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Abstract 
Concentrations of polychlorinated biphenyls (PCBs), a group of compounds known to be carcinogenic, in 
water and fish samples were studied in the Houston Ship Channel and Galveston Bay to determine a 
bioaccumulation factor (BAF, measured in L/kg lipid) for common fish species. The United States 
Environmental Protection Agency (USEPA) employs the use of a simple BAF parameter in water quality 
regulation. The objective of the study was to test the validity of this assumption. Water PCB concentration 
was found using a high-volume sampling technique, where suspended and dissolved PCBs were 
captured using 1 µm Glass Fiber Filters (GFFs) and XAD-2 resin columns, respectively.  Hardhead 
Catfish (n=21 samples for 2008 study, n=68 samples for 2002 study) and Atlantic Croaker (n=14 samples 
for 2008 study) were filleted for tissue analysis. A general decline in PCB levels from 2002-2003 to 2008 
across all media was found in the studied area. In the 2008 study, 96% (n=25) of the stations sampled 
exceeded the PCB standard for fish tissue and/or water, set by Texas Department of State Health 
Services (TDSHS) and Texas Commission on Environmental Quality (TCEQ). A strong linear correlation 
was found between total water concentration and the lipid-normalized tissue concentration of PCBs in 
Atlantic Croaker (R

2
=0.696, p<0.05), while no correlation was found for PCB content in tissues obtained 

from Hardhead Catfish (R
2
=0.022, p=0.563). The BAF values calculated for the Atlantic Croaker had a 

lower mean and smaller range (2.41·10
6
, 1.19·10

6
-4.12·10

6
), in comparison to those calculated for the 

Hardhead Catfish (7.02·10
6
, 8.50·10

5
-5.82·10

7
) in the 2008 data set. This correlated with 2002-2003 

study results for BAF in Hardhead Catfish (5.65·10
6
, 5.37·10

5
-3.04·10

7
). No correlation (R

2
=0.0029, 

p=0.862) was found between the BAF of Atlantic Croaker and Hardhead Catfish at the common sampling 
sites in the 2008 study. We found that a linear statistical model was not suitable for determining a BAF 
that can accurately predict fish tissue concentration from water concentration, or vice versa, for both 
species. 
   
Introduction 
Polychlorinated biphenyls (PCBs) are a group of 
209 congeners that have been used for a variety 
of industrial purposes, namely as dielectric fluids 
in transformers and capacitors, and in hydraulic 
systems (Bodin et al. 2008). Large-scale industrial 
production began in 1929 with the creation of 
Aroclors, a family of PCB mixtures with different 
levels of chlorination (Lipnick et al. 2001). The 
prohibition of PCBs occurred as a result of the 
discovery of the toxicological effects of PCBs 
exposure. In 1976, PCB manufacturing, 
processing, distribution and use was banned in the 
United States, and later, in Japan, Canada and 
western European countries (Lipnick et al. 2001).  

Chronic toxicity due to PCB exposure has 
not been well-demonstrated, but a number of 
toxicological data from animal studies have shown 
that it is toxic and carcinogenic (Robertson and 
Hansen 2001). It is important to note that the 
congeners differ in toxicity, with toxicity increasing 
for more chlorinated congeners. The 
consequences of PCB exposure are observed 

mainly in the thyroid gland, liver, immune system, 
and reproductive system of humans (Sharma et al. 
2009).  

PCBs persist in nature due to the same 
high physical and chemical stabilities that made 
them attractive for industrial use (Lin et al. 2006). 
This persistence along with their hydrophobicity 
and resistance to degradation results in the 
bioaccumulation of PCBs (Bodin et al. 2008).  The 
criteria for a chemical to be considered 
bioaccumulative is generally when the 
Bioaccumulation Factor (BAF) exceeds 5000 L/kg 
on a wet weight basis, meaning a measure of 
tissue concentration found by dividing the mass of 
the chemical within the tissue by the total weight of 
the tissue, including any water present and is not 
lipid-normalized, with the BAF being the ratio of 
concentration in fish tissue to concentration of the 
water (Harrad 2001). The BAF is used by the 
USEPA to calculate a Total Maximum Daily Load 
(TMDL) for a particular body of water. 
Toxicological effects of PCBs generally result from 
human consumption of aquatic organisms; 
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Equation 1. Preferred equation for calculation 
of bioaccumulation factor (BAF) 

however, the concentration of PCBs in the tissue 
of aquatic organisms cannot be easily monitored 
and regulated. The purpose of the BAF is to 
translate the desired concentration in aquatic 
organism tissue into a water concentration to 
assist in the regulation process. The BAF is a 
parameter generally considered to be a single 
numerical value in the regulation of 
bioaccumulative chemicals, meaning that a linear 
correlation is assumed between fish tissue 
concentration and water concentration. The 
accuracy of the BAF value is particularly 
important, since it also is used to determine 
permitting procedures and clean-up efforts 
required. 

The ability of a chemical to bioaccumulate 
has been related to several potential factors. 
Substances will partition differently between fish 
tissue and water depending upon their chemical 
properties, the most relevant of which is the 
octanol-water partition coefficient (Kow). The 209 
different congeners of PCBs have significantly 
different Kow values, with differences in a range of 
10

5
 (ranges from 10

4.5
 to 10

9.2
) , with the more 

chlorinated congeners being more hydrophobic. 
This range of chemical properties among PCB 
congeners makes calculating a singular BAF even 
more difficult.  

Furthermore, in calculating BAF values, it 
is important to consider the bioavailability of the 
difference congeners. In the freely dissolved 
phase, the contaminants are able to move freely 
across biological membranes of aquatic 
organisms, while those in the suspended phase 
cannot (Sethajintanin and Anderson 2006). A 
study by Sethajintanin and Anderson (2006) found 
that bioavailability varies greatly among PCB 
congeners, with some being consistently more 
bioavailable than others.  

In calculating and understanding of the 
BAF, lipid normalization of the chemical 
concentration is essential (USEPA 1995). 
According to United States Environmental 
Protection Agency (USEPA) guidelines, lipid 
content should be determined from the same 
sample that is analyzed for chemical residue 
(USEPA 1995). Bioconcentration tends to be 
proportional to the lipid content of the organism, 

and the use of lipid normalization allows for the 

calculation of a BAF independent of the lipid 
content of the organism (Harrad 2001). Based on 
the value of normalizing fish tissue concentration 
with lipid content and using bioavailable, or 
dissolved phase, water concentration, the 
equation that will be preferred in the calculation of 
BAF is. 

The objective of this study is to 
understand the behavior of the BAF for PCBs in 
two different fish species, the Hardhead Catfish 
(Arius felis) and Atlantic Croaker (Micropogonias 
undulates). The BAF is a crucial parameter used 
in PCB regulation and should be carefully 
monitored, not only for individual chemicals, but 
among the different organisms as well. This study 
seeks to determine differences in the behavior of 
BAF in different fish species.  
 
Materials and Methods 
 
Study Area 
The Houston Ship Channel (HSC), Upper and 
Lower Galveston Bay, and Trinity Bay have 
received several advisories from the Texas 
Department of State Health Services (TDSHS) 
about fish consumption in recent years (TDSHS 
2008a) (TDSHS 2008b). TDSHS has advised 
against the consumption of more than one eight-
ounce meal per month of all catfish species and 
speckled sea trout due to the presence of 
polychlorinated dibenzo-p-dioxins, polychlorinated 
dibenzofurans (PCDDs/PCDFs or ‘dioxins’), and 

polychlorinated biphenyls (PCBs). Galveston Bay 
is the seventh largest estuary (600 square miles or 
384,000 acres, 232 miles of shoreline) in the 
United States. Nearly half of all United States 
petrochemical production occurs in the greater 

Figure 1. Map of Houston Ship Channel, 
Galveston Bay, contributing bayous and 
sample sites for 2008 study. 
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Houston area. A map summarizing the sample 
locations for the 2008 study is included in Figure 
1. 
 
Sample Collection 
Sampling was performed at the selected sites 
during two periods, from September 2002 to May 
2003, then again during 2008, from April to 
August. In the September 2002 to May 2003 
study, a sum total of 53 and 84 samples were 
collected for water and fish, respectively. In the 
2008 study, a total of 45 water and 50 fish 
samples were collected. The selected sites were 
scattered throughout the HSC, adjoining bays, and 
Houston area bayous. At each site, samples taken 
from water and fish tissue were used for analysis.   
 Water column samples were taken using a 
high-volume sampling technique. The sampling 
unit that was used is designed to collect both 
particle-bound and dissolved phase PCBs. To 
achieve low detection limits, we used 1 µm Glass 
Fiber Filters (GFFs) to collect the suspended, or 
particle-bound PCBs, and XAD-2 resins to collect 
the dissolved phase PCBs. The total water 
concentration is the sum of the concentrations 
from suspended and dissolved phases. The 
sampling unit was operated continuously from a 
boat until the desired volume of water was filtered. 

The desired water volume is between 100 
L to 1000 L in order to best detect ultra trace 
concentrations (well below 0.1 ppb, or 0.1 µg/L). A 
good representative sample of the entire water 
column can be obtained by changing the depth of 
the sampling unit inlet every 30 minutes (for 2008 
samples only). Some in-stream sampling was 
performed by operation of the sampling unit from 
the shore. The sampling points taken from land 
are generally assumed to have little concentration 
deviation with depth. After the desired volume is 
achieved, the GFFs and XAD-2 resins are 
packaged separately for analysis.  
  Fish tissue was collected from several 
species, with preference in the following order; 
Sportfish (Trout/Croakers): Speckled Seatrout 
(Cynoscion nebulosus), Sand Seatrout (Cynoscion 
arenarious), and Atlantic Croaker (Micropogonias 
undulates); Catfish: Hardhead Catfish (Arius felis), 
Blue Catfish (Ictalurus furcatus), and Channel 
Catfish (Ictalurus punctatus). Speckled Seatrout, 
Sand Seatrout and Atlantic Croaker were not 
sampled in the 2002-2003 study.  

A target length of 30 cm (12 in) or larger 
was required for collection. Fish used were 
approximately within 10 to 20% of the same length 
and weight for any sample. The samples were all 
individually measured for length and weight. A 

composite of fish tissue from a minimum of three 
fish from each species was obtained by filleting 
the fish using a stainless steel knife, packing the 
tissue in aluminum foil and plastic bags, followed 
by composite freezing. The composite was then 
shipped to a commercial lab for analysis of PCB 
concentration and lipid content.  
 
Analytical Methods 
PCB congener concentrations in water and fish 
tissue were quantified by high-resolution gas 
chromatography/high resolution mass 
spectrometry (HRGC/HRMS) using USEPA 
method 1668A, which quantifies all 209 congeners 
(USEPA, 1999). Lipid content was determined by 
a commercial laboratory using method AOAC 
996.06 (AOAC International 1999). All analyses 
were completed by a commercial laboratory.  
 
Data Processing Methods 
Data analysis was performed using databases 
containing the results from two sampling sets from 
2002 to 2003 and 2008. Two congener-specific 
grouping methods were used to analyze the data 
in addition to the determination of total 
concentration. One of the methods used is a group 
of 43 specific congeners (McFarland and Clark 
1989). The other used was the NOAA 18, a group 
of 18 specific congeners (NOAA 1989). These 
groupings were made by ranking the level of risk, 
which is dependent on the frequency of their 
occurrence in environmental samples, 
accumulation in animal tissue, and their toxic 
effects.  

Other considerations were made in using 
the database. Duplicate samples were taken at a 
rate of 5% or better for this study, meaning at least 
one duplicate sample was to be taken for every 20 
samples. For those samples, the results were 
averaged and used as a singular data point for 
that particular station. The concentrations of the 
individual PCB congeners were reported 
separately and summed to produce the results for 
all congeners, McFarland and Clarke 43, and 
NOAA 18. On several samples the results of some 
congeners fell below the Method Detection Limit 
(MDL). For these individual congener 
concentrations, the result was assumed to be one 
half of the MDL. This method did not significantly 
change the results for the congener concentration 
sums and was found to be the best method, when 
compared to either making the assumption that 
designating non-detectable samples as zeros or 
as the threshold for the MDL. 

The bioaccumulation factor (BAF) can be 
calculated by two possible statistical methods, 
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either by using a linear regression plot comparing 
PCB concentration in fish tissue sample 
concentration to that in water or by dividing fish 
tissue concentration by water concentration and 
analyzing the distribution. For the first method, the 
BAF would be the slope of the regression. For the 
second method, a box and whisker plot can be 
prepared using the BAF data points, with a 
median, confidence intervals and outliers defined. 
This study used both methods for calculating the 
BAF. 
 
Results 
The studies in 2002-2003 and 2008 had 18 
common stations that were sampled for water and 
catfish tissue concentrations. The average 
concentration of PCBs in all sampled media in the 
2002-2003 and 2008 studies can be seen in Table 
1.  

 The fish tissue and surface water quality 
standards for PCBs were regularly exceeded in 
the study area. In the 2008 study, 23 out of 25 
stations sampled for water concentration 
exceeded the Texas Commission on 
Environmental Quality (TCEQ) surface water 
quality standard of 0.885 ng/L. The average total 
water concentration, using all congeners, was 2.22 
ng/L. In the 2008 study, 22 out of the 25 stations 
sampled for catfish and/or sportfish 
(trout/croakers) exceeded the standard of 47 ng/g 
wet weight by having a concentration greater than 
the regulatory limit. This level of exceedance is not 
acceptable and is the current justification for the 
establishment of a TMDL. The average fish tissue 
concentration for all fish species sampled, using 

all congeners, was 174 ng/g wet weight. In the 
2002 study, 27 out of the 32 stations sampled for 
water concentration exceeded the water quality 
standard of 0.885 ng/L. The average total water 
concentration, using all congeners, was 1.96 ng/L. 
In the 2002 study, 30 out of the 32 stations 
sampled for catfish exceeded the standard of 47 
ng/g wet weight. The average tissue concentration 
for all fish species sampled in the 2002 study, 
using all congeners, was 129 ng/g wet weight. 

The physical parameters (gender, length, 
width, and lipid content) of the fish samples 
composited for tissue analysis are summarized in 
Table 3. On average, the Atlantic Croaker had 

over four times the lipid content of the Hardhead 
Catfish, though the Hardhead catfish was larger 
than the Atlantic Croaker (40% by length, 130% by 
weight).  

The linear regression analysis of lipid-
normalized fish tissue concentration against lipid-
normalized BAF was calculated by the division 

Table 1. Comparison of 2002-2003 and 2008 Data 

for various media 

Table 3. Physical parameters of fish samples 
from 2008 study. 

Figure 2. Relationship of lipid-normalized BAF to 
tissue concentration for Hardhead Catfish (blue) 
and Atlantic Croaker (red). Lipid-normalized BAF 
calculated using total water concentration and all 
PCB congeners. (2 outliers removed for Hardhead 
Catfish regression). Outliers removed had 
standard residual greater than 2, or less than -2. 
95% confidence interval used. 
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method for Hardhead Catfish and Atlantic Croaker 
in 2008 and are shown in Figure 2. We performed 
this to determine if lipid-normalized BAF is 
independent of the lipid-normalized fish tissue 
concentration for each species. A significant linear 
correlation (R

2
 = 0.8027, p<0.05, 2 outliers 

removed) was found between the lipid-normalized 
Hardhead Catfish tissue concentration and lipid-
normalized BAF for Hardhead Catfish. For the 
Atlantic Croaker, the relationship of lipid-
normalized BAF and lipid-normalized tissue 
concentration is weaker (R

2
=0.3908, p<0.05). The 

relationship becomes weaker when considering 
the McFarland & Clarke 43 and NOAA 18 
congener groupings, and BAFs calculated from 
dissolved water concentrations. Another 
regression of lipid-normalized tissue concentration 
against lipid-normalized BAF was also performed 
using the 2002 Hardhead Catfish data. A 
significant linear correlation (R

2
=0.522, p<0.05, 31 

samples, 3 outliers removed) was found using this 
Hardhead Catfish data as well. The range of water 
and fish tissue concentration was comparable, as 
can be seen in Table 1.  

The plot of water concentration against 
lipid-normalized BAF for Hardhead Catfish and 
Atlantic Croaker is shown in. No significant 
relationship was found between the lipid-
normalized BAF and dissolved water 
concentration for Hardhead Catfish (p>0.05) or 
Atlantic Croaker (p>0.05).  

The results of the regression method for 
calculating BAF are shown in Table 2. A box 

and whisker plot of the division method is shown in 
Figure 4. The Atlantic Croaker lipid-normalized 
tissue concentration strongly correlated with both 
total and dissolved phase water PCB 

concentrations as shown by the linear regression 
analysis (R

2
=0.656-0.707, p<0.05). The Hardhead 

Catfish data for neither 2008 nor 2002-2003 data 
indicated the same relationship (p>0.05 for all 
regressions). The BAF values for Hardhead 

Catfish were found to be better correlated with 
total water concentration and tissue concentration 
(R

2
=0.42, p<0.05, all congeners) when tissue 

concentration was not lipid-normalized. The 
Atlantic Croaker was found to have a similar 
correlation (R

2
=0.43, p<0.05, all congeners). An 

unpaired t-test of the lipid-normalized BAF values 
as determined by the division method for 
Hardhead Catfish in the 2002-2003 and 2008 
study reported a value of 0.472, showing no 
significant statistical difference between the mean 
of the two data sets. An unpaired t-test could not 
be performed for Atlantic Croaker because data 
from 2002-2003 were not available. The range of 
lipid-normalized BAF (in units of L/kg lipid) 
calculated from dissolved water concentrations 
was 8.95·10

5
 to 5.82·10

7
 and 1.33·10

6
 to 6.09·10

6
 

for Hardhead Catfish and Atlantic Croaker, 
respectively. On a logarithmic scale, this range is 
from 5.95 to 7.76 and 6.12 to 6.78 for Hardhead 
Catfish and Atlantic Croaker, respectively. 
  The relationship of Hardhead Catfish BAF 
to Atlantic Croaker BAF, both calculated by 
division method, is shown in Figure 5. The lipid-
normalized BAF was used for this regression; 
however an equivalent representation would be 
the lipid-normalized tissue concentration of each 
species, since the BAF was calculated simply by 
dividing the lipid-normalized tissue concentration 
by the respective water phase concentration. The 
2008 study had 13 common stations where both 
species were collected and analyzed. There was 
no significant correlation (R

2
=0.0835, p=0.338, 

Table 2. Lipid-normalized BAF for Hardhead 
Catfish (2002-2003 and 2008 studies) and 
Atlantic Croaker (only 2008 study) calculated by 
regression method with corresponding 
goodness of fit and p-value. 95% confidence 

interval used. 

Figure 4. Box plot of lipid-normalized BAF by 
species and time on a logarithmic scale. BAF 
calculated by indicated water phase. All PCB 
congeners used. Outliers are marked by 
diamonds. Extreme outliers (points greater than 
3 times the interquartile range (IQR) outside the 
upper or lower limit of the IQR) marked by 
circles. 
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total water concentration, all congeners) between 
Hardhead Catfish BAF and Atlantic Croaker BAF. 
These common stations, as shown in Figure 1, 
were generally part of Upper Galveston Bay or 
were located in section near the HSC. 
 
Discussion 
The objective of this study was to evaluate trends 
in PCBs concentrations in different media in the 
HSC and in bioaccumulation of PCBs in different 
fish species. The concentrations of the congener 
groupings in all water phases considered to be of 
most importance (both the M & C 43 and NOAA 
18) show increased persistence when compared 
to total PCB congeners, as seen in Table 1. This 
trend is not seen in fish tissue. This could indicate 
that the specific congeners identified by 
McFarland and Clarke and NOAA are more 
persistent, but only in the water phase. It is also 
possible the recent inputs of PCBs into the HSC 
have a congener profile that includes a higher 
proportion of the congeners in the M & C 43 and 
NOAA 18 than the entire 209 congeners range. 
On a lipid basis, the PCB concentration within the 
catfish tissue was relatively unchanged. However, 
on a wet weight basis, the concentration was 

significantly reduced. This could be indicative of a 
difference in interpretation in selection criteria 
between the two studies or a possible trend in the 
lipid content of the fillets of catfish in the HSC.  

The reason for the difference in the BAF in 
the two species likely occurs due to the variation in 
habitat and life cycle. Atlantic Croaker is usually 
found in estuaries or offshore water while the 
Hardhead Catfish can be found both in waters 
closer to shore and occasionally in freshwater, as 
seen by the presence of Hardhead Catfish further 
upstream in bayous (Horst and Lane 2006). The 
concentrations found at stations in Galveston Bay 
were generally lower than those found further up 
the HSC, meaning the Atlantic Croaker were not 
exposed to as high of PCB concentrations. 

This deviation may be a result of the 
difference in life cycles of these species. The 
Atlantic Croaker has only a lifespan of 4 to 5 
years, while that of the Hardhead Catfish averages 
23 years. In fact, the latter does not reach maturity 
until it is five years old (Horst and Lane 2006). 
Since all species caught and composited for this 
study were mature, the Hardhead Catfish BAF 
values are more representative of past 
concentrations of PCBs than the Atlantic Croaker.   

The relationship demonstrated by Figure 2 
indicates that the BAF may not be independent of 
fish tissue concentration as has been previously 
suggested. The Hardhead Catfish BAF values are 
better fitted by this regression than those of the 
Atlantic Croaker, but both seem to show an 
increase of BAF that corresponds to an increase in 
lipid-normalized tissue concentration. The use of a 
single BAF across all tissue concentrations would 
poorly reflect this trend, meaning a more complex, 
non-linear model of the relationship of lipid-
normalized tissue concentration and water 
concentration is required. 

The results of the regressions in Figure 3 
show that the lipid-normalized BAF of the 
Hardhead Catfish better correlates with the PCB 
water than that of the lipid-normalized BAF of the 
Atlantic Croaker. The lipid-normalized BAF of 
Atlantic Croaker showed almost absolutely no 
correlation with the water concentration, both total 
and dissolved phase, while the Hardhead Catfish 
data showed a slight downward trend. However, it 
is important to note that the calculation of a BAF 
does not necessarily require equilibrium 
conditions, but the consistency of the results 
would be improved if equilibrium had been 
reached. The fish specimens may have migrated 
from the spot they were caught. The accumulation 
of PCBs in their tissue is thus likely reflective of 
the overall PCB concentrations of nearby waters. 

Figure 5. Relationship of lipid-normalized BAF 
calculated for Hardhead Catfish and Atlantic 
Croaker from 13 common sites in 2008 study. 
Top plot used BAF calculated from total water 
concentration, bottom plot used BAF calculated 
from dissolved water concentration. All PCB 
congeners used. 

 



7    Journal of Young Investigators      October 2009 

 

The specimens are exposed to a small, but still 
variable, range of PCB concentrations in the HSC, 
Galveston Bay, and its tributaries. The fact that the 
lipid-normalized Atlantic Croaker BAF is more 
random with respect to water concentration may 
be an indication of how quickly it reaches 
equilibrium compared to the Hardhead Catfish. 
The intake and depuration rates of the Atlantic 
Croaker may be faster; thus the Atlantic Croaker 
values may be a better representation of current 
PCB concentrations, rather than the lifetime 
exposure that another species with slower intake 
and depuration rates may display. 

The lipid-normalized BAF for the congener 
groupings calculated by the regression method, 
summarized in Table 2, were slightly greater that 
corresponding values calculated when all 
congeners were considered. This would suggest 
that the congeners selected for these groupings 
are more persistent than the suite of all 209 PCB 
congeners. The suspended phase water 
concentration surprisingly had a stronger 
correlation with lipid-normalized fish tissue 
concentration than both total and dissolved phase 
water concentration for Hardhead Catfish. The 
reason for this may be explained by the typical 
diets of the two species. The mature Atlantic 

Croaker’s diet is composed of crabs, shrimp and 
other fish like eels and minnows, while the 
Hardhead Catfish has a much more varied diet, 
which includes algae, zooplankton, smaller 
Hardhead Catfish, mud, and sand (Horst and Lane 
2006). Thus, Hardhead Catfish may be more likely 
to consume and accumulate PCBs in their body 
tissue that have adsorbed onto suspended 
particles. The BAF for the Atlantic Croaker was 
approximately double that of the Hardhead Catfish 
for most regressions. However, by the box plot 
distribution method, the BAF of the Hardhead 
Catfish was approximately triple that of the Atlantic 
Croaker. This discrepancy may be due to the poor 
fit of the Hardhead Catfish data in the regression 
method used.  

Considering the results of Table 2, we can 
see that the correlation of Hardhead Catfish PCB 
tissue concentration to PCB water concentration 
after lipid-normalization was reduced while the 
same correlation for the Atlantic Croaker 
improved. An important physical difference to note 
between the Hardhead Catfish and Atlantic 
Croaker is the difference in their respective lipid 
contents. As summarized in Table 3, the Atlantic 
Croaker had over 4 times the average lipid content 
of the Hardhead Catfish. These results may 
indicate that for species with higher lipid content, 
like the Atlantic Croaker, lipid-normalization may 
be important for BAF calculations, while for lower 
lipid content, like the Hardhead Catfish, wet weight 
concentration may be more important.  

The gender distribution of the species may 
also have contributed to errors in this study. In the 
direct comparison of Hardhead Catfish BAF to 
Atlantic Croaker BAF, samples taken from male 
and female were averaged together due to the 
compositing method used for tissue analysis, 
which leads to potential for error when one sample 
has a different gender distribution than the 
corresponding sample of the other species at the 
same site. The Hardhead Catfish BAF data should 
be more consistent, since over 77% of the species 
used for the composites were female, compared to 
the Atlantic Croaker’s near equal gender 
distribution. Further study would require the 
collection of more samples to have enough 
samples to study both the male and female for 
each species and compare those against each 
other for BAF trends.  
 Given the number of samples (31 in 2002-
2003, 19 in 2008), these results, along with visual 
inspection of Figure 4, show that the 
bioaccumulation behavior of the Hardhead Catfish 
remained nearly unchanged in comparison 2002-
2003 to 2008. The unpaired t-test of the two data 

Figure 3. Relationship of lipid-normalized BAF 
with water concentration for Hardhead Catfish 
(blue) and Atlantic Croaker (red). Lipid-
normalized BAF calculated using respective 

water phase and all PCB congeners. 
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sets from 2002-2003 and 2008 for Hardhead 
Catfish showed that the two data sets likely were 
not independent of one another. The behavior of 
the BAF may then be consistent over time, 
meaning a one-time sampling study may be able 
to accurately measure a BAF that is applicable in 
the present and future.  

The values of the BAF found in this study 
agreed well with those found in related literature. 
The EPA has reported a log BAF, calculated on 
the basis of lipid-normalized tissue concentration 
divided by dissolved water concentration, ranging 
from 5.52 to 9.26 for Great Lakes Trout and 
salmonids (USEPA 1995). Another study on the 
Great Lakes Trout reported a log BAF range from 
5.5 to 8.5, calculated on a dissolved water and wet 
weight basis. A study on a Chinese e-waste site 
with elevated PCB water concentration (mean 
concentration of 204 ng/L) reported a log BAF 
range of 1.2 to 8.4 (Wu et al. 2008). The (Wu et al. 
2008) study calculated BAF for several species 
including carp, snails, and water snakes and by 
individual PCB congeners, but not by any 
congener summation methods. All of the BAFs 
calculated for this study fall within the range of 
those found in the literature. 

The lipid-normalized bioaccumulation 
factor (BAF) for PCBs was found to differ between 
the Hardhead Catfish and Atlantic Croaker in 
several aspects including range of values, 
correlation to water PCB concentration, and 
correlation to tissue PCB concentration. The 
values of the lipid-normalized BAFs of the 
Hardhead Catfish and Atlantic Croaker at common 
sites were also found to have no correlation to one 
another.  Due to differences between species, 
including diet, intake, depuration and metabolism 
rates, life cycle length, weight, and lipid content, a 
linear model cannot predict a BAF for all fish 
species. The BAF calculated for a species may 
also vary by region, such as a specific river or bay, 
and is further affected by changes in the species’ 
roaming behavior. Thus, it would be most 
appropriate to determine a region and species-
specific BAF for bioaccumulative chemicals, 
including PCBs. We conclude that for regulatory 
purposes, the use of the BAF for Total Maximum 
Daily Loads (TMDLs) should be more carefully 
considered. Furthermore, the BAF varies by 
individual PCB congener and from chemical class 
to chemical class. The dynamics of the studied 
ecosystem should also be considered, since the 
PCBs could become available to the species in 
different ways. Some species may bioaccumulate 
more from food-chain exposure while another may 
bioaccumulate from dissolved water concentration. 

TMDL studies should consider the particular 
species, chemicals, and ecosystems that are 
targeted and find an appropriate model that 
approximates the behavior of the BAF. 
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