INTRODUCTION





The food chain is the primary source of human exposure to a large class of environmental organics.  Included in this class are such chemicals as DDT, PCBs, dioxins, and most pes-ticides.  Assessing the magnitude of human exposure to these and other such organics depends largely on the ability to predict the extent of their bioaccumulation in the aquatic and terrestrial food chains (1).  The octanol-water partition coefficient (Kow) has proven a valuable tool for such predictions.





The purpose of this paper is to develop correlations between Kow and the bioconcentration of organics in beef, cow milk, vegetation, crabs and fish.  Such correlations will be of an important value in more precisely quantifying human exposure to organics through the ter-restrial and aquatic food chain.  The fundamental assumption of such relationships is that organic chemical hydrophobicity is the principal driving force of bioconcentration, that is organic chemical bioconcentration is simply the thermodynamically driven partitioning bet-ween the media (such as water) and the biota (2). 





The traditional measure of a chemical’s potential to accumulate in an organism is the bio-concentration factor (BCF), which is defined as a chemical’s concentration in an organism or tissue divided by its concentration in water (for aquatic organisms) or in food (for ter-restrial organisms).  However, the concept of biotransfer factor (BTF) is more useful in risk assessment, since chemical exposure to cattle and cows may occur through both food and water pathways (3).  The biotransfer factors for beef (Bb) and milk (Bm) are defined as:





Bb = concentration in beef (mg/Kg) / daily intake of organic (mg/d).





Bm = concentration in milk (mg/Kg) / daily intake of organic (mg/d).





BTFs for beef meat and milk can be converted to BCFs in units of [mg (Kg of beef or milk)-1] / [mg (Kg of dry feed)-1] by multiplying by 16 kg/day for lactating animals and 8 kg/day for nonlactating animals (3).





The bioconcentration factor for vegetable (Bv) is defined as the ratio of the concentration in aboveground parts (mg of compound / kg of dry plant) to the concentration in soil (mg of compound /Kg of dry soil). 





Data on the bioconcentration for the species were obtained from different articles.


                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            





STATISTICAL METHOD





The linear regression method commonly used in analyzing data to derive a regression line between two variables assumes that one variable is measured with error and/or subject to natural variability (the Y’s), while the other is fixed (the X’s).  The regression equation is then used to find out what proportion of the variability in the Y’s due to the regression and what proportion is due to random errors of observation.  However, the “fixed” X variables are usually measured with error or in general are subject to advective random variation.  The geometric mean functional regression method used in this paper takes this fact into account.





A statistical index often associated with paired  toxicological data is the correlation coefficient r, defined as


		r = covariance(X,Y) / [variance(X) * variance(Y)]1/2.





Covariance(X,Y) = {(Gxy - nxy) / (n-1)}1/2





Variance(X) =   (x - x)2 / n		Variance(Y) =   (y - y)2 / n





It takes into account both variability of the X’s and Y’s and therefore the fact that both are measured with error i.e.





Xi = Xi + si       Yi = Yi + ti 





with the assumptions that si and ti are independent of one another for different values of i, that they have the same distributions with zero means and variances Var(s) and Var(t), respectively, with Cov(si, ti) = 0, and that they are uncorrelated with Xi and Yi.  These assumptions are the same in the geometric mean (GM) functional regression method.  The common regression line is based on a least-squares model in which the sum of the squares in the vertical (y) direction to the data is minimized.  The standard way of computing the slope of a regression line y = a + bx based on n observations is





				b” = Sxy / (SX2)                   					(1)


where 


Sxy =  Gxy -  xGy/n     and    Sx2 = Gx2 - (Gx)2/n


b” = slope of ordinary linear regression line.





This computation of the slope takes into account the covariance of the X's and the Ys assuming that the X's are measured with no error, i.e.


			


			E(b”) =  Cov(X,Y) / Var(X)                				(2)





When, however, the X's are measured with error, i.e., statistically both X and Y are considered random variables, then the estimate of the slope is 





			E(b) = Cov(X,Y) / [Var(X) + Var(Y)] 				(3)





Thus, b”(eq 2) is a biased estimator of b (eq 3), and the value of b” is always nearer to zero than of b.  Numerically slope b must be computed with the following formula (3-6):





			b = sign (r)[Sy2 / (Sx2)] l/2 						(4)


where 


			Sy2 = Gy2 - (Gy)2/n 





or depending on what statistics are available





��			b= b”/   r                                        					(5)





where b” is computed according to eq 1 and r is the correlation coefficient.  The sign of b is of course the same as the sign of b and r (5). The GM functional regression minimizes the sum of the products of the vertical and horizontal distance of each point from the line.  The intercept coefficient a is computed according to eq 6 given by:


	              


	a = Y- bX 								(6) 





where X and Y are the X and Y averages, respectively.





.





BEEF





Table I lists biotansfer factors for 36 chemicals in beef (Bb) together with octanol-water partition coefficients.  Performing the Geometric mean regression method yields:





x = Log Kow		y = Log Bb	





Gxy = -444.16		x = 4.277222	  and	     y = -3.31806





Variance(Y) = 2.370655		Variance(X) = 2.222787	





Covariance(X,Y) = 1.907065





b” = 0.834217			r = 0.830861		


��


Slope :      b= b”/   r   = 1.004039		Intercept:     a = -7.61256





Therefore : Log Bb = -7.61256 + 1.0040309 Log Kow.	n = 36,	  r = 0.830861	   (7)





Constraining the slope in eq. 7 to be 1 and refitting the data yields





Log Bb = -7.6 + Log Kow.					n = 36,  r = 0.83086	   (8)     





A graph of the data and the line of best fit are shown in Fig 1.  Thus, the biotransfer factor of an organic compound is directly proportional to its octanol-water partition coefficient.





�Table I. Data on BTF in Beef  (Bb) and Kow  for different chemicals.





Chemical�
Log Kow�
Log Bb�
ref.�
�
aldrin�
5.52�
-1.07�
4�
�
Arclor 1254�
6.47�
-1.28�
5�
�
benzoprop-ethyl�
4.57�
-4.81�
4�
�
chlordane�
6.00�
-2.13�
4�
�
chlorpyrifos�
4.97�
-3.55�
4�
�
clopidol�
2.90�
-4.76�
4�
�
coumaphos�
4.13�
-5.20�
3�
�
cyhexatin�
5.39�
-4.44�
4�
�
2,4-D�
2.81�
-5.32�
6�
�
DDD�
6.02�
-1.90�
7�
�
DDE�
5.83�
-1.31�
7,9�
�
DDT�
5.76�
-1.55�
4�
�
dicamba�
3.01�
-4.58�
8�
�
3,6-dichloropicolinic acid�
1.75�
-5.50�
4�
�
dieldrin�
5.16�
-2.10�
12�
�
endosulfan�
2.23�
-3.66�
3�
�
endrin�
5.16�
-1.92�
4�
�
famphur�
2.28�
-4.11�
4�
�
fenoprop�
3.86�
-4.55�
6�
�
fenthion�
3.16�
-4.50�
3�
�
flamprop-isopropyl�
4.41�
-4.20�
3�
�
heptachor�
5.44�
-1.81�
4�
�
heptachlor epoxide�
5.40�
-1.10�
3�
�
hexachlorobenzene�
5.45�
-1.35�
9�
�
kerb�
3.18�
-4.69�
10�
�
lindane�
3.66�
-1.78�
4�
�
malathion�
2.89�
-4.74�
11�
�
mirex�
6.89�
-1.25�
11�
�
oxadiazon�
4.09�
-3.23�
11�
�
phosphamidon�
1.34�
-4.81�
4�
�
ronnel�
4.88�
-3.16�
4�
�
2,4,5-T�
3.36�
-4.82�
4�
�
TCDD�
6.15�
-1.26�
4�
�
toxaphene�
5.50�
-2.79�
3�
�
trichlopyr�
2.09�
-5.85�
4�
�
3,5,6-trichloropyridinol�
2.27�
-4.37�
4�
�
�








MILK


Table II lists biotransfer factors for 28 chemicals in milk (Bm) together with octanol-water 


partition coefficient (also see Figure 2).  A geometric mean regression of these data yields





Log Bm = -8.056 + 0.992 Log Kow		n =28,   r = 0.74 			(9)





or





Log Bm = -8.10 + Log Kow			n = 28,  r = 0.74			(10)





Therefore the biotransfer factor of an organic compound in beef is also directly proportional to its octanol-water partition coefficient.





�Table II. Data on BTF in Milk and Kow for different chemicals





Chemical�
Log Kow�
Log Bm�
ref.�
�
aldrin�
5.52�
-1.62�
3�
�
Arclor 1254�
6.47�
-1.95�
5�
�
benzoprop-ethyl�
4.57�
-4.72�
13�
�
chlordane�
6.00�
-3.43�
14�
�
chloropropylate�
4.49�
-3.65�
15�
�
chlorpyrifos�
4.97�
-4.73�
16�
�
2,4-D�
2.81�
-5.12�
17�
�
DDD�
6.02�
-2.52�
7�
�
DDE�
5.83�
-2.02�
7,9�
�
DDT�
5.76�
-2.62�
7�
�
dicamba�
3.01�
-4.60�
8�
�
dieldrin�
5.16�
-1.97�
18�
�
endrin�
5.16�
-2.76�
19�
�
fenthion�
3.16�
-5.60�
20�
�
fenevalerate�
6.20�
-3.09�
21�
�
flamprop-isopropyl�
4.41�
-4.42�
13�
�
heptachor�
5.44�
-2.49�
3�
�
heptachlor epoxide�
5.40�
-1.45�
22�
�
hexachlorobenzene�
5.45�
-2.07�
9�
�
lindane�
3.66�
-2.60�
3�
�
methaoxychlor�
4.40�
-3.83�
3�
�
mirex�
6.89�
-2.02�
23�
�
naphthalene�
3.59�
-3.70�
3�
�
naphthol�
2.84�
-3.92�
3�
�
oxadiazon�
4.09�
-3.72�
3�
�
2,4,5-T�
3.36�
-4.55�
17�
�
TCDD�
6.15�
-1.99�
3�
�
Toxaphene�
5.50�
-3.20�
3�
�
� 








VEGETATION





Table III lists bioconcentration factors for 29 chemicals in vegetation (Bv) together with octanol-water partition coefficients (also see Figure 3).  A geometric mean regression of these data yields





Log Bv = 1.477 - 0.555 Log Kow		n = 29,	   r = 0.76			(11)


�


Table III. Data on the BCF in vegetation (Bv) and the Kow for the different chemicals.


 


Chemical�
Log Kow�
Log Bv�
ref.�
�
aldicarb�
1.15�
0.85�
24�
�
aldrin�
5.52�
-1.67�
25�
�
Arclor 1254�
6.47�
-1.77�
3�
�
atrazine�
2.65�
-2.00�
3�
�
benufluralin�
4.69�
-3.12�
3�
�
benomyl�
3.11�
-0.47�
3�
�
benzo[a]pyrene�
6.19�
-1.25�
26�
�
chlordane�
6.00�
-1.81�
27�
�
cyanazine�
2.02�
-0.06�
3�
�
DDE�
5.83�
-0.98�
28�
�
DDT�
5.76�
-1.80�
28�
�
diazinon�
3.31�
-0.59�
3�
�
3,4-dichloroaniline�
2.69�
-0.30�
3�
�
dieldrin�
5.16�
-1.01�
28�
�
diflubenuron�
3.82�
-0.53�
29�
�
endrin�
5.16�
-1.82�
28�
�
ethofumesate�
3.27�
-0.32�
30�
�
fluchloralin�
4.79�
-1.07�
3�
�
heptachlor�
5.44�
-1.48�
25�
�
heptachlor epoxide�
5.40�
-1.62�
22�
�
hexachlorobenzene�
5.45�
-0.32�
31�
�
lindane�
3.66�
-0.41�
28�
�
mirex�
6.89�
-1.41�
32�
�
PCNB�
4.18�
-0.35�
31�
�
phorate�
4.70�
-1.70�
3�
�
polybrominated biphenyl�
9.35�
-4.00�
3�
�
simazine�
2.22�
0.22�
3�
�
TCDD�
6.51�
-1.87�
33�
�
trifluralin�
5.33�
-0.37�
3�
�
� 


Thus, the vegetation bioconcentration factor is approximately inversely proportional to the square root of the octanol-water partition coefficient of the organic compound.  Since transport from soil to above ground plant parts is dependent on a chemical’s solubility in water, which is inversely proportional to Kow, this result is not surprising.


CRABS





Data on juvenile crabs (Portunus pelagicus) exposure to chlorobenzenes are given in Table IV together with the octanol-water partition coefficient (also see Figure 4).  A geometric mean regression of these data yields:


 


Log Bc = 0.243 + 0.92 Log Kow			n = 6,  r = 1.197		(12)





or





Log Bc = -0.067 + Log Kow				n = 6,  r = 1.197		(13)





Thus the crab bioconcentration factor of a compound is approximately directly proportional to the octanol-water partition coefficient of that compound.





�


Table IV. Data on the BCF in crabs (Bc) and Octanol-Water Partition Coefficients (Kow)





Chemical�
Log Kow�
Log Bc�
ref.�
�
monochlorobenzene�
2.74�
2.52�
34�
�
1,4-dichlorobenzene�
3.44�
3.16�
34�
�
1,2,3-trichlorobenzene�
4.07�
4.10�
34�
�
1,2,3,4-tetrachlorobenzene�
4.56�
4.59�
34�
�
pentachlorobenzene�
5.20�
5.24�
34�
�
hexachlorobenzene�
5.77�
5.77�
34�
�
�


                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                


FISH





Data was obtained for 71 different compounds on their octanol-water partition coefficients (Kow) and their bioconcentration factors (Bf) in fish.  Theses are given in Table V (see also Figure 5). Performing the geometric mean regression analysis yields:





Log Bf = -0.9762 + 0.88 log Kow			n = 71,  r = 0.865		(14)





or approximately,





Log Bf = -1.495 + log Kow				n = 71,  r = 0.865		(15)





From the above results, it can be seen that the bioconcentration factor of a compound in fish is roughly directly proportional to its octanol-water partition coefficient.  Several authors have reported similar results.  Chiou et al. (1985), obtained a correlation of


 


Log Bf = 0.893 Log Kow + 0.607			n = 18,  r2 = 0.904		(16)


�Table V. Data on BCF in Fish (Bf) and Octanol-Water Partition Coefficients (Kow)





Chemical�
Log Kow�
Log Bf�
ref.�
�
acenaphthalene�
3.92�
2.59�
35�
�
anthracene�
4.34�
2.87�
1�
�
Aroclor 1016�
5.88�
4.63�
36�
�
Aroclor 1248�
6.11�
4.85�
36�
�
Aroclor 1254�
6.47�
5.00�
36�
�
Aroclor 1260�
6.91�
5.29�
36�
�
atrazine�
2.63�
0.90�
36�
�
benz[a]anthracene�
5.61�
4.00�
1�
�
benzene�
2.11�
1.10�
37�
�
biphenal�
3.88�
2.64�
38�
�
p-biphenylyl phenyl ether�
5.55�
2.74�
1�
�
5-brominodole�
2.97�
1.15�
36�
�
BSB�
1.00�
0.32�
1�
�
carbon tetrachloride�
2.64�
1.24�
36�
�
chlordane�
6.00�
4.58�
36�
�
chlorinated ecosane�
7.05�
1.69�
1�
�
chlorobenzene�
3.79�
2.65�
36�
�
4-chlorodiphenyl�
4.26�
2.77�
1�
�
4-chlorodiphenyl oxide�
4.08�
2.87�
1�
�
chloroform�
1.95�
0.78�
41�
�
2-chlorophenanthrene�
5.16�
3.63�
1�
�
chloropyrifos�
4.82�
2.67�
1�
�
DASC-3�
1.00�
0.32�
1�
�
DASC-4�
1.00�
0.32�
1�
�
p,p’ - DDE�
5.69�
4.71�
36�
�
p,p’ - DDT�
5.75�
4.47�
36�
�
o,p’ - DDT�
5.75�
4.57�
1�
�
dibenzofuran�
4.12�
3.13�
36�
�
p-dichlorobenzene�
3.53�
2.33�
39�
�
dieldrin�
5.48�
4.11�
4�
�
diphenylamine�
3.42�
1.48�
36�
�
diphenyl ether�
4.21�
2.29�
36�
�
endrin�
4.56�
3.17�
36�
�
2-ethylhexylphthalate�
4.20�
2.93�
36�
�
fluorene�
4.38�
3.11�
36�
�
FWA - 2 - A�
1.80�
0.32�
1�
�
FWA - 3 - A�
1.48�
0.32�
1�
�
FWA - 4 - A�
1.20�
0.32�
1�
�
heptachlor�
5.44�
4.30�
36�
�
heptachlor epoxide�
5.40�
4.16�
36�
�
heptachloronorbornene�
5.28�
4.05�
36�
�
hexabromobiphenyl�
6.39�
4.26�
1�
�
hexabromocyclododecane�
5.81�
4.26�
36�
�
hexachlorobenzene�
5.23�
3.28�
36�
�
hexabromocyclopentadiene�
5.51�
1.47�
36�
�
hexachlorocyclopentadiene�
5.28�
3.81�
1�
�
lindane�
3.85�
2.67�
36�
�
methoxychlor�
4.30�
3.92�
40�
�
9-methylanthracene�
5.07�
3.66�
1�
�
2-methylphenanthrene�
4.86�
3.48�
36�
�
mirex�
6.89�
4.26�
1�
�
naphthalene�
3.59�
2.63�
37�
�
nitrobenzene�
2.93�
1.18�
36�
�
p-nitrophenol�
2.91�
2.10�
36�
�
NTS - 1�
1.00�
0.32 - 1.00�
1�
�
octachlorostyrene�
6.29�
4.52�
1�
�
pentachlorobenzene�
5.19�
3.70�
36�
�
pentachlorophenol�
5.01�
2.89�
1�
�
phenanthrene�
4.46�
3.42�
1�
�
N-phenyl-2-naphthylamine�
4.38�
2.17�
1�
�
pyrene�
4.88�
3.43�
1�
�
1,1,2,2-tetrachlorobenzene�
4.46�
3.26�
36�
�
toulenediamine�
3.16�
1.96�
36�
�
1,2,3,5-tetrachlorobenzene�
4.46�
3.26�
35�
�
2,4,6-tribromanisole�
4.48�
2.94�
36�
�
1,2,4-trichlorobenzene�
4.23�
3.32�
36�
�
2,4,5-trichlorophenol�
3.72�
3.28�
1�
�
2,5,6-trichloropyridinol�
1.35�
0.49�
36�
�
tricresyl phosphate�
3.42�
2.22�
36�
�
trifluralin�
5.34�
3.76�
1�
�
tris(2,3-dibromopropyl) phosphate�
4.98�
0.44�
1�
�
�








CONCLUSIONS





Biotransfer factors for organics in beef and milk are directly proportional to octanol-water partition coefficients.  The bioconcentration factor for an organic compound in vegetation is inversely proportional to the square root of the octanol- water partition coefficient while that for crabs and fish are directly proportional to Kow.  These regression equations provide a useful addition to the risk assessor’s techniques for predicting a chemical’s BTF in beef and cow milk and BCF in vegetation, crabs and fish.





However, there are several factors that can lead to discrepancies between BCF/BTF and Kow.  Compounds that are unstable in water or are readily metabolized by the species ( to the extent that the rate of degradation is greater than the rate of equilibrium) will give anomalous BCF/BTF values because of the inability of the system to reach true equi-librium state.  Similarly, BCF/BTF values obtained with short exposure times before steady-state concentration in the biotic and medium phases are reached may expected to differ from equilibrium values.  Certain marcromolecular organic materials (e.g., humic substances) in natural waters and soils also could significantly enhance the solubility of relatively insoluble solutes thus decreasing apparent BCF/BTF values.  Thus the BCF/BTF values from laboratory  experiments must be considered “idealized”.  Nonetheless, they provide useful references in fate assessment.





The above correlations will be useful in situations where experimental values are not available.  Predicting BCF/BTF using these equations is a convenient and economical approach.  Consequently, they will be of value in more precisely quantifying human exposure to organics through the terrestrial and aquatic food chains.
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