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Abstract -Accumulation of hydrophobic organic xenobiotics is thought to occur by passive diffusion 
across the respiratory membrane of aquatic organisms. This route has been confirmed with fish. 
However, aquatic invertebrates tend to remove organic xenobiotics from water much more efficiently 
than oxygen, based on the relative uptake clearances. Uptake clearance is the rate coefficient that 
describes the volume of water stripped of analyte per g of organism per h. For the amphipod 
Diporeia sp., formerly classified as Pontoporeia hoyi, ratios of the contaminant uptake clearances 
to oxygen clearance were essentially constant at 3.9 f 0.4 (X + SE) for benzo[a]pyrene (BaP), 
3.8 f 0.3 for hexachlorobiphenyl (HCBP), and 4.2 + 0.6 for phenanthrene (Phe). Therefore, based 
on the membrane transport efficiencies of nonpolar xenobiotics (60-80%) and oxygen (approximately 
63%) in fish, and the uptake clearance for organic xenobiotics by Diporeia sp., either xenobiotics 
are accumulated through routes other than across the respiratory membrane or the accumulation 
efficiency of oxygen from water is much lower in amphipods than it is in fish. The variability in the 
uptake clearance for both BaP and HCBP was best described by regressions with the surface area- 
to-volume ratio, whereas the uptake clearance for the more hydrophilic Phe was best described by 
a total surface area relationship. 
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INTRODUCTION 

Accumulation of hydrophobic organic xenobi- 
otics by aquatic organisms is thought to occur 
through passive diffusion across the respiratory 
membrane, and studies with fish have confirmed 
this hypothesis [I-81. In fish, the accumulation ef- 
ficiency for compounds with a log octanol/water 
partition coefficient (log KO,) of 3 to 6.5 was ap- 
proximately the same as the accumulation effi- 
ciency for oxygen and was directly associated with 
ventilation rate [4]. For aquatic invertebrates, we 
initially assumed that the rate of contaminant ac- 
cumulation would be directly related to the rate of 
oxygen accumulation. However, in recent work 
with lower organisms, the uptake clearance for or- 
ganic xenobiotics relative to oxygen ranged from 
5% for Mysis relicta [9] to 200 to 300% for 
Stylodrilus heringianus [lo] for compounds with 
log KO, from 4 to 6.5 and assuming the oxygen 
consumption values reported in the literature. 
(Note: Uptake clearance is the rate coefficient that 
describes the volume of water stripped of analyte 
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per gram of organism per hour and can be used for 
common analytes such as oxygen or xenobiotics.) 

Because of the large differences in the inver- 
tebrates' relative accumulation of contaminant 
compared with literature values for oxygen con- 
sumption, we simultaneously measured the respi- 
ration rate and contaminant accumulation rate for 
the amphipod Diporeia sp., formerly classified as 
Pontoporeia hoyi 11 11. The model compounds for 
this study included two polycyclic aromatic hydro- 
carbon (PAH) congeners and one polychlorinated 
biphenyl (PCB) congener. In addition to examin- 
ing the relative accumulation of the hydrophobic 
contaminants, the potential effects of the carrier 
and exposure to simple two-component contami- 
nant mixtures were examined. 

METHODS AND MATERIALS 

Animal collection 

Diporeia were collected from Lake Michigan 
approximately three miles west of Grand Haven, 
Michigan, at a water depth of 24 to 29 m by PONAR 
grab. The animals were screened from the sedi- 
ment, placed in lake water, and transported on ice. 
At the laboratory, the animals were placed in 



aquaria with 5 cm of lake sediment and 10 cm of 
lake water at 4°C under red darkroom lights [12]. 

Radioactive materials 
Both 14C-phenanthrene (Phe) (specific activity 

21.5 mCi/mmol) and 14C-2,4,5,2',4',5'-hexachlo- 
robiphenyl (HCBP) (specific activity 13.09 mCi/ 
mmol) were obtained from Sigma Radiochemicals; 
3H-benzo [a]  pyrene (BaP) (specific activity 23.8 
Ci/mmol) was obtained from Amersham, Inc. 
Prior to use, the radiopurity of all compounds was 
determined by a combination of TLC and liquid 
scintillation counting (LSC). When required, com- 
pounds were purified by the same TLC procedure. 
TLC purity checks and purification were per- 
formed on silica gel plates @. Merck, 250-pm coat- 
ing) with a hexane:benzene (8:2 v/v) solvent. All 
compounds used for experimental work were at 
least 98% pure. All analytical and preparatory 
work was performed under gold fluorescent light 
( h  > 500 nm) to prevent photochemical degrada- 
tion of the PAH. 

Uptake and respiration experiments 

Accumulation of the xenobiotics and respira- 
tion were measured at 4°C with 60-ml BOD bottles 
containing two animals. Before the start of each 
experiment, lake water was filtered through Gel- 
man AE glass-fiber filters (nominal pore size 1 pm) 
and dosed with the appropriate compound using 
methanol as a carrier. Diporeic respiration was ex- 
amined in five simultaneous experiments: in lake 
water alone; in lake water with the methanol car- 
rier; and in the presence of the contaminants BaP, 
HCBP, and either BaP and HCBP in combination 
or PHE. The accumulation of the contaminants in 
the organisms was also determined. All studies 
were run in the dark because Diporeia is light sen- 
sitive [13]. After 24 h exposure, the animals were 
removed, blotted dry, weighed, and placed in vials 
containing 12 ml scintillation cocktail (3a70b; Re- 
search Products International, Inc.). The animals 
were kept in the cocktail a minimum of 12 h before 
LSC so the cocktail could extract the contaminant 
from the organisms. This method for determining 
amounts of nonpolar radiolabeled contaminants in 
Diporeia is as effective as predigestion or solubiliz- 
ing the organism or tissue for small samples where 
there is no metabolism [14]. Water samples (1 ml) 
were also taken to determine total activity of the 
compound under study. Separate water samples 
were collected and passed through a C18 Sep-Pak 
cartridge. The eluate was measured for bound 
compound [15] to determine PAH and PCB bind- 

ing to dissolved organic matter. Calculated uptake 
clearances (K,) were corrected for contaminant 
binding to dissolved organic matter that reduces 
the contaminant's biological availability [16,17]. 
Tritium and 14C activity were determined on an 
LKB 1217 Rackbeta scintillation counter. Samples 
were corrected for quench by using the external 
standards ratio method after subtracting back- 
ground. Dissolved oxygen concentrations were de- 
termined by Winkler titrations [18]. 

Computations 

Kinetics. The uptake clearance coefficient (K,) 
for the contaminants was determined with a mass 
balance model. The model assumes that the mass 
of contaminant in the system is conserved and ex- 
ists only in the organism or in the water (Eqn. 1). 

where A = total mass of contaminant in the system 
(nmol), Qa = the mass of contaminant in the ani- 
mal (nmol), Q, = the mass of contaminant in the 
water (nmol), and the mass balance equation A = 
Q, + Qa is assumed. In addition, K, , = condi- 
tional uptake rate constant (h-I), K2 = the depur- 
ation rate constant (h-I), and t = time (h). 

Applying the assumption that K, << Kl ,, which 
is defensible from previously determined toxicoki- 
netics for Diporeia [19], then Equation 1 may be 
simplified to 

and solving for Kl ,: 

Kl, is a system-dependent conditional rate con- 
stant that describes the fractional change in the 
amount of contaminant in the water per unit time 
for a particular size organism in a specific BOD 
bottle. This rate constant must be converted to a 
clearance coefficient to be comparable between 
bottles and experiments. The conversion to the 
clearance coefficient (K,) requires that K, , be 
multiplied by the ratio of the volume of the water 
divided by the mass of the animal (Eqn. 4). 

volume of the water (ml) 
Ku =K1, 

mass of the organism (g) 



Respiration and contaminant accumulation 1021 

This clearance coefficient is system independent 
and can be compared between individual bottles 
and experiments. However, the coefficient must be 
considered conditional on such environmental fac- 
tors as the experimental temperature and such 
physiological factors as organism size. 

Oxygen consumption and clearance. Equations 
for determining oxygen consumption (C-02) 
(pg O2 mg-I h-') and oxygen clearance (K-02) 
(ml g-' h-') are based on Winkler determinations: 

(Cml - Am/)-v.0.16. Tmol 
c-02 = 

Awt-t 
(5) 

(Cml- Aml).v-1,000 
K-O2 = 

(Cml-Awt-t) 
(6) 

where Cml = ml of thiosulfate titrant for 50-ml 
control sample, Am1 = ml of thiosulfate titrant for 
50-ml animal sample, v = total volume of bottle 
containing the organisms (rnl), Tmol = molarity of 
thiosulfate, Awt = weight of animal (mg), and t = 
time (h). The equation for K-O2 is analogous to a 
one-compartment uptake model: 

where (Cml - Aml)/Awt. 1,000 is equivalent to the 
amount of contaminant/g organism C, and Cml/v 
is equivalent to Cw concentration in the water. 
The factor of 1,000 converts mg to g to yield con- 
sistent units for model calculations. The 0.16 
comes from the 50-ml sample measured for oxygen 
concentration, the 4: 1 ratio of thiosulfate to oxy- 
gen required for equimolar titration, and the 32-g 
mol-I molecular weight of oxygen, to yield 32/ 
(4.50) = 0.16. 

Estimation of surface area. The surface area of 
Diporeia was estimated on the assumptions that 
the density of the organisms was 1 g cm-3 and 
that the geometry of the organism was a sphere. 
From these two assumptions, a value proportional 
to the true surface area can be obtained by using 
the following formula when the mass of the organ- 
ism is known: 

where SA is the estimated surface area in cm2 and 
M is the mass of Diporeia in grams. This estimate 
(SA) is expected to deviate from the true surface 
area only by a proportionality constant. Finally, 
the surface area-to-volume ratio (SAW) was esti- 
mated as SA/M because mass (M) is proportional 
to volume through the assumed unit density. 

Statistics. The differences between means and 
slopes were compared by using the Student's t test. 
Differences were considered significant when p < 
0.05. Linear regressions were performed with the 
linear regression package in SAS@ [20]. 

Data qualifcations. In some of the regression 
relationships developed below, nine HCBP obser- 
vations and eight BaP measures were omitted be- 
cause they were outliers in the data base. These 
data points were removed only when they lay out- 
side the 95% C.I. of the regression equation. How- 
ever, when these outlier points are included, the 
trends in the data do not change. 

RESULTS 

Respiration 
All respiration and contaminant accumulation 

samples were taken at the 24-h time interval because 
previous studies had demonstrated that effects on 
oxygen consumption that might be attributable to 
handling disappear after 24 h (M.A. Quigley, per- 
sonal communication). An additional factor that 
might have affected both the oxygen consumption 
and subsequently the accumulation of contami- 
nants was the partial depletion of oxygen over the 
course of the 24-h exposure (the 0, depletion was 
generally less than 20% of the initial concentra- 
tion) and the potentially different initial oxygen 
concentrations between experiments. However, the 
respiration rate for Diporeia is well regulated and 
declines 50% only when the oxygen concentration 
falls to approximately 3 mg L-' (M.A. Quigley, 
personal communication). Thus, over the range of 
initial oxygen concentrations of 7.6 k 0.75 mg L-' 
and the final concentrations of generally more 
than 6 mg L-I, the expected variation in C-0, or 
K-0, should be no more than 10 to 15% between 
experiments. 

Originally, the data collected for the juvenile 
animals were treated separately from those for the 
fertile females. The two groups seemed to exhibit 
different K-0, and C-O2 values (Table I). This di- 
vision of the data was abandoned when the differ- 
ences between the groups were found to be solely 
a matter of organism size. 

The size of animals often dictates the rate of 
respiration. Diporeia is no exception, and their 
K-O2 decreased with increasing organism size 
(mass) for the water-only control exposures (Fig. 1) 
(K-O2 = 64.3[7.0] - 3,322.6[895.6] g Diporeia, 
r2  = 0.34, n = 29, p < 0.001). The clearance coef- 
ficient for oxygen (K-02) can be converted to the 
mass specific respiration (C-0,) through a linear 
regression relationship: C-0, = -0.009(0.0025) + 



Table 1. Oxygen clearance and consumption for 
Diporeia sp. controls at 4°C 

- - - 

Oxygen 
Clearance consumption 

(ml g-I h-I) (pg mg-I h-I) N 

Juveniles 
Water only 47.4 rt 23a 0.38 f 0.019a 21 
Methanol 34.8 + 10 0.27 +_ 0.08 19 

Fertile females 
Water only 24.3 + 4 0.20 + 0.04 9 
Methanol 15.7 + 3 0.12 + 0.02 9 

aMean + SD. 

0.008(0.0007) K-02, r2  = 0.99, n = 142. Thus, not 
only does the clearance decline with increased 
mass, but due to the proportionality between K-O2 
and C-O,, the mass-specific respiration declines as 
well. Further, respiration is often thought to be 
more a function of organism surface area than of 
organism mass across a wide range of different size 
organisms [21]. Regressions of oxygen clearance on 
the surface area or on surface area-to-volume ra- 
tio were examined as alternate models to better ex- 
plain the variation in the respiration rate with 
changes in organism size. Neither of the surface 
area models was better than mass for representing 
the variation in respiration rate based on the r2 
values for the various regressions. 

Oxygen clearance (K-0,) varies in relation to 
the increasing mass of the organisms in the pres- 
ence of the methanol carrier (46 + 12 pg ml-', 
averaged over all experiments) (Fig. 2) (K-O2 = 
47.8[3.4] - 2,474.0[412.8] g Diporeia, r2  = 0.59, 
n = 27, p < 0.0001). The expected maximum oxy- 
gen clearance represented by the intercept at mass 
equals zero was significantly lower for the metha- 
nol controls (p < 0.01), using a Student's t test, 
compared to the water-only controls. Further, the 
slope of the regression line was shallower for the 
methanol carrier controls ( p  < 0.05). Thus, the 
methanol carrier reduced the respiration, as repre- 
sented by K-02, for Diporeia slightly but signifi- 
cantly. (Remember from above, K-O2 is directly 
proportional to C-02, the mass-specific respira- 
tion rate.) However, the comparisons made in the 
presence of the contaminants should be internally 
consistent, as all tests with contaminants were per- 
formed in the presence of the methanol carrier and 
can be compared to the methanol carrier control. 

K-0, values determined in the presence of 
either BaP, HCBP, or both in combination pro- 
vided regression relationships that were more vari- 

Mass (mg) 

Fig. 1 .  Oxygen clearance (ml g-I h-I) was best de- 
scribed as a linear decline with increasing mass for the 
water-only controls. 

able but not significantly different from Diporeia 
in the methanol carrier control (K-0, = 52.6 [5.2] - 
2,862.0[632.2] g Diporeia, r 2  = 0.34, n = 41, p < 
0.0001 for oxygen clearance in the presence of 
BaP; and K-0, = 50.6[4.0] - 2,585.1 [501.5] g Di- 
poreia, r2  = 0.39, n = 43, p < 0.0001 in the pres- 
ence of HCBP). In the presence of Phe, K-0, did 
not exhibit any apparent relationship with organ- 
ism size. This absence of a relationship was attrib- 
uted in part to the small data set available (n = 
1 1) -"one very high clearance measurement9'- and 
the natural variability of the data. Because the BaP 
and HCBP regressions did not differ from the 
methanol control regression, we conclude that the 
contaminants had no significant effect on the ani- 
mals' respiration. Further, the decline in respira- 
tion compared to the water-only control was likely 
due only to the presence of the methanol carrier. 

Contaminant clearance 
As with the oxygen clearances, the contaminant 

clearance coefficients (K,)  between juveniles and 

Mass (mg) 

Fig. 2. Oxygen clearance (ml g-I h-I) for the methanol 
carrier control declined linearly with increasing mass. 
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Table 2. Clearance of the contaminants for juvenile and fertile female Diporeia sp. 

Contaminant clearance (ml g-I h-I) 

Compound Juveniles Fertile females 

Benzo[a]pyrene 192 + (n = 18) 74 + 18" (n =9)  
Hexachlorobiphenyl 170 & 84 (n = 20) 68 + 27 (n = 9) 
Benzo [ a] pyrene (BaP/HCBP)b 147+67 ( n = 9 )  66 + 39 (n = 8) 
Hexachlorobiphenyl (BaP/HCBP)b 110+57 ( n = 9 )  49 k 26 (n = 8) 
Phenanthrene 119+41 ( n = l l )  NM 

NM = not measured. 
"Mean & SD. 
bIndividual contaminant clearances measured with exposure to both contaminants. 

fertile females differed significantly (Table 2). These 
differences were again attributed to differences in 
organism size and not to some other physiological 
parameter. The clearances of the contaminants 
measured in the mixtures were not significantly dif- 
ferent from the clearances measured independently 
for either the juveniles or the fertile females. Thus, 
the data for each compound, whether measured in 
juveniles or fertile females, could be combined to 
examine the variability. 

The possible relationships between the clearance 
of the contaminants and organism size were exam- 
ined by using mass, In mass, surface area, or sur- 
face area-to-volume ratio. Both BaP and HCBP 
exhibited significant linear regressions with mass, 
In mass, and surface area-to-volume ratio. The best 
model for the clearances was the regression with 
SA/V (Figs. 3a and 3b) (KuBap = -145.4[40.8] + 
10.4[1.5] SA/V, r 2  = 0.54, n = 41, p < 0.0001; 
KuHCBp = -208.4[27.3] + 12.7[1.1] SAW, r2  = 
0.80, n = 38, p < 0.0001). Neither the slopes nor 
the intercepts of these lines are significantly differ- 
ent from each other. For Phe, all the relationships 
between Ku and mass, In mass, and SA/V were 
only marginally significant with p slightly larger 
than 0.05. 

The clearance coefficient is typically expressed 
on a mass-specific basis, i.e., milliters cleared per 
mass of organism per hour. If the functional unit 
for clearance is the surface area of the organism, 
then modifying the clearance coefficient to a sur- 
face area basis (milliters cleared per surface area of 
the organism per hour) might provide insight into 
the important organism characteristics for contam- 
inant accumulation. When the clearance coefficient 
for Phe was expressed on an area basis instead of 
a mass basis (i.e., ml cm-2 h-' instead of ml g-' 
h-'), the best model was a linear regression of the 
area-based clearance coefficient (K,,,) on mass. 
This unit conversion for the clearance coefficient 

resulted in a significant improvement in r 2  by al- 
most a factor of two (Fig. 4) (Kua = 0.54[0.93] + 
983.7[264.0] M, r2  = 0.61, n = l l , p  < 0.005). A 
similar regression between Kua and SA exhibited 
essentially the same r2 value. An attempt to fit the 
BaP and HCBP to an area-based clearance model 
significantly reduced the fits of the data for all of 
the above potentially independent variables. Thus, 
the uptake of the more nonpolar BaP and HCBP 
is apparently explained by a different model than 
the model underlying the uptake of Phe. 

Mass-based comparisons between oxygen clear- 
ance and contaminant clearance for BaP and 
HCBP yielded significant linear relationships (Figs. 
5a and 5b) (Ku[BaP] = 53[19.2] + 1.7[0.5] K-O,, 

0.0-1 I 1 
15.0 21.0 2;.0 33.0 36.0 45.0 

Surface Area : Volume Ratio 

Fig. 3 .  Clearances for the contaminants BaP (top) and 
HCBP (bottom) were both directly proportional to the 
surface area-to-volume ratio of the organism. 



Mass (mg) 

Fig. 4. Phenanthrene clearance was best described on a 
surface area basis as a direct proportion with the mass of 
the organism. 

r2 = 0.25, n = 36, p < 0.002 and KJHCBP) = 
40.1 [19.9] + 2.24[0.56] K-02, r2 = 0.32, n = 37, 
p < 0.001). The variability between the clearances 
for the contaminants and oxygen is only partially 
explained by the regression equations, in spite of 
their statistical significance. When a similar rela- 
tionship between Phe clearance and oxygen clear- 
ance was examined, no significant relationship was 
found, whether clearance of Phe was expressed on 
a mass or area basis. This might have been due to 
the small number of Phe measurements. To exam- 
ine this possibility further, the contaminant clear- 
ances (mass-based) were divided by the oxygen 
clearances and averaged. These were found to pro- 
duce values that were relatively constant, with rel- 
ative standard errors in the range of 10% (Table 3). 
None of the ratios is significantly different from 
any other. 

DISCUSSION 

Respiration rate and oxygen clearance 

Previous work indicates that Diporeia respira- 
tion is well regulated, with a half-saturation con- 
stant for respiration of 3.0 mg LW2 at 4OC. Further, 
at oxygen saturation, the mass-specific respiration 
rate was greater than that reported for the closely 
related species Pontoporeia femorata and Mono- 
poreia affi is  (see Bousfield [l 11 for reclassification 

0 0  ! I C 
0.0 14 0 28.0 42.0 56.0 70.0 

Oxygen Clearance (ml / g / h) 

Fig. 5. Clearances for BaP (top) and HCBP (bottom) 
were both directly proportional to the oxygen clearances 
measured in the same organisms. 

from Pontoporeia affinnis) (M.A. Quigley, personal 
communication). In addition to the above char- 
acteristics, Diporeia respiration exhibits a strong 
dependence on mass. Reduced respiration is corre- 
lated with increased size for many organisms [21] 
and has been observed specifically for amphipods 
[22]. This reduction of mass-specific respiration 
with increasing size reflects a general reduction in 
tissue respiration demands. This reduction may oc- 
cur, in part, due to changes in the composition of 
the organisms. Specifically, as Diporeia ages, the 
relative lipid content of the organisms increases 
from approximately 21 % of the nonlipid dry weight 
(NLDW) for juveniles to 31% of the NLDW for 
adult females [23]. The relative increase in percent 
lipids, which are nonrespiring mass, would reduce 
mass-specific respiration. 

The usual relationship between mass and respi- 
ration is a power function of organism weight. 
However, regressing the log of the mass on respi- 

Table 3. Ratio of contaminant clearance to oxygen clearance for Diporeia sp. 

Compound Ratio (Ku/K-O,)a Log KO, 

Phenanthrene 4.2 + 0.6 (n = 11) 4.16 
Benzo [ a ]  pyrene 3.9 + 0.4 (n = 36) 6.2 
2,4,5,2',4',5'-Hexachlorobiphenyl 3.75 * 0.3 (n = 37) 6.77 
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ration or log of the respiration resulted in less sig- 
nificant regressions than the linear regressions 
described. This result is consistent with the failure 
of our attempts to use surface area in place of mass 
to describe the variability in the K-0 ,  values. 
Thus, within the range of examined organism sizes, 
the best descriptions of the data variability are re- 
gressions on mass. 

The methanol carrier produced a slight reduc- 
tion in K-0,  for Diporeia, compared to the water- 
only control. This result was unexpected at the low 
levels of methanol employed, less than 50 mg L-' . 
The reduced respiration in the presence of metha- 
nol is not apparent when the mean values of the 
oxygen clearance or oxygen consumption data for 
the carrier controls are compared respectively to 
those of the water-only controls. The variation in 
the clearances with organism size must be ac- 
counted for to observe a significant deviation be- 
tween the two control measurements. Finding 
reduced respiration with small amounts of the 
water-soluble carrier was a surprise, because the 
toxicity of methanol requires much greater concen- 
trations to produce observed effects [24]. Although 
the effect is small, this finding suggests that the 
role of even small amounts of water-soluble sol- 
vents could have some ecosystem-level effects 
and/or affect laboratory bioassays. 

PAH congeners such as naphthalene reduce res- 
piration in a variety of aquatic species, but the lev- 
els required for this effect are in the 1-pg ml-' or 
greater range [24-301. A similar depression of res- 
piration was observed with Phe at 1.1 mg L-' 
[30]. The levels of PAH employed were in the low 
pg- to ng L-' range, and the respiration rates in 
the presence of the HCBP and BaP were the same 
as those of the methanol carrier controls. Thus. 
neither hydrophobic compound produced a mea- 
surable effect on Diporeia over the range of con- 
centrations examined. For Phe, the data base was 
too small to obtain good relationships between size 
and respiration; therefore, statistical comparisons 
could not be made with the methanol control. 
However, the mean respiration values for Phe did 
not differ from those for the methanol control. 
This suggests that Phe also did not likely affect res- 
piration at the employed concentrations. 

Contaminant clearance 
If Ku equaled K-02 ,  the accumulation effi- 

ciency for oxygen would equal that of the contam- 
inants, and those values should not be significantly 
different. Yet the average ratio of Ku divided by 
K-O2 is approximately four (Table 3). Thus, the 

data suggest that either the passive diffusion of the 
contaminant across the gill membrane cannot be 
the sole method of contaminant uptake in the an- 
imal, or the efficiency of oxygen accumulation in 
Diporeia is much lower than that found in fish if 
the accumulation of the organic contaminants has 
the same accumulation efficiency in both. 

The presence of a chitinous cuticle in both ter- 
restrial and aquatic organisms was suggested to im- 
part sensitivity to DDT because the cuticle acts as 
site of transport for this nonpolar hydrophobic 
compound [31]. Further research demonstrated 
that the chitin cuticle was a major site for insecti- 
cide accumulation in insects [32]. If passive diffu- 
sion of hydrophobic contaminants across the 
integument contributes significantly to the total 
flux of contaminants into the animal, and if the cu- 
ticle does not pass oxygen, then the model of Ku 
equal to K-O2 is no longer appropriate, even if the 
efficiency of transfer is the same over the respira- 
tory portion of the organism's surface. Instead, the 
model for contaminant accumulation should in- 
clude some function of body size to incorporate the 
potential passage of the contaminant across the 
chitin cuticle. From the regres~ions, the surface 
area-to-volume ratio yields the most significant re- 
gressions among the comparisons. This result indi- 
cates that the total surface area is important for the 
uptake of these contaminants. 

Based on the Gobas et al. model [33] for the 
range of compounds examined, membrane perme- 
ation control is suggested as the basic mechanism 
governing the accumulation of the compounds, be- 
cause the rate coefficients generally increase with 
increasing contaminant lipophilicity. The model 
employs several potential rate-determining steps to 
describe the accumulation of contaminants. First, 
an aqueous diffusion layer must be crossed. Sec- 
ond, a transfer across the membrane barrier may 
act as the rate-determining step. Third, but not 
considered in the Gobas model, distribution of 
contaminants away from the membrane barrier to 
maintain a chemical activity gradient may also be 
rate-determining. This third potential rate-deter- 
mining step was important for the accumulation of 
insecticides by various insects [32]. For BaP and 
HCBP, the clearance was proportional to the sur- 
face area-to-volume ratio of the organisms. This 
relationship suggests that the distribution away 
from the membrane could be rate-limiting because 
the distribution will slow as the volume of the 
organism increases. BaP and HCBP are very hy- 
drophobic compounds; once they are in the mem- 
brane, they are likely to resist dissolution into the 



body water for distribution to the rest of the or- 
ganism. Thus, the rate-determining step for con- 
taminant distribution likely includes the desorption 
rate from the membrane. This type of mechanism 
has also been suggested as a rate-limiting process 
for oxygen accumulation by amphipods [22]. For 
Phe, the rate-determining step is apparently the 
transfer rate across the membrane barrier, as is 
suggested by the regression of Phe uptake clear- 
ance coefficient on surface area. Redistribution is 
apparently not rate-limiting for Phe due to the re- 
duced ability to account for the variance in the up- 
take clearance data on the basis of mass rather 
than surface area. Further, the greater aqueous sol- 
ubility of Phe compared to that of BaP and HCBP 
would be less of a hindrance for Phe dissolution 
out of the membrane for redistribution than for 
BaP and HCBP. 

The suggested change in the rate-determining 
step for the contaminant accumulation's varying 
with changes in contaminant characteristics is fur- 
ther supported by accumulation data measured un- 
der flow-through conditions with a wider range of 
contaminants [19]. Reanalysis of the flow-through 
experiments indicates that uptake clearances for all 
compounds with a log KO, of 3.2 to 4.5 are better 
described by surface area clearances than by mass- 
based clearances. From this same work, BaP and 
tetrachlorobiphenyl (TCB) remain best described 
by mass-based clearances when accounting for 
variation due to organism size. Thus, the apparent 
cutoff between the two potential rate-determining 
steps for accumulation occurs with compounds 
that are more lipophilic than anthracene but less li- 
pophilic than TCB. 

A second potential mechanism to account for 
differences between Ku and K-O2 would be a dif- 
ference in the accumulation efficiency of oxygen 
compared to that of the nonpolar organic con- 
taminants. For fish, the respiratory membrane is 
apparently the main site for accumulation of water- 
borne contaminants, and a similar assumption has 
been suggested for other aquatic species. Thus, if 
all the organic compounds were accumulated 
across the respiratory membrane, only then would 
differences in the clearances represent differences 
in the efficiencies of membrane transfer. The dif- 
ference in efficiency for the two types of com- 
pounds, i.e., oxygen and nonpolar organics, would 
have to be about a factor of four, the approximate 
ratio between Ku and K-0, .  This may not be un- 
reasonable, as the accumulation efficiency for ox- 
ygen by other amphipods, Cammarus sp., has been 
suggested to be in the range of 1 to 5% [22]. If 5% 

accumulation efficiency is assumed, then the accu- 
mulation efficiency for the organic contaminants 
would be approximately 20%. This would be much 
lower than that observed for fish [l-81. 

Although making the above assumptions would 
not result in accumulation efficiencies that are too 
large to be considered, there is no reason to believe 
that the relative efficiencies for oxygen and con- 
taminants should be drastically different between 
organisms. For fishes, the accumulation efficien- 
cies of compounds with a log KO, ranging from 4 
to 6.5 are 61 to 80%, and the efficiency for oxygen 
is about 63% [4]. Although the overall accumula- 
tion efficiency may be lower for amphipods than 
it is for fish, as suggested by Sutcliff [22], it is rea- 
sonable to suggest that the accumulation efficien- 
cies for the organic contaminants should be equally 
low. If this is the case, the arguments that a second 
site is required for nonpolar contaminant accumu- 
lation relative to the site for oxygen uptake remain 
valid and the mechanistic discussions remain 
reasonable. 

The initial goal of this study was to examine re- 
lationships between respiration rates and contam- 
inant accumulation rates so that respiration could 
be used as a predictive tool to estimate uptake 
clearances. Both BaP and HCBP clearances were 
in fact linearly related to the clearance of oxygen. 
Neither the slopes nor intercepts were significantly 
different between the regressions for these two 
compounds. Although the uptake clearances be- 
tween the two compounds are somewhat different 
when regressions are made with surface area-to- 
volume ratios, due primarily to differences in the 
intercept of the linear regressions, the fairly con- 
stant ratio of contaminant clearance to oxygen 
clearance for both BaP and HCBP indicates that 
an estimate of the contaminant clearance could be 
obtained from respiration measurements. 

Because regressions between Phe clearance and 
oxygen clearance were not significant, a better es- 
timate of contaminant clearance may be obtained 
from respiration by using the ratio of Ku to K-0, 
for the various compounds (Table 3). The calcu- 
lated ratios were relatively constant and had small 
standard errors (approximately 8-14%). Similar 
ratios between oxygen clearance and uptake clear- 
ance for HCBP, BaP, and Phe were calculated for 
Hexagenia limbata [34]. The ratios for H. limbata 
were more variable than the ratios for Diporeia, 
perhaps because the oxygen and contaminant clear- 
ances for H. limbata were not measured in the 
same organisms but with organisms collected at the 
same time. However, the ratios for BaP (2.78 + 



Respiration and contaminant accumulation 1027 

0.51, n = 5) (mean _+ SE) and HCBP (2.35 _+ 0.81) 
were fairly constant over the course of a season. 
The ratios for Phe exhibited considerable variabil- 
ity (2.04 _+ 0.93) in H. limbata. Thus, these ratios 
may also be useful for making initial estimates of 
the accumulation of contaminants from respira- 
tion. However, the physiological characteristics of 
various organisms must be taken into account be- 
fore applying such ratios. 

SUMMARY 

The respiration of Diporeia was strongly depen- 
dent on the mass of the organisms. Oxygen clear- 
ance was directly proportional t o  the uptake 
clearance for HCBP and BaP but did not exhibit 
any relationship with Phe clearance, expressed as 
a function of mass or surface area. The variability 
in the uptake clearance for HCBP and BaP was 
best described by a regression based on an estimate 
of the surface area-to-volume ratio, suggesting that 
distribution within the organism may be the rate- 
determining step in the accumulation. The uptake 
clearance variability for Phe was best described as 
a total surface area phenomenon, which implies 
that membrane permeation is the rate-limiting step 
in accumulation. These results indicate that the 
mechanisms for contaminant and oxygen accumu- 
lation within aquatic organisms such as Diporeia 
must be better understood before respiration can 
be effectively used as a possible surrogate for mea- 
suring the uptake of contaminants. 
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