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Abstract
We present two models to monitor the health of ecosystems by assessing hazard from a persistent organic compound to a top 
predator species. Our diet model predicts the dietary exposure of American Mink (Neovison vison) to PCB toxic equivalents 
(TEQ) by combining concentrations in their prey using weighted average proportions consistent with literature-based mink 
diets. Our bioaccumulation model predicts the dietary exposure of mink to PCB TEQ based on each congener’s total con-
centration in water (dissolved plus particulate fractions), the octanal/water partition coefficient (log Kow) of the compound, 
and the trophic levels of prey taxa. Both models predict mink dietary concentrations which can be directly compared with 
each other and with lowest observable adverse effects concentrations (LOAECs) to assess chronic and acute hazards of PCB 
TEQ to mink. By our choice of certain parameters in the bioaccumulation model, we forced it to match the diet model within 
less than 5% for Eighteenmile Creek in western New York State. When the two models were used for a similar creek about 
25 km away, the differences in their predictions were of the same magnitude.

In the Great Lakes Basin, the International Joint Commis-
sion has identified 43 Areas of Concern (AOC) where pol-
lution from past industrial production and waste disposal 
practices has created hazardous waste sites or contaminated 
sediments. Beneficial Use Impairments have been identi-
fied for each AOC. For an AOC to be delisted, removal of 
each of its beneficial use impairments must be documented. 
Our study concerned two beneficial use impairments, Deg-
radation of Fish and Wildlife Populations and Bird or Ani-
mal Deformities or Reproductive Problems, identified for 
the Eighteenmile Creek Area of Concern (EMC AOC) in 
western New York State (Haynes and Wellman 2021). We 
addressed these beneficial use impairments by modeling the 
hazard to mink posed by the most toxic persistent organic 
compounds (POC) in the EMC AOC, coplanar polychlorin-
ated biphenyls (PCBs) with toxic equivalency factors (TEF; 
Van den Berg et al. 2006).

Use of Toxic Equivalency Factors (TEF) 
and Toxic Equivalents (TEQ) for PCBs

Observed toxic effects of PCBs and other co-planar POCs 
are predominantly caused by interaction of coplanar conge-
ners with the aryl hydrocarbon receptor (Giesy and Kannan 
2002; Berg et al. 2006) and not total PCB (TPCB) concentra-
tion, per se. Toxic effects of coplanar congeners interacting 
with the aryl hydrocarbon receptor can be described by TEFs 
that quantify the relative toxic effects of those congeners in 
terms of the effects of 2, 3, 7, 8-tetrachlorodibenzo-p-di-
oxin (2,3,7,8-TCDD, TEF = 1), the most toxic coplanar POC 
(Van den Berg et al. 2006). TEF multiplied by congener 
concentration yields the TEQ for that congener, which can 
be summed for multiple congeners. Ortho-substituted (non-
coplanar) PCBs do have adverse effects on animals (e.g., 
neurological, hormonal), but only at very high concentra-
tions, so they are not likely to contribute significantly to 
toxic effects at ecological concentrations (Giesy and Kannan 
2002). Environmental weathering (including bioaccumula-
tion) of PCBs increases proportions of coplanar PCBs in 
ecosystems, thus weathered PCB mixtures are more toxic 
than their parent technical mixtures (Giesy and Kannan 
2002). Because it accounts for these weathering effects and 
for toxicity of PCB congeners at ecological concentrations, 
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TEQ provides a better indicator of hazard to wildlife than 
do TPCBs (Giesy and Kannan 2002).

Rationale for Models of PCB TEQ Exposure 
in Mink

The American Mink (Neovison vison) is an excellent 
sentinel species to use in relation to the beneficial use 
impairments mentioned above for the EMC AOC because 
it is highly sensitive to POCs in the environment. This 
is primarily due to the high trophic level (TL) of mink, 
and because when living in contaminated riparian areas 
they consume mostly aquatic animals (cf. Alexander 1976) 
that often contain high concentrations of POCs. Previous 
research has shown that mink populations are especially 
sensitive to dioxins (CDD), furans (CDF) and dioxin-like 
coplanar PCBs, which at part per trillion concentrations 
(pg/g; combined CDD, CDF and coplanar PCB TEQ) 
cause reproductive failure. Above a whole-body residue of 
9.2 pg/g TEQ, these chemicals also may cause cancerous 

jaw lesions in kits (Bursian et al. 2006), the most sensitive 
biomarker of effect known for mink (Haynes et al. 2009). 
Mink are especially well suited for our EMC AOC and SA 
study because the concentrations of PCB TEQ are high in 
EMC water and biota (Haynes and Wellman 2021).

In August 2018, an experienced mink trapper and our 
field crew made observations, by boat and on foot, of 
potential mink habitat along the entire EMC shoreline 
between Lake Ontario and the southern extent of Burt 
Dam reservoir (Fig. 1). Following the Riverine-Lacustrine 
Suitability Index (Allen 1986) and the trapper’s experi-
ence, mink habitat suitability scores were calculated for 
each of the 36 stream reaches surveyed. Both the Suit-
ability Index (mean = 31%) and the trapper’s (mean = 32%) 
scores rated mink habitat quality low in the entire study 
area (Haynes and Wellman 2021). Also, careful examina-
tion by the same trapper and field crew of all muddy areas, 
logs, and rocks along the shores (Lesmeister and Nielsen 
2011; Yamaguchi and Macdonald 2003; Birks and Linn 
1982) yielded only one definitive (several distinct tracks) 
and three faint, potential signs of mink in the AOC. No 

Fig. 1  Map of the Eighteenmile Creek and Oak Orchard Creek 
watersheds. For this project, the portion of the EMC Source Area 
sampled was from Burt Dam to ~ 2 km below Newfane Dam. Brock-
port sampled crayfish in the portion of Oak Orchard Creek that 

extended ~ 2  km below the Waterport Dam. Map created by Scott 
Collins, Niagara County Soil and Water Conservation District, Lock-
port, NY. Service Layer Credits: Esri, HERE, DeLorme, MapmyIn-
dia,  © OpenStreetMap contributors, and the GIS user community
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signs of mink were observed along the shoreline of the SA 
(Haynes and Wellman 2021).

Based on these results and the small size of the study 
area, we concluded that the study area would not contain 
enough mink to achieve sufficient statistical power (requir-
ing at least 20–30 mink) for a study of mink tissue POC con-
centrations. Hence, we developed a diet model that would 
allow us to estimate exposures of mink to PCB TEQ based 
on concentrations found in their available prey in EMC.

Because the diet model required three seasons to sample 
four prey categories, we hoped also to provide a less costly 
(in both time and money) method for future monitoring of 
the state of the EMC AOC and SA with respect to the ben-
eficial use impairments. Based on congener-specific analysis 
of water in the study areas, we further developed the bioac-
cumulation model published by Wellman et al. (2009) as a 
second way to predict the exposure of mink to PCB TEQ 
in EMC.

Materials and Methods

Study Areas

EMC and its watershed (Fig.  1) are located in Niagara 
County, NY, approximately 30 km east of the Niagara River. 
It has three major tributaries, Gulf Creek, East Branch Creek 
and the New York Erie Barge Canal, and flows north into 
Lake Ontario at Olcott, NY. The AOC boundary includes 
Olcott Harbor and extends upstream to the farthest point 
at which backwater conditions exist in EMC during Lake 
Ontario’s highest monthly average lake level. This point is 
located just downstream from Burt Dam, ~ 3 km south of 
Lake Ontario. The “Creek Corridor” in the City of Lockport, 
NY, and the watershed south of Burt Dam are considered 
contaminant “source areas” (SA). Our project focused on 
two sections of EMC: the AOC from Lake Ontario to Burt 
Dam and the SA between Burt Dam and Ide Road near New-
fane, NY (Fig. 1). Oak Orchard Creek (OOC; Fig. 1) was 
our reference (REF) water body (no known sources of POCs 
beyond background levels) and is used by federal and state 
agencies to compare with chemical and biological findings 
from AOC and Superfund sites in the Great Lakes region.
Field Sampling

From fall 2018 to fall 2020, we collected six grab samples of 
whole water, one each in spring, summer, and fall, from the 
EMC AOC and SA and at three locations ~ 15 km apart > 1 
mi. offshore in Lake Ontario away from tributary influences. 
We collected samples in hexane-rinsed, labeled 3.8L brown 
glass bottles and placed them on ice in coolers immediately. 
Data from grab samples of whole water collected in the 
OOC REF in fall 2020 and spring 2021 were provided by 

Andrew Lenox (U. S. Army Corps of Engineers, Buffalo, 
NY District).

In the same seasons in each of the three areas (EMC AOC 
and SA and OOC REF), we caught 40–50 crayfish (CR) by 
hand after flipping rocks in suitable shallow water habitat. 
In the EMC SA, ten amphibians (AM) were caught with 
long-handled dip nets in suitable riparian habitat in each of 
two spring seasons. Due to scarcity, no AM were collected 
in summer and fall in the SA or in any season in the AOC. In 
each season, ten lower trophic level fish (LF) and five upper 
trophic level fish (UF) were caught by boat electrofishing 
throughout each of the EMC AOC and SA, for a total of 30 
LF and 15 UF in each area. A minimum of 30 g of each prey 
group was collected in each season for PCB TEQ analysis. 
Prey were placed on ice in zip lock bags (one each for CR, 
AM, LF and UF).

Lab Processing of Samples

Upon return to the laboratory, unfiltered water was refrig-
erated before next-day, overnight shipment on wet ice to 
ALS Environmental, Kelso, WA, USA for analyses of PCB 
congeners. Specimens in each of four mink prey groups 
collected during each sampling season were identified, 
measured (mm), and weighed (g) with a digital top-loading 
scale. With hexane-rinsed tools, ~ 1 g of muscle tissue was 
excised from ten specimens in each prey category (five UF 
specimens), placed in labeled, hexane-rinsed glass vials, 
frozen, and saved to ship for nitrogen stable isotope anal-
ysis by the Cornell Isotope Laboratory (COIL) in Ithaca, 
NY. Code numbers were placed in each vial as it was filled. 
The remaining tissue from each prey group was placed in a 
labeled zip lock plastic bag, frozen and, at the end of each 
sampling season, shipped overnight on wet ice for PCB con-
gener analysis by ALS Environmental. Upon receipt, COIL 
and ALS Environmental froze and subsequently thawed, 
ground up and homogenized (ALS) or freeze dried (COIL) 
prey tissue. At ALS, homogenized tissue from each seasonal 
prey group was re-frozen in labeled, hexane-rinsed glass jars 
to await PCB and CDD/CDF congener analysis using EPA 
Method 1668C.

Mink Hazard Assessment

Prey Group Samples

Prey group sample results were reported on wet-weight 
basis for PCB and CDD/CDF concentrations. No lipid 
adjustments were made because in the wild mink consume 
most soft tissues of their prey (perhaps not the gallbladder). 
TEQs for the 12 co-planar PCB congeners and 17 co-planar 
CDD/CDF congeners were calculated using World Health 
Organization TEF values from Van den Berg et al. (2006). 
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Our PCB TEQ results from the three sampling seasons 
were averaged for each prey group in the EMC AOC and 
SA and OOC REF (CR only) while E & E (2019) provided 
PCB data from fall 2018 for LF and UF in all three areas. 
Congener-specific TEQs were summed to yield total TEQ 
for each prey group sample and mean concentrations were 
compared to published chronic and acute lowest observed 
adverse effects concentrations (LOAECs) for PCB TEQ: 
9.2 pg/g (Bursian et al. 2006) and 1000 pg/g (Hochstein 
et al. 1998), respectively.
Stable Isotope Analysis to Determine Mink Prey Trophic 
Levels

Muscle tissue from each trophic group in each season was 
analyzed for isotopic ratios of 15 N/14 N (δN) to determine 
the trophic level (TL) of composite samples for each prey 
category we collected in EMC and OOC. Stable isotopes of 
nitrogen are used to evaluate trophic webs of ecosystems to 
give lifetime, integrated estimates of TL for organisms 
(DeNiro and Epstein 1978; Cabana and Rasmussen 1994). 
14N has a stable, heavier isotope (15N) which occurs natu-
rally, and the heavier and lighter isotopes are differentially 
absorbed and metabolized by organisms (Fry 1991). The 
lighter isotope is excreted preferentially, leading to enrich-
ment of the heavier isotope by about 3.4‰ in organisms 
relative to their environment or diet (Peterson and Fry 1987; 
Cabana and Rasmussen 1994). This enrichment is measur-
able through mass spectrometry and is reported in parts per 
t h o u s a n d  ( δ ‰ )  r e l a t i ve  t o  a  s t a n d a r d : 
�X = [

Rsample−Rstandard

Rstandard

] × 10
3 , where X is 15 N and R is the cor-

responding ratio of 15N/14N. The standard for nitrogen is 
atmospheric nitrogen (Fry 1991).

Diet Model

The diet model predicts the dietary exposure to POCs by 
mink in a study area by combining the POC concentrations 
in mink prey from that area, using a weighted average in 
proportions consistent with that of mink diets found in the 
literature. The concentration of a POC in a prey group is 
multiplied by that prey group’s proportion of the diet and the 
results are summed to yield the concentration in that diet. 
The model can be expressed as:

where CD is the concentration of the POC in the diet, n is the 
number of prey groups, Ci is the concentration of the POC 
in prey group i, and Fi is the fraction of the diet consisting 
of prey group i (the sum of the fractions is 1.00).

USEPA (1993) reported the results of 17 studies of mink 
diet at 25 different locations where the portion of the diet 

CD =

n
∑

i=1

C
i
× F

i

from aquatic sources ranged from 13.4 to 92%. Lower (e.g., 
sunfish, perch) and upper (e.g., black bass, pike) trophic 
level fish are secondary and tertiary consumers which typi-
cally comprise 50% or more of riparian mink diets (USEPA 
1993). Crayfish (omnivores) and frogs (secondary consum-
ers) typically comprise 20% or less of riparian mink diets 
(USEPA 1993).

In order to predict the expected dietary exposure of mink 
to PCB TEQ in the EMC AOC, we created a “typical” ripar-
ian mink diet in which the diet fractions for each prey cat-
egory were averages of those diet fractions from the six most 
relevant riparian studies cited by USEPA (1993). The result-
ing "typical" riparian mink's diet was calculated to consist 
of 33.3% UF, 13.5% LF, 10.2% crustaceans and 8.1% AM, 
with a total of 65% from aquatic sources.

The maximum potential dietary exposure was represented 
by a study on a river in Lower Michigan (Alexander 1976), 
consisting of 57.5% UF, 27.5% LF, 4% crustaceans and 3% 
AM (total 92% aquatic), and 8% “other” (birds, mammals, 
vegetation and unidentified). We used these dietary percent-
ages to represent a “worst-case” dietary exposure to mink 
of co-planar PCBs.

Since we had no amphibian samples from the EMC AOC, 
we had to adjust the proportions of the other prey groups to 
account for the missing category. For the worst-case diet 
scenario in the AOC, we wanted to maintain the 92% aquatic 
value, so we distributed the AM portion proportionally over 
the other three aquatic categories. For the typical diet in the 
AOC, we added the AM portion to the terrestrial portion of 
the diet, resulting in a 57% aquatic diet. To see how signifi-
cant these changes were, we calculated diet models in the 
EMC SA both with and without AM.

Comparison of preliminary calculations of the TL (see 
next section) of the “worst-case” diets in EMC with previous 
studies of the TL of mink in the Lower Great Lakes indicated 
that Alexander’s diet (1976) was not a good representation 
for mink in EMC. Alexander’s diet modeled with EMC prey 
concentrations yielded TLs ranging from 4.6 to 4.75. Stud-
ies in the Rochester Embayment AOC (Haynes et al. 2007) 
and Niagara River AOC (Haynes et al. 2016) measured the 
TLs of 63 trapped mink. In the Rochester Embayment study, 
inland mink with access to wetlands but no salmonids had a 
mean (standard deviation) TL of 3.1 (0.37, N = 10), and lake-
shore mink (within 3 km of Lake Ontario and with access 
to wetlands and salmonids) had a mean TL of 3.6 (0.52, 
N = 10). Niagara River mink, with access to salmonids but 
no wetlands, had a mean trophic level of 4.1 (0.75, N = 16). 
Alexander’s (1976) study was done on the North Branch of 
the Au Sable River in Michigan, which at that time, as today, 
was managed as a trout stream (Godby 2020) but has few if 
any associated wetlands.

The area in our previous studies most like EMC in 
terms of fish community and access to wetlands was the 
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Lake Ontario lakeshore in the Rochester Embayment study 
(Haynes et al. 2007). Lake Ontario shoreline mink had a TL 
range of 2.6–4.0 with a mean of 3.6. Thus, we concluded 
that a more realistic “worst-case” mink diet in the EMC 
AOC would be at TL 4. To create a diet model for TL 4, 
we started with the diet proportions of the worst-case diet 
(Alexander 1976) and, keeping the relative proportions of 
the aquatic prey categories constant, increased the percent-
age of terrestrial prey until the mink trophic level came down 
to 4.00. We used this TL 4 diet in addition to our “typical” 
and Alexander’s (1976) “worst-case” diets for comparisons 
between diet model results and LOAECs in the three areas. 
We used the “typical” and TL 4 diets to compare with the 
bioaccumulation model. Compositions of mink diets used in 
TL-specific diet models are shown in Table 1.

For each of these diets in each area, dietary exposures of 
mink were estimated by multiplying the average concentra-
tion of PCB TEQ in each aquatic prey group by the corre-
sponding proportion of the modeled mink diet (Table 1) and 
summing the results. Estimated dietary exposures were then 
compared to chronic and acute LOAECs reported by Bursian 
et al. (2006) and Hochstein et al. (1998), respectively.

For the model comparing EMC AOC and SA to 
LOAECs (EMC diet model), we used our composited 
samples of AM (n = 2 in the SA) and CR, LF and UF 
(n = 3 composited samples each from the AOC and SA). 
To compare the EMC SA, AOC  and OOC REF diet mod-
els, we used a separate set of PCB TEQ data. Because 
we did not sample fish in OOC REF, we used data from 
E & E (2019) for LF and UF there. In order to maintain 

consistency between sites we also used their LF and UF 
fish data from EMC SA and AOC. We used data from CR 
we caught in all three areas during along with data for 
pumpkinseed (Lepomis gibbosus, LF) and largemouth bass 
(Micropterus salmoides, UF) from E & E (2019), as these 
were the relevant LF and UF species in EMC and OOC for 
which E & E had congener-specific PCB data.

E & E (2019) analyzed composite samples of pump-
kinseed, but only skin-on fillets of individual largemouth 
bass. We multiplied fillet concentrations by 2.8 (conver-
sion factor for largemouth bass; Skinner et al. 2009) to 
estimate whole-body concentrations for those samples. 
We used the same diet proportions as in the original EMC 
model for the amphibian-free typical diet (57% aquatic) 
and the worst-case diet (92% aquatic) to allow direct com-
parisons among the EMC SA and AOC and OOC REF. We 
also wanted to compare the TL 4 diet model results in all 
areas with the bioaccumulation model, but because we did 
not have TLs for LF and UF from the OOC REF, we could 
only approximate the TL 4 diet there. We did this by using 
slightly more terrestrial prey (35%) than the TL4 diets for 
EMC SA (31%) and AOC (33.2%) (Table 1), because the 
TL of crayfish in the OOC REF was higher than in both 
EMC areas and we assumed that the fish TLs would show 
the same pattern resulting in a higher TL diet for a given 
fraction of aquatic prey.

Trophic Level of Diet

The mean TL for each aquatic prey group in EMC was mul-
tiplied by that prey group’s proportion in the model diet (the 

Table 1  Composition of mink diets used in diet models

AM amphibian, CR crayfish, LF lower trophic level fish, UF upper trophic level fish, TR terrestrial organisms
a Worst case diet fractions based on Alexander (1976)
b Trophic Level 4 diets based on Alexander (1976) with enough terrestrial prey added to bring trophic level of diet down to 4.00
c Typical diet based on average of 6 studies from USEPA (1993)
d These proportions are estimated to yield a trophic level 4 diet in OOC REF, where we had no trophic level data except for crayfish. See text for 
explanation

Diet Diet fractions

With Amphibians % Aquatic AM CR LF UF TR

Worst  casea 92.0 0.030 0.040 0.275 0.575 0.080
EMC SA  TL4b 70.9 0.023 0.031 0.212 0.443 0.291
Typicalc 65.1 0.081 0.102 0.135 0.333 0.349

Without Amphibians AM CR LF UF TR

Worst  casea 92.0 0.000 0.041 0.284 0.594 0.080
EMC SA  TL4b 69.0 0.000 0.031 0.213 0.446 0.310
EMC AOC  TL4b 66.8 0.000 0.030 0.206 0.432 0.332
OOC REF  TL4d 65.0 0.000 0.029 0.201 0.420 0.350
Typicalb 57.0 0.000 0.102 0.135 0.333 0.430
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non-aquatic portion of each diet was assumed to be trophic 
level 1; i.e., herbivores such as mice and muskrats that do 
not bioaccumulate POCs), and the results were summed to 
estimate the TLs of the model diets. The estimated dietary 
TLs were then used in a hazard estimate by comparison with 
known trophic levels of mink (hence diet) determined in the 
Rochester Embayment AOC by Haynes et al. (2007) and the 
Niagara River AOC by Haynes et al. (2016). These estimates 
were also used to determine the TLs used in the bioaccumu-
lation model.

Bioaccumulation Model

The bioaccumulation model is based on equations from 
Sample et al. (1996) and Van  Gestel et al. (1985). Like 
the diet model, the bioaccumulation model also predicts 
the dietary exposure of mink to POCs, which allows direct 
comparison of the two models. In contrast to the diet model, 
which uses concentrations of PCB TEQ in mink prey, the 
bioaccumulation model is based on each coplanar PCB con-
gener’s total concentration (i.e., dissolved plus particulate 
fractions) in water, the octanol/water partition coefficient 
(log  Kow) of the congener, and the TL of the diet.

The estimated dietary exposure,  CD, for each PCB conge-
ner is found using this equation from Wellman et al. (2009), 
derived from Equation 28 in Sample et al. (1996):

where Cw is the concentration of the congener in water, 
100 g and 177 g are the daily water and food consumption 
rates of a mink, 760 g is the average mass of a mink (Well-
man et al. 2009), and Paq is the percent of the diet that is 
aquatic. The bioaccumulation factor (BAF) for each com-
pound at each trophic level is the product of the bioconcen-
tration factor (BCF) and the food chain multiplier (FCM) for 
that trophic level. Given the log Kow of each compound, the 
BCF can be calculated using a linear equation: log BCF = a 
log  Kow—b (Van Gestel et al. 1985; Sample et al. 1996). Diet 
at trophic level 3.6 was assumed to be 65% aquatic in the 
SA with amphibians and 57% aquatic in both SA and AOC 
without amphibians. The terrestrial fraction required to force 
the diets to trophic level 4 varied between areas and due to 
presence or absence of amphibians; thus, the trophic level 4 
diets ranged from 65 to 71% aquatic.

Tables of FCM are found in Sample et al. (1996) and 
USEPA (2003, 2012a, and 2016). The calculations by 
USEPA (2003) are based on the model in Gobas (1993) 
describing the Lake Ontario food web. USEPA (2016) uses 
the same values. These values are slightly lower than those 
found in Sample et al. (1996) and in USEPA (2012a). 
Since USEPA (2003) states that more pelagic-based food 

CD =
Cw[100g +

(

177g × Paq × BAF
)

]

760g

webs will have lower FCMs than more benthic-based 
webs, we used the values from Sample et al. (1996) and 
USEPA (2012a) as a better representation of the EMC eco-
system. In all sources for FCMs only one decimal place for 
log Kows and only integers (2–4) for TLs were provided, so 
we interpolated both for log Kows and for TLs between 3 
and 4 to get the FCM for each compound. Once the bioac-
cumulated concentration CD at a given trophic level was 
determined for each PCB congener, the TEQ for each was 
calculated by multiplying that concentration by its TEF 
(Van den Berg et al. 2006). Finally, the bioaccumulated 
TEQs were summed for all coplanar PCB congeners to 
yield an estimate of TEQ in a mink’s diet at that trophic 
level.

We compared the TEQ from PCBs for each case 
(described by sampling location and trophic level of diet; 
Table 1) in the bioaccumulation model to the PCB TEQ in 
the diet model for the same case. In order for the bioaccumu-
lation model to be useful as an interim surrogate for the diet 
model in EMC, we wanted its results to match the diet model 
results within 20%. To force this match, we had to select val-
ues for a (slope) and b (intercept) in the linear equation: log 
BCF = a log Kow + b (Van Gestel et al. 1985; Sample et al. 
1996). To select a and b, we chose to minimize the root sum 
of squares (a common measure used by engineers) of the 
differences between the two models’ TEQs in the EMC SA 
and AOC for the typical diet and the TL = 4 diet. Root sum 
of squares was used so that differences with opposite signs 
would not cancel each other in the optimization measure; it 
also tends to keep all the differences close to the same size, 
thus optimizing equally for all included data points.

Van  Gestel et al. (1985) reported the results of twelve 
studies done from 1974 to 1983 in which values for a ranged 
from 0.542 to 1.53 and values for b ranged from−3.03 to 
0.7285. They concluded that the most reliable equation in 
their study was that from Veith and Kosian (1983), cited by 
Van Gestel et al. 1985), which used 122 chemicals with a 
large range of Kows. Thus, Van  Gestel et al. (1985) recom-
mended the values of a = 0.79 and b = −0.40.

Using an Excel macro (written by J. Wellman), we cre-
ated a table showing the root sum of squares values for com-
binations of a and b in these ranges. This resulted in a diago-
nal “trench” of minima extending from a = 1.05, b = −2.9 
to a = 0.5, b = 0.8. There was little meaningful difference 
between the local minima at either end of the table within 
these ranges, so we decided to keep Van  Gestel et al.’s 
(1985) recommended value for the slope a = 0.79 and find 
the value for the intercept b that would minimize the root 
sum of squares and thus best match the diet model results.

We chose to match the EMC bioaccumulation model 
to the EMC diet model based on our composited samples, 
not including any E & E (2019) samples, because we could 
better represent the mink diet in EMC by including more 
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species of fish and we wanted to avoid introducing potential 
errors due to conversion of E & E’s fillet concentrations to 
whole fish concentrations. We then used our bioaccumula-
tion model, optimized for EMC using samples we collected, 
to predict PCB TEQ in the OOC REF for comparison with 
the OOC diet model which used data from our CR samples 
and E & E (2019) LF and UF samples.

Results

Species Composition and Trophic Levels of Mink 
Prey used in this Study

Based on the species available for sampling, mink prey sam-
ples representing the different TLs consisted of a limited 
number of species. We collected one species of CR, the 
northern clearwater crayfish (Orconectes propinquus), in the 
EMC SA and AOC and OOC REF. We collected no AM (nor 
have others), LF and UF in the OOC REF; PCB congener 
data for LF and UF in the OOC REF were obtained from E 
& E (2019). In the EMC SA, adult frogs and toads were seen 
only in the spring; no frogs were seen in the summer and 
only four, very small young-of-the-year frogs were seen in 
the fall. Three AM species were collected in the EMC SA: 
green frog, (Lithobates [formerly Rana] clamitans), leopard 
frog, (L. pipiens) and American toad (Anaxyrus americana). 
Only two American toads were observed in the EMC AOC, 
so no chemical data for AM were obtained there. LF spe-
cies in our composited EMC samples were bluegill (54%, 
Lepomis macrochirus), pumpkinseed (33%, L. gibbosus) 
and yellow perch (10%, Perca flavescens). UF in our com-
posited EMC samples were largemouth (67%, Micropterus 
salmoides) and smallmouth (23%, M. dolomieu) bass and 
northern pike (10%, Esox lucius).

In the EMC AOC and SA, trophic levels increased from 
AM to CR to LF to UF (Table 2). Trophic levels were higher 
in EMC AOC than in EMC SA. In the OOC REF, CR trophic 
level was higher than in both EMC AOC and SA (Table 2). 
No TL data were available for AM, LF and UF in the OOC 
REF.
PCB, CDD, and CDF TEQ Concentrations in the Tissue 
of Mink Prey in EMC AOC and SA and OOC REF

None of the prey group samples exceeded the acute 
LOAEC for PCB TEQ (1000 pg/g; Hochstein et al. 1998) 
(Table 2). The chronic dietary LOAEC for PCB TEQ for 
mink (9.2 pg/g, Bursian et al. 2006) was exceeded by CR 
in the EMC SA and by all fish samples in EMC AOC and 
SA. Samples in the OOC REF area did not exceed either 
LOAEC (Table 2). PCB #126, the congener with the high-
est TEF (0.1/1.0), was responsible for 86.1% of the TEQ 
across all samples (AM, CR, LF, UF). TEQs from CDD/

CDF (Table 2) comprised only 5.1 ± 4.6% of total TEQ in 
EMC, and did not cause any additional exceedances of the 
LOAELs when added to the PCB TEQ (Haynes and Well-
man 2021).

Diet Models

The EMC diet model results suggested no differences in 
potential dietary exposures of mink between the EMC SA 
with and without amphibians, or between the EMC AOC 
and SA (Table 3). All EMC diet model results for PCB TEQ 
exceeded the chronic dietary LOAEC (9.2 pg/g, Bursian 
et al. 2006), but not the acute LOAEC (1000 pg/g; Hoch-
stein et al. 1998).

The OOC diet model indicated that the OOC REF had 
much lower potential dietary exposures for mink than the 
EMC AOC and SA (Table 4). Diet model predictions for 
the OOC REF were well below the chronic LOAEC for 
PCB TEQ. We could not calculate TLs for OOC REF diets 
because we did not have TL data for the E & E (2019) fish 
used in this model.

Table 2  Mean (standard deviation, SD) trophic level and PCB and 
CDD/CDF TEQ concentrations in mink prey

Numbers in bold exceed the chronic (9.2  pg/g) but not the acute 
(1000  pg/g) LOAECs for PCB TEQ. ND = No Data; see text for 
explanation
a Largemouth bass filet samples collected by E & E (2019) adjusted to 
whole body concentrations per Skinner et al. (2009)

Category Amphibians Crayfish Lower TL 
fish

Upper TL fish

mean (SD) mean (SD) mean (SD) mean (SD)

Trophic level
 EMC 

AOC
ND 3.98 (0.06) 4.82 (0.81) 5.14 (0.27)

 EMC SA 2.5 (0.1) 3.80 (0.21) 4.43 (0.11) 5.20 (0.06)
 OOC REF ND 4.37 (0.06) ND ND

PCB TEQ (pg/g)
 EMC 

AOC
ND 5.2 (6.7) 12.2 (15.7) 136.7 (158.7)

 EMC SA 7.2 (7.1) 10.4 (8.6) 57.0 (44.4) 164.7 (118.5)
 OOC REF ND 0.3 (0.02) 0.8 (n = 1) 8.6 (0.5) 

(n = 2)a

CDD/CDF
 TEQ (pg/g
 EMC 

AOC
ND 0.7 (0.2) 0.7 (0.6) 3.4 (2.1)

 EMC SA 0.9 (0.8) 0.6 (0.5) 1.8 (1.0) 2.28 (0.55)
 OOC REF ND 0.1 (0.0) ND ND
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Bioaccumulation Model

Concentrations of PCB TEQ (pg/L) in the waters sampled 
are shown in Table 5. With the slope value a = 0.79 as 

recommended by Van Gestel et al. (1985), the minimum root 
sum of squares (6.53) of the differences between the models 
was found at intercept b = −1.11, yielding the equation log 
BCF = 0.79 log Kow—1.11. Using this equation and FCMs 
from Sample et al. (1996) and USEPA (2012a), the bioac-
cumulation model for EMC matched the predictions of the 
EMC diet model within less than 5% for typical and trophic 
level 4 diets (Table 6). The mean difference (standard devia-
tion) between the two models was 2.6 (1.6) pg/g TEQ, which 
is less than one-third the chronic LOAEC of 9.2 pg/g. There 
was very close agreement of both PCB congener (Fig. 2) and 
PCB TEQ (Fig. 3) concentrations predicted by our diet and 
bioaccumulation models.

Using the parameters of the bioaccumulation model as 
optimized for EMC, the bioaccumulation model for the OOC 
REF matched the OOC diet model for typical (TL = 3.6) and 
TL 4 diets with a mean difference of 3.3 (0.5) pg/g TEQ, just 
over one-third of the 9.2 pg/g chronic LOAEC, although the 
percent difference was much higher (94.7 [0.4] %) due to 
the much lower PCB TEQ concentrations in the OOC REF 
(Table 6).

Discussion

Diet Model and Potential Sources of Error

Because the only inputs to the diet model are the PCB TEQ 
concentrations in prey groups and the literature-based frac-
tions of mink diet they comprise, the EMC and OOC diet 
models had two potential sources of error in common. The 
first is uncertainty in measuring PCB TEQ concentrations 
in prey samples, although these errors are reduced by the 
fractions by which they are multiplied in the diet model. The 
second is the variation between the diet model description 
of mink diet based on literature values (USEPA 1993) and 
field conditions for mink. We have no way to quantify this 
potential error, but we bounded the problem by exploring 
typical- and worst-case diets, with and without amphibians.

The OOC diet model had two additional potential 
sources of error contributing to uncertainty in the PCB 
TEQ concentrations in prey groups. While we used our 
own composited prey data for the EMC diet model, for 

Table 3  EMC diet model estimates of mink exposures to PCB TEQ 
in the EMC AOC and SA with and without amphibians

Values in bold exceed the chronic (9.2  pg/g) but not the acute 
(1,000  pg/g) LOAECs for PCB TEQ. All diets were derived from 
separately composited samples of frogs, crayfish, lower trophic level 
fish and upper trophic level fish collected for this study

Trophic Level TEQ from 
PCB (pg/g)

DIET
SA with Amphibians
 65% Aquatic 3.6 64.2
 TL = 4 4.0 85.6
 92% Aquatic 4.6 111.0

SA with no Amphibians
 57% Aquatic 3.6 63.6
 TL = 4 4.0 85.9
 92% Aquatic 4.7 114.5

AOC with no Amphibians
 57% Aquatic 3.6 47.7
 TL = 4 4.0 61.7
 92% Aquatic 4.8 84.9

Table 4  OOC diet model 
estimates of mink exposures to 
PCB TEQ in the EMC AOC 
and SA and OOC REF without 
amphibians

Values in bold exceed the 
chronic (9.2  pg/g) but not the 
acute (1,000 pg/g) LOAECs for 
PCB TEQ. All diets are based 
on composited samples of cray-
fish (this study) and composited 
samples of pumpkinseed (E & 
E 2019). Largemouth bass fillet 
data from E & E (2019) were 
converted to whole-fish data by 
multiplying by a correction fac-
tor of 2.8 (Skinner et al. 2009)

TEQ from 
PCB (pg/g)

DIET
EMC SA
 57% Aquatic 80.0
 92% Aquatic 142.9

EMC AOC
 57% Aquatic 37.0
 92% Aquatic 65.9

OOC
 57% Aquatic 3.0
 TL~4 3.8
 92% Aquatic 5.4

Table 5  Mean (SD) PCB TEQ 
concentrations (pg/L) in whole 
water collected during this 
study and by the U. S. Army 
Corps of  Engineersa

a Data were provided by Andrew 
Lenox, USACE, Buffalo, NY 
District

Area PCB TEQ
Mean (SD)

EMC SA 0.17 (0.15)
EMC AOC 0.16 (0.03)
OOC  REFa 0.00065 (0.00031)
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the OOC diet model we used data from E & E (2019) for 
LF and UF in all three areas along with our composited 
crayfish samples from each area. E & E (2019) had PCB 
congener-specific analyses for three composited pumpkin-
seed samples and three largemouth bass fillets in each of 
the EMC AOC and SA, but in OOC REF they had only 
one composited sample of LF (pumpkinseed) and two UF 
filets (largemouth bass) with PCB congener data. The low 
number of LF and UF samples from the OOC REF is a 

potential source of error. Another possible source of error 
in the OOC diet model (Table 5) is using the 2.8 multi-
plier for largemouth bass (Skinner et al. 2009) to convert 
E & E (2019) skin-on fillet concentrations to whole body 
concentrations in all three areas.

Table 6  Comparison of diet 
model and bioaccumulation 
model estimates of mink dietary 
exposure to PCB TEQ (pg/g)

a OOC REF bioaccumulation was calculated using the model optimized for EMC SA and AOC based on 
samples we collected in EMC. The OOC REF diet model used data from crayfish collected in our study 
along with composited pumpkinseed and largemouth bass fillet samples collected by E & E (2019)
b EMC Mean (SD) = 2.6 (1.6) pg/g; OOC REF = 3.3 (0.5) pg/g
c Calculated as a percent of the Diet Model result: EMC = 4.3 (3.3) %; OOC REF = 94.7 (0.4) %

Amphibians included EMC SA EMC AOC OOC  REFa

Yes No No No No No No

Trophic level 3.6 3.6 4.0 3.6 4.0 3.6 4.0
% Aquatic Prey 65 57 69 57 67 57 65
Diet Model
PCB TEQ (pg/g)

64.19 63.61 85.91 47.69 61.66 3.04 3.83

Bioaccumulation model
PCB TEQ (pg/g)

66.49 59.64 87.94 43.52 61.99 0.16 0.22

Absolute difference (pg/g)b 2.29 3.97 2.04 4.16 0.33 2.89 3.62
%  Differencec 3.6 6.2 2.4 8.7 0.5 94.9 94.4

Fig. 2  Correlation (R = 0.73) of diet model and bioaccumulation model predictions for PCB congener concentrations in EMC
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Bioaccumulation Model and Potential Sources 
of Error

For TEQ modeling, we focused on PCBs because they 
alone exceeded mink dietary LOAECS in EMC, whereas 
CDD/CDF TEQ were at least an order of magnitude lower 
(Table 2) and did not cause any LOAECs to be exceeded 
when added to PCB TEQ (Haynes and Wellman 2021). 
Potential sources of error in the bioaccumulation model 
include uncertainties in values for Kow and FCM, interpola-
tions required to determine FCMs for non-integer Kows and 
TLs, and nonlinearity of the relationship between log Kow 
and log BCF.

We used log Kows that were derived by computing aver-
ages of up to six values per PCB congener based on data 
from six different reports or models (Eisler and Belisle 
1996; Hawker and Connell 1998; Jäntschi and Bolboacă 
2006; Paasivirta and Sinkkonen 2009; and two models 
from USEPA 2012b). The values for log Kow of coplanar 
PCBs in those sources varied substantially; PCB 81 had 
the smallest range (0.565) while PCB 189 had the largest 
(0.911). Because log Kow is in the exponent of the equation 
BCF = 10

(0.79∗logKow−1.06) , small changes in log  Kow create 
large changes in BCF and hence in BAF (= BCF × FCM).

We found two different sets of FCMs provided by USEPA 
(2003, 2012a, 2016), along with the explanation that FCMs 
vary among ecosystems (Arnot and Gobas 2006). Sources 
of variation include characteristics of individual organ-
isms (lipid content, diet, size, age, sex, reproductive status), 

species (trophic level, dietary preference, metabolic abili-
ties) and ecosystems (temperature, water column depth, 
interaction of benthic species with sediment) (Arnot and 
Gobas 2006). We chose the FCMs most likely to describe 
the EMC and OOC REF ecosystems, but without a separate 
study to determine the FCMs in those systems that descrip-
tion cannot be exact.

USEPA (2012a, 2016) recommends linear interpolation 
of FCMs at a given trophic level for Kows with more than one 
decimal place, so we also had to interpolate between trophic 
levels to compare with our non-integer diet model trophic 
levels. Linear interpolation between log Kows slightly under-
estimates FCMs, as those curves are convex upward in the 
range of log Kows for coplanar PCBs. Differences between 
linear interpolations and convex curves were assumed to 
be negligible based on USEPA’s (2012a, 2016) recom-
mendations. Linear interpolation between TLs also slightly 
underestimates the BAFs, as a best-fit curve to the FCMs 
of the three TLs for any one Kow is also convex upward in 
the same range (Fig. 4). The magnitude of the underesti-
mation in the interpolation between TLs is shown in Fig. 4 
for the two PCBs with the highest toxicities, PCB 126 (log 
Kow = 6.8) and PCB 169 (log Kow = 7.4) and is also assumed 
to be negligible.

Arnot and Gobas (2006) did regressions to find slope, a, 
and intercept, b, from 392 published studies and database 
sources. They found that the values varied between trophic 
levels, i.e., autotrophs, invertebrates, and fish (trophic levels 
unspecified), and each had their own equations. Sources of 

Fig. 3  Correlation (R = 0.98) of bioaccumulation model and diet model predictions for PCB congener TEQ in EMC
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variation are much the same as for FCMs above (Arnot and 
Gobas 2006), so different ecosystems will also have different 
equations. This finding is consistent with Van Gestel et al.’s 
(1985) review of ten studies, all with different slopes (a) and 
intercepts (b), although those studies appear to be laboratory 
experiments rather than ecosystem studies.

Arnot and Gobas (2003, 2004, 2006) present a much 
more complex bioaccumulation model than the one used 
in this study that accounts for many of the sources of varia-
tion mentioned above along with others such as gill uptake 
and elimination, dietary uptake, fecal elimination, growth 
dilution, and metabolism of chemicals. They described the 
relationship between log BAF and log Kow as “parabolic”; 
in their figures, it is convex up with a peak at about log 
Kow = 7.5 (Arnot and Gobas 2003). Within the range of log 
Kow for coplanar PCBs, where 6 < log Kow < 8, the slope of 
the curve decreases to zero, then becomes negative because 
the chemicals are becoming more strongly bound to dis-
solved and particulate organic carbon and thus less bioavail-
able to the food web (Arnot and Gobas 2003). While their 
model is probably more accurate than ours, it applies to only 
one trophic level and requires input data that we did not have 
and which is difficult to obtain.

Our diet and bioaccumulation models show that absolute 
PCB TEQ concentrations are smaller in the OOC REF than 
in the EMC AOC and SA models by nearly two orders of 
magnitude (Table 6). Although we cannot quantify the errors 
that might occur in our bioaccumulation model, it matches 
the results of the diet model very well in the EMC SA and 
AOC (on average, within 2.6 pg/g TEQ) and the OOC REF 
(on average, within 3.3 pg/g TEQ). While the differences 

between the two models have very similar absolute size, the 
percent differences in OOC REF are proportionally much 
larger (94%) than in the EMC (5.3%); this occurs because 
the diet model results, which are used as the denominator in 
calculating the percent difference, are much smaller in the 
OOC REF than in EMC AOC or SA (Table 6).

Good agreement between our diet and bioaccumulation 
models indicates that our choices of Kows, FCMs, and a and 
b seem to be appropriate for the EMC and OOC REF eco-
systems. This would allow the water concentration-based 
bioaccumulation model to be used in the future as a sur-
rogate for sampling prey, at least until the modeling results 
indicate that the concentrations of PCB TEQ are approach-
ing its chronic LOAEC, at which point another prey study 
could be done to determine whether mink prey actually have 
low enough POC concentrations to meet wildlife (e.g., mink) 
or other management objectives (e.g., beneficial use impair-
ment removal).

Conclusion

The two models presented here can be used for monitoring 
the health of ecosystems, if a suitable sentinel species like the 
American Mink with known LOAECs can be identified. Our 
diet model can be applied to any animal whose prey species 
and diet composition are known but is especially useful for 
consumers of aquatic prey in which POCs (e.g., PCBs, mer-
cury) bioaccumulate. It would be most appropriate if the spe-
cies of interest is rare, when it is desirable to spare the popula-
tion of interest rather than sacrificing enough individuals to 

Fig. 4  Non-linearity of Food 
Chain Multipliers versus 
Trophic Level Showing the 
difference between a straight-
line fit and a polynomial fit of 
the FCMs for trophic levels 2, 
3, and 4 for PCBs 126 and 169. 
FCMs had to be interpolated for 
diets with trophic level of 3.6
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get good statistical power, or when the prey species are easier 
to catch than the predator species of interest. Our diet model 
provides dietary concentration estimates that are easily com-
parable to known LOAECs and gives a more accurate estimate 
of overall hazard than simply comparing POC concentrations 
in various prey species to LOAECs.

The bioaccumulation model will be most reliable if matched 
to a diet model in situ, rather than using the values for a and 
b that were appropriate for our study. However, our results for 
OOC REF, for which the model was not optimized, show that 
this model may be useful in stream ecosystems with similar 
ecology to EMC and OOC and contaminated with PCBs. The 
benefit of the bioaccumulation model is that it requires only 
sampling and analysis of whole water, which takes much less 
time and effort, with much lower costs for POC analysis, than 
a diet model study requires. This makes it useful as an ongoing 
monitoring tool after an initial diet model study.
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