullo et al., 2008, 2010; Juncos et al., 2019). In addition,
the iAs BAF declines with increasing iAs in surface water
(Supporting Information, Figure S4), which also suggests that
fish can regulate iAs in tissue and maintain a generally constant
concentration across a wide range of water concentrations.
Weight also appears to affect the iAs to tAs ratio in fish tissue,
likely because of a link between size and TL for most species.
As fish species such as trout and bass grow and their diets
transition to primarily piscivorous, representative of higher TLs,
the iAs to tAs ratio transitions from relatively higher in small and
young fish to relatively lower in larger, older fish.

Combined, these lines of evidence point to regulation of iAs
tissue concentrations by the biota in the aquatic food web, with
both the concentration of iAs and the iAs to tAs ratio in tissue
declining from lower to higher TLs in tissue of most fish species.
This is consistent with biodimunition or biodilution of tAs
concentrations in aquatic food webs reported by other studies
(Ng, 2005). The critical influence of the food web on iAs con-
centrations in aquatic tissues also means that BAFs (and BCFs)
derived in laboratory settings (with smaller fish) need to be

interpreted with care. Unless those settings included the food‐
web effects described above, BAFs (or BCFs) derived from such
studies are unlikely to predict concentrations of iAs (or other
species of arsenic) in tissues of fish in natural settings.

In summary, the 2019 data set collected by Idaho represents
the most comprehensive data set available to date on the
concentration of iAs in fish tissue and the water column. It in-
dicates that a statistically significant and biologically mean-
ingful Idaho‐specific BAF cannot be derived for iAs based on
the current data set and that concentrations of iAs in Idaho fish
tissue cannot currently be predicted based on the water
column concentration.

Fish tissue concentrations reflect an integration of exposure
to water over time, not just the concentration as reflected by a
single colocated surface water sample. In situations where the
concentration of a compound in water varies substantially over
time, a single water measurement may fail to capture such
variation and contribute to the variability of field‐derived BAFs.
That is unlikely to be the case for iAs in Idaho fish reported in
the present study. A separate monthly surface water mon-
itoring program (IDEQ, 2020) conducted by Idaho at the same
time (August–October 2019) as the paired water and tissue
sampling program described in the present study found that, at
most sampling locations, the iAs concentration in surface water
varied by <20% from month to month. In addition, BAFs varied
substantially among fish collected from the same sampling lo-
cation. This indicates that variability of iAs concentration in
surface water over time is unlikely to be a substantial con-
tributing factor to the observed variation in Idaho BAFs or an
important source of uncertainty surrounding a BAF.

These findings have a substantial effect on setting HHWQC
using the USEPA's standard HHWQC derivation methodology.
That methodology prefers a TL‐weighted BAF represented as a
single numerical value (USEPA, 2003b) and is the methodology
Idaho has used to establish an iAs HHWQC approvable by the
USEPA. The critical issue in deriving a water column–based
HHWQC using a BAF is that it assumes a relationship between
water and fish. However, the Idaho data clearly show that such
a relationship does not exist, which means that such a water
column–based HHWQC has the potential to either over‐ or
underprotect human health.

In the short term, USEPA guidance should provide flexibility
for states to use alternative approaches to calculating BAFs,
such as regression‐based BAFs, that provide the best pre-
diction of observed fish tissue concentrations and minimize
the potential for over‐ or underprotection of human health. In
the long term, the USEPA should examine alternative ap-
proaches to derive HHWQC for pollutants like iAs that do not
fit the standard BAF paradigm. An alternate approach was used
by the USEPA to develop an aquatic life water quality criterion
for selenium. The USEPA concluded that the best science in-
dicated that selenium toxicity in fish occurs primarily through
transfer of selenium to eggs and subsequent reproductive ef-
fects. Thus, the USEPA developed a chronic criterion with four
elements, reflecting the reproductive effects of selenium con-
centrations on fish species. The elements included a fish egg
ovary element, a fish whole‐body element, and a water column

1550 Environmental Toxicology and Chemistry, 2023;42:1542–1552—Morrison et al.
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element. The USEPA also noted that because the factors that
determine selenium bioaccumulation vary among aquatic sys-
tems, site‐specific water column criterion elements may be
necessary (USEPA, 2016b).

Similar to the alternative approach taken to setting aquatic life
water quality standards for selenium, an iAs fish tissue criterion
may be the most appropriate water quality criterion for the
protection of human health in instances where a relationship
between iAs in tissue and water is absent. At a broader level,
these findings present the USEPA and other regulatory agencies
with an opportunity to refine the standard HHWQC method-
ology to account for the unique characteristics of iAs, and pos-
sibly other metalloids, and to assure that human health is
protected. Such assurance will likely need to rely on something
other than a water column concentration given that iAs water
column and fish tissue concentrations are unrelated. A fish
tissue–based criterion, as developed by the IDEQ, represents the
most direct measure of the iAs concentration in fish. Monitoring
of iAs concentrations in fish tissue can then be used to determine
if the consumption of fish poses a risk to human health.

Supporting Information—The Supporting Information is avail-
able on the Wiley Online Library at https://doi.org/10.1002/
etc.5636.
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