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All 1 'T~ We investigated polychlorinated biphenyl (PCB) 
bioaccumulation relative to octanol-water partition coefficient 
(Kow) and organism trophic position (TP) at the Lake Hartwell 
Superfund site (South Carolina). We measured PCBs (127 con
geners) and stable isotopes (015N) in sediment, organic matter, 
phytoplankton, zooplankton, macroinvertebrates, and fish. TP, as 
calculated num o15N, was Significantly, positively related to PCB 
concentrations, and food web trophic magnification factors (TMFs) 
ranged from 1.5-6.6 among congeners. TMFs of individual con
geners increased strongly with log ~w, as did the predictive power 
(,.2) of individual TP-PCB regression models u~ed to calculate TMFs. 
We developed log K.".,)W-TMF models for eight food webs with vastly 
different environments (freshwater, marine, arctic, temperate) and 
species composition (cold- vs wannblooded consumers). The effect 
of~w on congener TMFs varied strongly across food webs (model 
slopes 0.0-15.0) because the range ofTMFs among studies was also 
highly variable. We standardized TMFs within studies to mean = 0, 
st.mdard de-"iation (SD) = 1 to normalize for scale differences and found a remarkably consistent Kow effect on TMFs (no difference in 
model slopes among food webs). Our findings underscore the importance of hydrophobicity (as characterized by Kow) in regulating 
bioaccumulation of recalcitrant compounds in aquatic systems, and demonstrate that relatianshjps between chemical Kow and 
bioaccumulation from field studies are more generalized than pre-"iously recognized 

INTRODUCTION 
Persistent organic contamin.1l1ts (OCs) are v.idespread in the 

environment and pose serious health risks to humans and 
w:ildlife. 1,2 Regulatory agencies have long relied on bioconcen
tration factors (BCPs) or bioaccwIlulation factors (BAFs) to 
evaluate risks and manage toxic substances, ~ but trophiC magni
fication factors (TMFs) derived from stable isotope analysis are 
increasingly llsed to quantify biomagnification of OCs in the 
emironment.4 TMFs, which measure the average biomagnifica
tion of contaminants through food webs, have a number of 
advantages over traditional BCFs and BAFs because they ace not 
ptonc to uncertainty in measurement of water concentrations, 
they account for ecological complexity in trophic interactions, 
and they measure biomagnification across entire food webs 

6ratller than for individual species.3


In spite of the widespread application of the TMF approach, 
challenges remain in identifying general patterns iu biomagnifi
cation among ecosystems and food webs. TMFs for a given OC 

can vary widely among studies depending on the types of con
sumers (e.g., poikilothemls or homeotherms) included in the analysis, 
the range of trophic levels investigated, and other factoTs.6

-
9 111ese 

issues arise not only when comparing the magnitude ofbiomagnifica
tion among systems fur single contaminants, but also when investigat
ing biomagnificatioll related to physical/chemical properties ofOCs 
themselves. 

The fI-octanol-water partition coefficient (Kow) is a primary 
regulator of biomagnification of recalcitrant compounds like 
PCBs in aquatic food webs. 10,! I Compound I<:owS are constant 
among different environments, although they vary slightly with 
temperature 12 and salinity.13 However, TMFs for PCBs increase 
sharply (up tolSX) with each unit increase in log Kow in some 
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Figure 1. Relationship between trophic position (TP) and PCB concentrations (ng g-I lipid) for the Lake Hartwell food web. Symbols represent mean 
valnes for each food web component. Organic matter: bi, biofilJll; cp, CPOM; ph, phytoplankton. Invertebrates: ac, Asian clam; go, gomphidae; rna, 
IvIacrOll1i<l, mi, midge; 20, zooplankton. Fish: bb, black buffalo; bh, black bullhead; bc, black crappie; bg, bluegill; ca, common carp; cc, channel catfish; 
ds, dolhw sunfish; fc, flathead catfish; gs, green sunfish; g'L, gizzard shad; hc, highfin carpsucker; lb, largemouth bass; rb, redbreast sunfish; 1's, redeal' 
sunlish; ts, th1'eadfi.n shad; wb, white bass; ws, whitefin shiner; ""Ill, ""armouth; Yr, yellow perch. Parameters for regression models are provided in 
Table 1. Sci.entific names are provided in Sf Table SL-"----------------------------------
food webs but show little or no increase in others.9

,14 It is unclear 
if these differences (i.e., apparent overall dependence of the TMF 
upon the Kow of the chemical) al'e related to ecological 
differences among food wehs or to methodological differences 
among studies. 

We investigated patterns of PCB biomagnification in Lake 
Hartwell (South Carolina), a warm-temperate reservoir with a 
legacy ofseyere contamination. IS Our first objective was to char
acterize PCB biomagnification within the Lake Hartwell food 
web, and we expected that PCB concentrations would increase 
with trophic position (TP). Next, we quantified the dependence 
of the TMF upon the Kow for PCB congeners and the predictive 
power (i.e., coefficient of detennination, ?) explained by TP
PCB regression models. TMFs and predictive power of TP on 
congener concentrations should increase with Kow, except for 
the most hydrophohic compounds (e.g., nona- and deca-CBs), 
as uptake from food and loss via elimination of waste hecome 
lncreasinglJ: important to hiomagnification as hydrophobicity 
increases. l 

,11 FinaUy, we used an innovative approaoh to analyze 
or interpret log Kow - TMF relationships from Lake HartweU 
and other published studies to describe the generality of Kow 
effects on PCB hiomagnification. 

E)(PERIMENTA SECTION 

Study Area. Lake Hartwell was contaminated with PCBs 
from the Sangamo-vVeston capaCitor plant located on a tributary 
25 !un upstream of the res<'!Voir. The plant discharged ..... 181.4 t 

of PCBs, primarily Aroclors 1016, 1242, and 1254, into the 
aquatic environment from 1955 to 1977. 15 The Twelvemile 
Creek arm (TCA) of Lake Hartwell (Supporting Infonnation 
(Sl) Figure Sl) remaills heavily contaminated with PCBS.16-1~ 
Sediment concentrations generally range from .....500-6500 ng g-[ 
(dlY Weight) in the TCA,16 peaking pear the top of the reservoir 
and then gradually declining down-lake.l~ The TCA has mostly 
fine-grained sediments (sand, silt and clay), and macrophytes are 
uncommon due to fluctuating water levels, steep banks, and high 
turbidity. 

Food Web CharacterizMion. Detailed methods for sample 
collection and storage are provided in the 51. We collected samples 
of sedi.ment, organic matter, zooplankton, macroinvertebrates, and 
fish in Lake Hartwell in 2005 and 2006 (51 Figure 51). Organic 
matter sources for the food web included CPOM (coarse parti
culate organic matter), epixylic algae (bio.61m), and phytoplank
ton. Zooplankton were pooled for analysis. The dominallt taxa were 
Keratclla sp. (Rotifera) and Diaptomidae (Calanoida, Cop<'poda); 
other abundant taJGl are listed in the S1. Macroinvertebrate taxa 
included midges (nontanypodinae chironomids), odonates, and 
Asian cL'illl (CorbiCIIla fluminea) (51 Tahle S1). We collected 21 
fis h species ranging from fIlter feeding planktivores to piscivores 
(51 Table 51). Suhsamples of CPOM, biofI.1m, phytoplankton, 
and zooplankton were removed for stahle isotope analysib. 
Macroinvertebrate samples for PCB and stable isotope analysis 
were composites of multiple individuals. Fish were analyzed 
whole for PCBs, and skinless dorsal muscle tissue was analyzed 
for stable isotopes. Fish were analyzed individually except for 
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small-bodied fishes «150 mm total length) which were com
posited for PCB and stable isotope analysis. Only adult fishes 
were sampled to avoid variation in chemical signatures that could 
be related to ontogenetic changes in diet. 

Analysis of PCBs, lipids, and TOe. Detailed methods for 
sanlple extraction, PCB quanti.flcatioll, quality control proce
dures, and total organic carbon (TOC) analysis are provided in 
the S1. Analysis for pcn congeners was by ga5 chromato&raphy/ 
mass spectrometry (GC/MS). This method quanti.£led 118 GC 
peaks representing 127 congeners (SI Table S2) which were 
summed to calculate 2:PCBs. Approximate minimum detection 

1limits ranged from 0.01 to 0.1 ng'g- (wet weight, ww) among 
congeners. A mininmm of four surrogate standards (SS), includ
ing CBs 14, 29, 34, 36, 61, 152 186, and 192, were added to 
samples prior to extraction. Recovery of SS was 67.3% (±17.7, 
lSD). Reported concentrations were not corrected for recovery 
efficiency because recoveries did not vary systematically among 
samples or amo 19 congeners used as surrogate standafds. An 
aliquot of tissue extracts ",'as analyzed for lipids using the gravi
metric method l9 and an aliquot CPOM samples was analyzed for 

TOC by standard methods (51). 
,515N Analysis and Trophic Position Calculation.s. Samples 

for Ol.'N analysis were freeze·dried, milled, and homogenized. 
Homogenates were combusted and reduced to N 2 with a CBN 
analyzer (Carlo Erba NA 1500) with a continuous flow to an 
isotope ratio ma~s s~ectrometer (Finnigan Delta). Atmospheric 
N 2 was used as a b . N reference standard. Reproduc1bllity was 
monitored using bovine liver (NIS'I No. 1577b) anJlyzed every 
10 samples, and precision was 0.13%0 (1 SD) for olsN. 

Trophic position ('II') was determined following Post et al.
2O 

and Jardine et al.4 using the follOWing equation, 

TPcollsume, = l(blSNcoosumeT - ol5NA'ion d,0l)/3.4] + 2 ( 1) 

where b1'N consumel' is the mean blsN of the organism, mean 
(51SNAsiall dam = 8.46 (0.12 SE), and 3.4 is the isotopic trophic 
enriclnnent factor (Le., the average difference, 6.1SN, between an 
animal and its diet). Long-lived primary con8urners like A~ian 

clam are typically used to establish an isotopic baseline necessaq 
for calculating trophic position.4

,2o The trophic position oforganic 
matter source8 wa.~ assigned a vJlue of 1.0 to reflect their basal 
position in the food web. 

Data Analysis. We calculated a TMF for individual congeners 
and ~PCB8 following Fisk et al.9 andJardine et al.4 \Ve used linear 
regression to determine the relationship between PCBs (lipid or 
TOC .Ilormalized depending on matrices) and 11'; 

10g,0 PCBHp;d = b (m x TP) (2) 

The slope m of eq 2 wa.~ then used to calculate 'IMF: 

'IMI; = 10m (3) 

We used regression analysiS to determine the effect oflog Kow 
on 'IMPs and the predictive power (1'2) ofTP.PCBllpid models. 
Log Kuw values were from Hawker and Connell 1988?1 ""Ie 
excluded cocluting congeners, congeners that occurred in <50% 
of samples, and congeners detected in <75% of food web com
ponents (i.e., organic matter types and individual taxa). This 
resulted in a total of 64 congeners used ill this analysis. 

For comparison purposes, TMFs for a generalized lake food 
web were calallated from chemical residues predicted using the 
Arnot and Goba~22 food web model. The generalized food web 
consisted of phytoplankton, zooplankton, benthic invertebrates, 

Table 1. Trophic Magnification Factors (TMFs) Calculated 
for the Lake Hartwell Food Web from Regression Models of 
Trophic Position (TP) Versus Log lO PCB Concentrations 
(ng g I lipid)" 

congener log Kow TMF slope error ,2 p 

PCB9 5.06 1.95 0.29 0.12 0.20 0.0235 

PCB 17 5.25 1.91 0.29 0.12 0.20 0.0204 

PCB 18 5.24 1.71 0.23 0.11 0.16 0.0431 

PCB 19 5-02 1.16 0.16 0.09 0.12 0.079$ 

PCB 22 5.58 2..29 0.36 0.08 0.43 0.0003 

PCB 25 5.67 2.23 0.35 0.10 0.35 0.0014 

PCB 26 5.66 2.39 0.38 0.09 0.42 0.0003 

PCB 27 5.44 1.82 0.26 O.LO 0.24 0.012 

PCB 2~ 5.67 2.68 0.43 0.07 0.58 <0.000\ 

PCB 31 5.67 2.65 0.42 0.08 0.51 <0.0001 

PCB 32 5.44 2.25 0.35 0.13 0.25 0.0096 

PCB 37 5.83 2.01 0.30 0.08 0.37 0.0011 

PCB 44 5.75 2.83 0.45 0.09 0.50 <0.0001 

PCB 45 5.53 2.98 0.47 0.13 0.35 0.0014 

PCB 47 5.85 3.57 0.55 0.08 0.65 <0.0001 

PCl! 48 5.7S 2.65 0.42 0.11 0.37 0.001 

PCB 49 5.85 3.10 0.49 0.07 0.62 <0.0001 

PCB 52 5.M 3.21 0.51 0.08 0.61 <0.0001 

PCB 53 5.62 1.91 0.28 0.09 0.27 0.0053 

PCB 56 6.1l 2.96 0.47 0.08 0.59 <0.0001 

PCD 60 6.11 3.32 0.52 0.09 0.59 <O.OOOl 

PCD 64 5.95 3.06 0.49 0.08 0.59 <0.00001 

pcn 66 6.20 3.16 0.:.4 am 0.67 <0.0001 

PCD 70 6.20 3.10 0.49 0.08 0.59 <0.0001 

PCB 74 6.20 3,47 0.:.4 0.08 0.61 <0.0001 

PCD 77 6.36 2.54 0.40 0.11 0.35 0.0016 

PCIl82 6.20 3.96 0.60 0.09 0.64 <0.0001 

PCIl84 6.04 3.25 0.51 0.14 0.35 0.0015 

PCB 87 6.29 3.52 0.55 0.09 0.60 <0.0001 

PCB 91 6.13 3.60 0.56 0.09 0.62 <0.0001 

PCB 92 6.35 4.30 0.63 0.10 0.63 <0.000) 

PCB 95 6.13 3.10 0.49 0.08 0.62 <0.0001 

PCll97 6.29 3.72 0.57 0.09 0.62 <0.0001 

PCjJ 99 6.39 4.06 0.61 0.09 0.64 <0.0001 

PCD lOa 6.23 5.07 0.7l 0.13 0.56 <0.0001 

PCB 101 6.38 3.48 0.54 0.08 0.66 <0.0001 

PCll 105 6.65 4.01 0.60 0.10 0.59 <0.0001 

PCB 110 6.48 3.26 0.51 0.07 0.65 <0.0001 

PCB lI8 6.74 1.10 0.61 0.09 0.65 <0.0001 

PCB 124 6.73 1.87 0.69 0.12 0.56 <0.0001 

PCB 128 6.74 6.00 0.78 0.15 0.52 <0.0001 

PCB 130 6.80 4.99 0.70 0.13 0.53 <0.0001 

PCB 134 6.55 3.90 0.59 0.12 0.50 <0.0001 

PCD 135 6.64 4.65 0.67 0.13 0.53 <0.0001 

PCB 136 6.22 3.96 0.60 0.12 0.50 <0.0001 

PCB 137 6.83 5.89 0.77 0.14 0.57 <0.0001 

PCD 138 6.83 HO 0.62 0.1l 0.58 <0.0001 

PCB 111 6.82 6.18 0.79 0.15 0.54 <0.0001 

PCR 144 6.67 4.28 0.63 0.11 0.56 <0.0001 

PCB 116 6.89 5.01 0.70 0.10 0.65 <0.0001 

PCD 149 6.67 4.18 0.62 0,09 0.65 <0.0001 
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Table 1. Continued 

congener log K".... TMF slop. error ,.2 
P 

PCB 151 6.64 5.7S 0.76 0.14 0.55 <0.0001 

]Jell 156 7.18 6.24 0.80 0.15 0.55 <0.0001 

peBi57 7.18 4.83 0.68 0.12 0.57 <0.0001 

PCB 161 6.99 4.39 0.64 0.10 0.62 <0.0001 

pcn 164 7.02 4.63 0.67 0.13 0.51 <0.0001 

PCD 167 7.27 5.47 0.74 0.15 0.51 <0.0001 

Pc..Il170 7.27 6.63 0.82 0.L4 0.57 <0.0001 

PCD J71 7.11 5.14 0.71 0.12 0.59 <0.0001 

PCB 174 7.11 4.38 0·.64 0.14 0.48 <0.0001 

rcn 177 7.08 4.90 0.69 0.13 0.54 <0.0001 

PCB 178 7.14 4.96 0.70 0.12 0.51 <0.0001 

PCB IS3 7.20 5.25 0.72 0.14 0.51 <0.0001 

PCB 187 7.17 5.60 0.75 0.12 0.60 <0.0001 

l:I'CB 3.09 0.49 0.07 0.68 <0.0001 

"Slopc, error, /, and p valucs arc for each 'Ip·PCB rcgression model. 
Error term is standard error of the model slope. Relationships for log 
[(ow with TMF and ,-2 are shown in Figure 2. 

two forage fish, and a piscivorous fish with an assumed trophiC 
position (TP) of I, 2, 2, 3, 3, and 4, respectively. Steady-state 
solutions of the Arnot and Gobas;l2 model were found for the log 
Kow ofeach PCB congener. Equation 2 was then used to develop 
a linear model relating TP and predicted residues for each con
gener. Subsequently, eq 3 was used to detennine the TMF for the 
congener of interest ba~ed on the slope from eq 2 (the "m" 
parameter). Details of model parametrization are pfoVided in the 
51 and include diets, composition (i.e., lipid, moisture, and nOlllipid 
matter contents), and weights of the organism. 

vVe also compared the relationship betw'een Kow and congener 
'IMFs for Lake Hartwell to those from other field studies rer0rting 
'IMFs for PCBs across a similar range of KowS.8,9,14,23-2- These 
included food webs from marine and freshwater systems, from 
arctic and temperate dinlates, and food webs comprised entirely 
of horneothenns ("warm"), homeothem1s and poikilotherms 
("whole"), and only poikilotherms ("cold").? We used linear 
regression to determine relationships between Kow and raw 
TMFs derived from these studie·s. The range of TMFs varied 
strongly among studies, so we standardized TMFs within studies 
to mean = 0, SD = 1 to remove scale differences in the response 
of 'IMF factors to Kow among food webs. We modeled stan
dardized TMFs using anal~'sis of covariance (AN~OVA) with 
log Kow as a continuous variable and individual food web studies 
as categorical variables. 

RESUL S ANn DISCUSSIO 

PCB Biomagniflcation in Lake Hartwell. Mean HCBs in 
Lake Hartwell ranged from 30 to 16800 ng g-I wet weight 
among food web components (SI Table 51). Trophic relation
ships derived for consumers were typical for aquatic food webs 
with invertebrates having lower trophiC position than fishes 
(Figure 1). Zooplankton had the highest trophiC position (TP) 
among invertebrates. Trophic position of fishes varied from 2.S 
to 4.0 (SI Table SO, but calculated values did not always confrrm 
expectations based on published information 0.11 adult diets?6 
Top predators such as pisciITores (JargemolJth bass, Micropterus 
salmoides and flathead catfish, Pylodictis olivaris) had high TP 
values, but TP was similarly high for other planktivorous 
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Figure 2. (A) Relationship oflog Kow with PCB congener TMFs for 
the Lah Hartwell food web and for modeled TMFs for ,1 generalized 
food webZ2 Regre:;sion line and equation are for Lake Hartw~il data. (B) 
Relationship of log Kow with r 2 values from regression models ofTI' 
versus log PCBs (ng g~ I lipid) for Lake Hartwell. Parameters forTI' 
PCB models for Lake Hartwell are pro~ided in Table 1. 

(tbreadfin shad, Dorosoma petenense), omnivorous (black bull
head, Ameiurus melas), and invertivorolls (black buffalo, Ictiobus 
Itiger) fish that would be expected to have lower TP values 
(Figure 1). 

Log PCB concentrations were linearly related to TP for 
individual congeners and IPCBs (Figure 1). Much of the varia
tion in these models can be attributed to variability among fish 
speCies. For example, total PCBhpjd concentrations varied 6-fold 
for fish with TP ~3.0, similar to variation in IDDT concentra
tions for fish in Lake Malawi, Afnca.l

7 
High variation within 

trophic levels can be partially explained by a weakness of the TP 
modeling approach. Calculation of TP assumes a common 

4fractionation rate (D-lSN) amonRconsurners. However, ll.ISN 
varies widely·among consumers,! .~8 and violation oflhe assump
tion of constant ll.l.SN causes measurement error in TP.4 

Evidence for this type of error exists in Lake 'Hartwell. Black 
bullhead had higher TP than expected for an omnivore, and their 
PCB concentrations were much lower than models predicted 
(Figure 1). Likewise, wannouth had lower TP than expected for a 
generalized carnivore (consumers ",ith a mixed diet of inverte
brates and fish, 26), and their PCB concentrations were typically 
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Table 2. Linear Regression Models of Log Kow Versus TMFs for Various Food WebsG 

log Kow vs TMF 

.<ludyarea food web citation n slope intercept 

Bailin Bay whole 8 10 4.7 l.l 

[brents Sea cold 9 9 0.3 3.9 

[>areuts Sea wann 9 9 15.4 6.2 

Beaufort·Chukchi Sea whole 23 9 2.8 1.9 

China (reservoir) cold 25 10 1.5 3.0 

Lake Hartwell cold l2 1.5 2.7 

Tokyo Bay cold 24 8 0.4 1.2 

White Sea whole L4 9 0.0 1.9 

log K",. vs standardized TMF 
-------,-_._----

slope illter,cpt p 

1.43 - 9. 3 0.56 0.Ql 

-0.40 2.5 0.04 0.60 

1.59 -10.1 0.71 0.004 

1.53 -10.0 0.72 0.004 

1.72 ·-l1.0 0.72 0.002 

1.65 - 10.6 0.87 0.0001 

1.64 --10.5 0.93 O.OOOl 

0.16 --1.1 0.01 0.78 

"Data from B<tffin Ray, Barents Sea, Beaufort-Chukchi Sea, and 'White Sea food webs were.compiled by Rorga et a!. (ref7 and Table 2). Models include 
Tl\.fFs calculated for PCBs 28, 31,47,52,99,101, lOS, 118, 138, 149, IS3, 180, and 194, although not all congeners were measured in each sludy. The 
Same congeners were used when available for China (reservoir), Lake HaltwelJ, and Tokyo Bay, but other congeners with similar chlorination state were 
substituted as necessary to ensure that a similar range oflogKC1w values were used 'lnlOng 1U0del1i. N refers to the total number ofcongeners used in modds. 
Food web classifications: cold, food web comprised of poikilothe'ms (i[wertebrates and fish) only; wamt, food web comprised ofhomeotherms (birds and 
mammals) only; whole, food web comprised ofhomeothenlls and poikilotherms. References are for studies from which tbe dat,l were compiled. Intercepts 
are for models that normalized Kow to the lowest value (Kow ~ 5.56, PCB 28). Modd parameters for Lake HaItweIl differ slightly from those in Figure 2A 
because only a subset of congeners was used for this analysis. Model ,.' and p values are the same for models using TMFs and standardil.ed TMFs. 

higher than predicted. Other ecological factors such as growth 
and elimination rates also regulate biomagnification of OCs in 
animak29-:; 1 These processes are largely independent ofTP and 
could contribute unexplained variation in the TP response. 

The TMFs for individual congeners ranged frOID I.S to 6.6 
(Table 1). TMF was strongly, linearly related to log Kow up to 
log Kay>! values of "-'7.3 (r' = 0.8, P < 0.0001; Figure 2A). The 
slope of the Lake Hartwell log Kow - TMF model was 1.88, indi
cating that TMFs apprOximately doubled with each unit increase 
in log Kov-:. The log Kow - 'IMP relationship for Lake Hartv.'ell 
was in good agreement with that derived from the generalized 
lake food web. TMFs derived from the Arnot and Gobas model 
demonstrated an increase in TMF with log Kow, but the relation
ship was not linear and there were Significant deviations at low and 
high values of Kow. Trophic position (TP) explained 12--67% of 
the variation in PCBl.!l'id concentrations (Table 1, Figure 2B). The 
,.z ofTP-PCBup"lmodels also increased significantly with log Kow 
(,.2 = 0.68, P < 0.0001), btlt the relationship was nonlinear 
(Figm'e 2B). 

Kow is a measure of hydrophobicity and indicates partitioning 
potential, a fundamental property regulating biomagnification of 
recalcitrant OCs in the aquatic environment. The relationship 
between Kow and PCB bioaccumulation we observed is con
sistent with those from modeling studies, laboratory feeding 
experiments, and other food web studies. Biomagnification and 
half-lives of recalcitrant compounds typically increase for log 
Kow < 7.0, then decline due to reduced bioavailability and 
potentially inaccurate Kow estimates for these superhydropho
bic OCs.7, 10,30,32 We found a strong lin.ear relationship between 
congener TMFs and log Kow in Lake Hartwell. Our criteria for 
developing log Kow - 'IMP models (excluding congeners 
occm'ling in <SO% of san1ples and congeners occurring in <7S% 
of food web components) excluded many octo-and nona"CBs, so 
there is uncertainty regarding the shape of the response for higher 
chlorinated congeners with higher Kmv. 

Contaminant I<:ow not only affed~ biomagnification via trophic 
transfer but also determines the power of TP to predict COIl

taminant concentrations. Predictive power for PCBlipid models 
was maximized fiJr log Kow values between 5.75 and 7.0. This 

curvilinear response in model r2 is expected because the pre
dictive power ofTI' sbould be maximized for compounds where 
dietary uptake and fecal egestion elimination rate are the most 
important processes driving exposure and bioaccwnulation.]J 
Model ,.2 was likely lower for compounds with log Kow < S.7S 
because other processes such as bioconcentration and elimina

tion via res?iration are imf.~X;i~l for ac~umulation of these less 
hydrophobic compounds.' , , LlkeWlse, the declme 1.0 model 
r for compounds with log Kow > 7.0 suggest that other factors 
such as reduced bioavailability and slow absorbance rates lessen 
the role of trophiC transfer in bioaccwnulation of these com
pounds. I0,32,33 A Similar relationship could be expected for other 
recalcitrant OCs, but not for metabolizable high Kow com
pounds (e.g., PAHs, PDBEs, PFOS) that demonstrate little 
biomagnilication in aquatic food webs.6

,Z4,2S,3S 

The two large negative residuals in Figure 2B were for PCB 77 
and 84, indicating that TP-PCB models had lower ,.z than ex· 
pected based on log ~w (see Table 1 for model parameters). The 
TP-PCBlipid model for PCB 77 also had a lower slope than other 
tetra-CBs with similar log Kow values (Table 2). PCB 77 is copla
nar and non-ortho subStituted, and our results suP~0:t pre,ojous 
findings that congeners with this molecular structure 2,,6 and PCB 
77 in particular 3',39 are biotransformed in aquatic food webs. PCB 
84 is a dural congener that is enantioselectively metabolized in 
mammals.39 PCB 84 was detected in invertebrates in Twe!vemile 
Creek (the stream delivering PCBs to Lake Hartwell) but not fish, 
suggesting that fish arc able to metabolize PCB 84.40 We detected 
PCB 84 in 92% offish samples from Lake Hartwell, but concentra
tions were ~2-S fold lower than other penta-CBs (data not 
shown). Concentrations among fishes were highly variable and did 
not follow expected trophic relationships based on (jl~. These 
results also snggest that metabolism by fish may disrupt food web 
bioaccumulation of PCB 84. 

Kow 'Effects on TMFs: Cross-system Comparisons. The 
relationship between lCow and congener TMFs varied among 
food webs (Figure 3A). Log Kow wa~ highly predictive (r2 = 
0.71-0.8S) of TMFs in all but two food webs (Barents Sea cold, 
,.2 =0.04; White Sea whole, r2 =0.01; Figure 3A, Table 2). Model 
slopes were highly variable; TMFs increased from 0 ~ 1Sx among 
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food webs for each unit increase in log Kow. The greatest increase 
was for a warm food web, followed by whole food webs. Model 
slopes were lowest for cold food webs e.''(cept for the "\A/hite Sea 
whole food web, where l~w had no effect. Variation in model 
slopes largely reflected variation in the range ofTMFs among food 
webs (e.g., Barents Sea warm, TMFs = 5.4 -- 28.4; Lake Hartwell, 
TMFs = 2.6 - 4.2). The I~w effect on standardized TMFs was 
consisteut among food webs (Figure 3B). Log Row was strongly 
linearly related with TMF (ANCOVA, full model: FIl , 57 = 12.6, 
/ = 0.75, P < 0.0001; log Kow: F l , 57 =134.1, P = <0.0001) and 
regression slopes did not differ among food webs (model slopes = 
1.43-1.72, log I~...v X food web: Fs, 57 = 0.09; P = 0.99). Mean 

1" slope for the whole model was 1.60 (±0.14 SE) across food webs 
indicating that each unit increase in log Kow resulted in a 1.6 X 

incre.ase in the mean of the standardized TMF. 
Because contaminant RowS are relatively constant in the 

environment, it was reasonable to expect that TMF dependence 
on Kow should be similar among food webs. However, the 
magnitude of the TMF response had not previously been com
pared among food webs. Cornparisons are problematic due to 

ecological dilferences among food webs and methodological 
differences among studies. Regression models using raw TMFs 
indicated that food web type strongly affected the magnitude of 
the log Kc)\~' response. Regression slop es were steepest in a warm 
food web, intermediate in whole food webs, lowest in cold food 
webs, and nonsignificant for two food webs. Standardized TMFs 
demonstrated a consistent response (1.6x increase with each 
unit increase in log Kow) among those food webs with a signi
ficant Row effect. This generalized finding underscores the 
importance of hydrophohicity in regulating biomagnification of 
recalcitrant compounds in the environment. 

TMF App'lication. Comparing TMFs across systems has 
yielded insight into important processes (e.g., comparing expo
sure at the base of the food web by comparing intercepts of the 
regressions, 7), yet comparisons are challenging due to ecological 
differences among food webs and methodological differences 
amqog studies. For example, TMFs are typically higher in food 
webs having consumers with high lipid content, warm-blooded 
apex pr~dators, and longer food chains.7

,8,:l7 However, some 
differences in TMFs could result from different methodologies, 
such as the inclusion of basal organic matter when analyzing 
TP-PCB relationships (ref41, this study). Comparisons ofTMFs 
among studies would benefit from an approach similar to the one 
that we used to compare Row effects among studies. That is, 
standardize TP and contaminant concentrations to their mean 
and variance within studies to remove scale differences among 
studies prior to making comparisons. 

TMFs proVide solid empirical evidence ofbiomagnification in 
the field, yet integrating TMF information into regulatory and 
risk management decision-making is an ongOing challenge3 

Currently, regulatory agencies assess bioaccumulation potential 
based on a chemical's Kow and bioconcentration factor (BCF). 
Gobas et al.42 recently proposed a chemical assessment frame
work giving preference to TMF and BMF data over fiCF and 
Ko \\' since the TMF and BMF provide insights regarding the 
potential for a substance to biomagnify. This framework brings 
field measurements that are currently ignored into the assess
ment process. By including TMFs a.nd BMFs in the framework, 
decisions on a chemical's bioaccumulation potential can be based 
npon a much broader range of bioaccumulation data (lab and 
field) and will help to prevent or reduce the miscategorization of 
individual chemicals. 

TMFs measure biomagnification of chemicals within food 
webs; however, TMFs do not capture the bioaccumulation of 
chemicals from sediment and water to organisms in the food 
web. Use of TMFs to predict bioaccumulation will require the 
development of methods for establishing the relationship be
tween the sediment and water to the base of the food web. Two 
approaches are available for establishing these relationships. 
First, direct measurement of the sediment, water, and base of 
the food web could be done in the ecosystem where the TMF 

Jwas determIned. Second, mechanistic food web models2l
,4

could be used to mode] and predict these relationships. These 
methods, in combination with the TMF, would enable prediction 
of chemical residnes .in organisms within a specific food web. 
Investigations into the underlying behavior of TMFs are im
portant for acceptance ofTMFs into regulatory and risk manage
ment decision-making processes. This report demonstrates that 
TMFs are well-behaved with respect to the chemical's hydro
phobicity (expressed using Row) and that predictions &om 
mechanistic bioaccumulation models are consistent with field 
observations. 
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