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ABSTRACT: Two Great Lakes invertebrates, the amphipod Pontoporeia hoyi and the mysid 
shrimp Mysis relicta, were exposed to pentachlorophenol (PCP) and carbaryl to determine 
actue mortality. At pH 8, the LCSo for P. hoyi after 96 h was 0.6 f 0.3 pg mL-I for PCP, while 
that for carbaryl was 0.23 f 0.04 pg mL-'. The LCso for M. relicta at pH 8 and 96 h was 54.1 
k 10.3 pg mL-'  for PCP and for carbaryl0.23 pg mL-I (0.103 -0.356, n = 2). The differences 
in the LC5o values between P. hoyi and M. relicta for PCP result in part from differences in the 
uptake clearances of the two animals, 3.1 +_ 0.9 mL g-I h-I for P. hoyi compared to 0.4 ? 
0.1 mL g-' h-I for M. relicta. A similar difference occurred in the respective carbaryl uptake 
clearances for the two organisms, 3.74 _+ 0.63 mL g-I hK1 for P. hoyi and 0.134 mL g-I h-I 
(0.135 to 0.133, n = 2) for M. relicta. The cumulative toxicant concentrations in the organisms 
that result in 50% mortality, L & , ,  were estimated from a toxicokinetics model that was para- 
meterized with the measured uptake and elimination constants and the LCSo values. The M. 
relicta LD50 for PCP was approximately ten times larger than that for P. hoyi and confirmed 
the relative sensitivities of the organisms as described by their respective LC50 values. For car- 
baryl, the LDSo for P. hoyr was greater than that for M. relicta. Thus M. relicta is apparently 
more sensitive to accumulated carbaryl than P. hoyi despite the similar LC5o values for the two 
organisms. 
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Although the Great Lakes contain many different toxic contaminants [ l ] ,  the toxicity of 
these contaminants to Great Lakes invertebrates is largely unknown [ 2 ] .  However, monitor- 
ing studies revealed that benthic invertebrates were absent or the community structure was 
altered in areas where species such as Pontoporeia hoyi and mayfly larvae had been histori- 
cally present. Such studies imply that contaminants present in the Great Lakes have signif- 
icant toxic effects on the benthos [ 3 ] .  Further, with many different potentially toxic com- 
pounds in the environment, predictive models are required that estimate toxic effects from 
various exposure scenarios. These models should relate accumulated toxicant. toxicokinetics, 
and time to effect [ 4 ] .  To develop these models, relationships are needed between toxicant 
concentrations in the organisms and effects at environmental concentrations. 

The most numerically and ecologically important of the Great Lakes meroplanktonic 
invertebrates are the opossum shrimp, Mysis relicta, and the deep water amphipod. P. hoyi 
(51. These invertebrates represent a major portion of the food chain, and their association 
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with sediments potentially exposes them to high concentrations of many contaminants [4 ] .  
Because of the importance of P. hoyi and M. relicta in the Great Lakes ecosystem and to 
improve the interpretation of monitoring studies, the sensitivity of these organisms to toxic 
contaminants must be determined. 

While many classes of toxicants could have been selected for the initial sensitivity studies, 
the toxicants pentachlorophenol and carbaryl were chosen because these two compounds 
represent well-studied toxins that have known mechanisms of action and because of their 
general environmental significance. PCP, which uncouples oxidative phosphorylation [6 ] ,  is 
an important pesticide with a wide distribution in the environment [7 ]  and is identified as a 
persistent toxic pollutant of concern in the Great Lakes [8 ] .  Carbaryl is also an important 
pesticide, one of the ten most used in the United States [9 ] ,  that acts by inhibiting acetyl- 
choline esterase [lo].  Additionally a moderately large data base of acute toxicity for these 
contaminants allows comparison of P. hoyi and M. relicta toxicity to that of other aquatic 
organisms. 

Our major objectives were: (1) to measure the acute toxicity of PCP and carbaryl to P. 
hoyi and M. relicta; (2) to measure the concentrations of PCP and carbaryl in the organisms 
required to elicit a toxic response; and (3) to determine whether the concentrations of toxi- 
cants in the organisms can be used as a predictor of toxicity through a toxicokinetic based 
model. 

Materials and Methods 

P. hoyi were collected for two field seasons, late April through September, in 1985 and 
1986 at a site approximately three miles southwest of Grand Haven, Michigan, and a depth 
of 23 to 29 m using a PONAR grab sampler. The amphipods were gently removed from the 
sediment, placed in plastic bags containing fresh Lake Michigan water, and transported to 
the laboratory (3 to 5 h transport time) in coolers on ice. P. hoyi were maintained in the 
laboratory at 4°C in shallow aquaria with 4 to 5 cm of fresh Lake Michigan sediment and 
10 cm of lake water for less than one month before experimental use. 

M. relicta were collected during four field seasons, 1985 through 1988. Initial collections 
were at a depth of 65 m but, because of higher organism densities, collections were usually 
made at 80 m depth due west from Grand Haven, Michigan. The collections were either 
made at night by towing a 1 m diameter by 3 m long net (56 1 pm mesh) approximately 1 to 
3 m off the bottom at approximately 1 mph or by setting a "mysid trap" (Fig. 1) at 80 m 
with retrieval at 2 to 4 week intervals. The M. relicta were transferred to coolers containing 
water collected from the hypolimnion and maintained at 4 to 6°C with ice. M. relicta were 
housed in large aquaria containing Lake Michigan water at 4°C for less than one month 
before use. Mysids were fed either trout chow or Tetra Min fish food every 2 to 3 days during 
the holding period. 

PCP (I4C, specific activity 10.57 mCi mmol-I, Lot #830409) and carbaryl (naphthol-l- 
I4C, specific activity 10.23 mCi mmol-I, Lot #820928) were dissolved in acetone, and radio- 
purity was determined using thin layer chromatography (TLC) and liquid scintillation count- 
ing (LSC). The TLC was performed on silica gel plates with the following solvent systems: 
hexane:benzene:acetic acid (60:40:4, v:v:v) for PCP and ether:hexane:acetic acid (60:20: 1, 
v:v:v) for carbaryl. The PCP was 99% pure and used as purchased. The radiolabeled carbaryl 
was purified when necessary, using the same solvent system as used for purity determina- 
tions, to 298% radiopurity. The un-labeled PCP (Aldrich Chemical Company, 99%) and the 

un- IIII a e car I,II!II ary em erv~ce, IROJ a were  US^ a aa ptld I A I  11 . 
Lake Michigan water was filtered through Gelman glass-fiber filters with a nominal 1 pm 

pore size to remove particles. The Lake Michigan water hardness and alkalinity were 139.3 
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FIG. 
number 

1-Mysid trap designed by the crew of the R. V .  Shenehon for 
of M. relicta. 

collection of large 

+ 1.6 mg L-' a CaCO, (n = 30) and 2.15 + 0.10 meq L-' as CaCO, alkalinity (n = 48), 
respectively [I I]. 

Uptake experiments for P. hoyi were performed in quadruplicate at 4'C in a temperature- 
controlled flow-through chamber. Each chamber contained approximately 0.2 L of water 
and 20 to 30 organisms. The experiments were run under low level red light to minimize P. 
hoyi response to light [IZ]. The water was dosed with the radiolabeled toxicants in (200 pL 
acetone camer to 4 L of water. The water flow was held at approximately 100 mL h-I to 
maintain a constant toxicant concentration. Animal samples, 2 to 3 per chamber at each 
time point, were removed at 1, 2, 4, and 6 h; weighed; and placed in liquid scintillation 
cocktail (Research Products International, 3a70B) for determination of I4C activity. Water 
samples (2 mL) were also taken at the same time points as the animals to monitor the toxi- 
cant concentration and placed directly into scintillation cocktail. Sample counts from an 
LKB 12 17 scintillation counter were corrected for background and quench using the external 
standards ratio method. Toxicant concentrations of PCP or carbaryl in P. hoyi and water 
samples were calculated from the specific activity of the respective toxicant. 

Uptake experiments for M. relicta were performed in triplicate at 4'C under static condi- 
tions, due to equipment limitations. The water was prepared and dosed as above and 4 L 
placed in each of three 6 L aquaria. Ten mysids were added to each aquaria, and single 
animals were sampled at 1,2,4, and 6 h. Water samples (2 mL) were taken at the same t\ 
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as the animals were sampled. The mysids and water were prepared for analysis and the I4C 
activity determined as described above for P. hoyi. 

For elimination measurements, 15 to 25 labeled P. hoyi were transferred from the contin- 
uous exposure system to 6 L glass aquaria containing water and sediment, with no added 
toxicants. Three replicates of 2 to 3 animals were removed from the aquaria at approximately 
1.5,3,5, and 7 day intervals (exact times were used in calculations). Similarly, 6 mysids were 
transferred to aquaria containing Lake Michigan water and sampled under the same regime 
as the P. hoyi. The animals were prepared for analysis and I4C activity determined as 
described above. 

96-h LC,, studies were conducted at least twice in triplicate at 4°C under static conditions. 
For PCP, water was not renewed over the course of the four day exposures. However, fresh 
dosing solution was prepared and exchanged daily for carbaryl, because carbaryl will hydro- 
lyze rapidly at the pH of Lake Michigan water (ca. 8.0). Twenty P. hoyi were placed in 400 
mL beakers with 250 mL of toxicant solution, while six mysids were placed in 500 mL of 
solution in 600 mL beakers. Mortality was determined at 24, 48, 72, and 96 h. Every 24 h, 
dead animals were removed from the exposure chambers. Dead P. hoyi were defined as those 
that did not respond to gentle prodding with a spatula and had no movement of mouth parts, 
whereas dead M. relicta were defined as those lying on the bottom of the beaker and white 
in color. Animals alive at 96 h were subsequently weighed and assayed for toxicant concen- 
trations by measuring the I4C activity as described above. Water toxicant concentrations were 
measured on a daily basis by assaying the radioactivity and calculating the toxicant concen- 
tration from the isotopic dilution. PCP concentrations in water were also determined at the 
beginning and end of the experiment by reverse-phase high pressure liquid chromatography 
(HPLC), as described below. 

For LC, determinations, a stock solution of un-labeled PCP (Aldrich Chemical Company) 
was prepared in an NaOH solution (IN). A logarithmic range of PCP concentrations was 
made using a ratio of the stock solution and I4C-labeled PCP to facilitate monitoring of the 
PCP. The pH was adjusted to that of lake water with HCI after addition of PCP in NaOH. 
The addition of a radiolabel also allowed measurement of the P. hoyi PCP concentration at 
the end of the experiment, as described above. The actual PCP water concentrations were 
determined by HPLC in an isocratic system using acetonitri1e:water 50:50 (v:v) as the eluting 
solvent and direct injection of the water. The HPLC determined concentration combined 
with measurements of the radioactivity in the water allowed determination of the actual 
specific activity for each dose. The stock dosing solution for un-labeled carbaryl was prepared 
daily in acetone, and a logarithmic range of carbaryl concentrations was made using a ratio 
of the stock solution, 14C-carbaryl, and acetone for a total of 1 mL of carrier per 2 L of water. 
Controls contained only the 1 mL of camer. Toxicant concentrations were monitored with 
the I4C activity and calculated from the isotopic dilution. 

The SAS Probit routine [Q] was used to calculate PCP and carbary; concentrations caus- 
ing 50% mortality (LCso). 

The accumulation kinetics of PCP and carbaryl for P. hoyi under flow-through conditions 
were determined using a one-compartment donor-dependent model: 

where 

C, = toxicant concentration in organism (ng g-I), 

I!, = cIearance o I  to!cant Ir om water lmL g' h'), 
Cw = toxicant concentration in water (ng mL-I), and 

t = time (h). 
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The model assumes constant water toxicant concentration over the accumulation phase 
(measured coefficient of variation was 9.2% for PCP and 5.6% for carbaryl) and slow (unim- 
portant) elimination during the accumulation measurements. The same model was used for 
the static uptake experiments with mysids, because the toxicant concentrations were also 
nearly constant (measured coefficient of variation for PCP was 5.8% and for carbaryl 1.9%). 

Elimination was measured independently and the data fit to a first-order decay model: 

where 

@, = initial toxicant concentration in organism (ng g-I) at beginning of elimination 
phase, 

Kd = elimination rate constant (h-I), and 
t = time (h). 

Toxicokinetic estimates of P. hoyi and M. relicta toxicant concentrations were made using 
a two-compartment donor-dependent model: 

where the values have the same definitions as above. 

Results 

Toxicokinetics 

The uptake clearances (K,) of PCP and carbaryl by P. hoyi were similar, while the elimi- 
nation rate constants (Kd) differed by more than a factor of ten with the carbaryl more slowly 
eliminated (Tables 1 and 2). Correspondingly, the calculated bioconcentration factors (BCF), 

TABLE I -Toxicokinetics of pentachlorophenol to Pontoporeia hoyi and Mysis relicta. 

Parameter P. hoyi M. relicta 

K, ( m L  g-I h-I) 3.1 f 0.9 0.25 f 0.17 
( n  = 6)  ( n  = 4)  

LCSo (pg mL-I): 
24 h 1.26 f 0.13 

( n  = 3) 
48 h 0.83 f 0.34 

( n  = 3) 
72 h 0.59 f 0.27 

( n  = 3) 
96 h 0.60 f 0.32 

( n  = 3) 
J - b o a  (pg gg-'1 243 f 49 

( n  = 8 )  

'Cumulative concentration in the organism that results in 50% mortality. 
Unknown = the concentrations measured were too variable to yield estimate. 
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TABLE 2-Tosicokinetics and toxicity o/'carhar.vl to Pont,oporeia hoyi and Mysis relicta. 

Parameter P. / I C I J ~  M. relicta 

K,, (mL g- '  h-I) 3.74 3z 0.63 0.134 (0.135-0.133) 
(n  = 4) (n  = 2) 

Kd (h-'1 0.0002 _+ 0.00016 0.0009 _+ 0.0006" 
(n  = 3) (n  = I )  

BCF (K,IKdl 18 700 149 
LCso (pg nlL-I): 

24 h 0.46 (0.44-0.47) pg mL-' 
(n  = 2)  N D ~  

48 h 0.37 (0.36-0.38) 0.55 (0.18-0.91) 
(n  = 2) (n  = 2) 

72 h 0.29 (0.29-0.30) 0.40 (0.18 -0.6 1 )  
(n  = 2) (n = 2) 

96 h 0.25 (0.23-0.27) 0.23 (0.103 -0.356) 
(n = 2) (n  = 2) 

LDsoc g- '1 47.7 f 10.5~ 
(n = 3) 2.75 (1.68- 15.4)' 

" Standard error from fit of the regression line. 
ND = not determined; insufficient mortality at 24 h to yield estimate. 
Cumulative concentration in the organism that results in 50% mortality. 
The fiducial 95% confidence limits for these estimates range from 38 to 141 pg g - ' .  
' 95% confidence limits from the probit analysis. 

ratio of K,,/Kd, in P. hoyi for PCP and carbaryl were 939 and 18 700 respectively. For M. 
relicta, both the K, and Kd values for PCP were above twice those for carbaryl (Tables 1 and 
2). Thus PCP is taken up more rapidly and eliminated more rapidly than carbaryl at pH 8. 
Because both the M. relicta rate coefficients were greater for PCP compared to carbaryl, the 
calculated BCF values were similar ( I28 for PCP and 148 for carbaryl) (Tables 1 and 2). In 
all cases, the elimination half-life exceeded 200 h, or more than 30 times the duration of the 
uptake experiments; thus the assumption that elimination was not important for the accu- 
mulation model (Eq I) was confirmed. 

The uptake clearances for P. hoyi for both compounds were at least ten times those for M. 
relicta. Thus at pH 8 the P. hoyi will take up the two compounds much faster than the M. 
relicta. The elimination rate constants were similar between the two organisms for PCP; 
however. the elimination constant for P. hoyi was somewhat larger than for M. relicta 
(Tables 1 and 2). For carbaryl, the elimination constant for M. relicta was about four times 
larger than that for P. hoyi (Tables 1 and 2), indicating that M. relicta can eliminate the 
carbaryl or its metabolite faster. These species differences in toxicokinetics were reflected in 
the BCFs for the two compounds. P. hoyi was expected to accumulate much more of the 
compounds than M. relicta. 

Acute Toxicity 

Both PCP and carbaryl were acutely toxic to both P. hoyi and M. relicta. Based on the 
LC,,, values for PCP. ,M. relicta was less sensitive than P. hovi (Table 1 ). This lower sensitivity 

rnnursoo~nro A4 relicts compared r nnn!~r to P hovr However, rinonoo~~~r the d~fference n~~w~un~~~~r'rr~~~~~~~l between the BCFs of the two oraan- 

- 
isms. which reflects the total differences in the toxicokinetics, was only about a factor of 10, 
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while the difference in the LC,, values was approximately a factor of 100. The toxicity of 
carbaryl, based on LCSo values, was similar for the two species, in spite of the large differences 
in the estimated BCFs as a reflection of differences in the toxicokinetics. 

Estimates of Toxicant Concentrations in Organisms for 50% Mortality 

The cumulative toxicant concentrations in the organisms required to yield 50% mortality, 
LD,,, can be estimated by two methods. First, using the toxicokinetics for the respective 
organisms and compounds and the respective LC,, values, the concentration in the organ- 
isms can be estimated for each of the exposure durations using Eq 3 (Table 3). The second 
approach uses the measured toxicant concentrations of the live organisms after 96 h, and 
substitutes the cumulative toxicant concentration for dose in the probit analysis of dose 
response to yield an estimate for 50% mortality at 96 h for the respective compounds and 
organisms (Table 3). 

From the above calculations using the toxicokinetics, the calculated LD,,s are similar 
across all the exposure durations, although there does seem to be a trend towards increasing 
LD, for P. hoyi for increasing duration of exposure for both compounds (Table 3). In the 
case of PCP, the LD,, estimated at 96 h for P. hoyi is not statistically different from that for 
24 h exposure, while the LD,, estimates were different for carbaryl between 96 h and 24 h 
exposures. No such trends are evident for M. relicta (Table 3). 

The 96-h LD,, estimates calculated from the toxicokinetics (Table 3) are not statistically 
different from those estimated from the probit analyses using the measured organism toxi- 
cant concentrations (Table 3) for carbaryl in either organism or PCP in P. hoyi. Our attempt 
to estimate the LD,, for PCP in M. relicta using measured PCP concentrations in the organ- 
isms was not successful because the concentration data was so variable that a log probit fit 
to the data was not possible. Because the LD,, estimates with measured toxicant concentra- 
tions in the organisms were performed with toxicant concentrations measured in live organ- 

TABLE 3-Estimated toxicant concentration in the organism t o  yield 50% mortality, LDSo. 

Exposure P. hoyi M. relicta 
(h) (rg g-'1 (rg g-I) 

Pentachlorophenol 
24' 90 f 9.3b 1028 f 243 
48" 114 f 46.7 1128 f 1 
72" 117 f 53.5 1326 ? 245 
96" 153 f 82 1184 f 225 
96' 243 f 49 U N ~  

Car bar yl 
24" 41.2 f 1.8 NDe 
48" 66.1 + 1.8 3.5 f 2.3 
72" 77.5 f 1.3 3.7 ? 2.1 
96" 88.9 f 7 2.8 ? 1.6 
96' 47.7 ? 10.5' 2.8 (1.6-  15.5)6 

ppp - - - 

" Estimated from the toxicokinetics. 
Errors represent the standard deviation of the mean LCSo values. 
' Estimated from measured toxicant concentrations in the organisms. 

Unknown = measured toxicant concentrations in the organisms were too variable to yield estimate. 
' ND = not determined; insufficient mortality at 24 h to yield estimate. 
/The fiducial 95% confidence limits for these estimates range from 38 to 141 pg g-I. 

95% confidence interval from probit analysis. 
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isms, the concentrations might not reflect the concentration required to produce mortality. 
To examine this possibility, the toxicant concentrations of the dead mysids, from one of the 
carbaryl exposures, were assayed as they were removed at each 24 h. These organisms had a 
body burden of 2.42 i- 0.74 pg g-I (n = 8), which compared favorably with the LD,, esti- 
mate of 2.75 pg g-I using measured toxicant concentrations and the toxicokinetic estimate 
of 2.83 f 1.6 pg g-I. 

Discussion 

Compound Characteristics 

Both PCP and carbaryl are susceptible to changes in their environmental behavior due to 
changes in the pH of the water. The phenolic group of PCP ionizes at high pH, pKa = 4.74 
(141. At the pH of lakewater (pH 8) and the 96-h LC, concentration 0.6 pg mL-' total PCP, 
the concentration of the unionized PCP will be 3.3 X pg mL-I. The amount of un- 
ionized PCP will increase significantly as the pH declines. Because organic toxicant accu- 
mulation is driven by passive diffusion through membranes, the accumulation of the un- 
ionized compound will be much faster than that of the ionized material. This does not mean 
that the ionized form does not become accumulated but that the rate of accumulation is 
much slower. The balance between the contribution of the ionized and un-ionized forms has 
been modeled for fish [15]. If the uptake clearance were calculated for P. hoyi using only the 
un-ionized PCP as the concentration of PCP in the water, K,, would be 49 13 i- 1358 mL 
g-' h-I. This calculated clearance is totally unrealistic compared with the clearance of com- 
pounds with similar physical chemical characteristics as the un-ionized PCP. For instance, 
K, for pyrene is only 199 mL g-' h-I [18]. From these data and the studies in fish, we con- 
clude that the ionized form must be contributing to the toxicity by being accumulated. The 
role of the ionized form will be proportional to the flux of the two forms into the organism; 
thus as the pH decreases, the accumulation of the un-ionized form will increase due to a 
change in the relative concentrations of the ionized and un-ionized forms because of a shift 
in the equilibrium between the two forms. As a result of the increased flux of the un-ionized 
form, the toxicity will be more dependent on the un-ionized PCP and the concentration of 
total toxicant in the water required to produce mortality will decrease as the pH decreases. 

Detoxication by hydrolysis occurs rapidly for carbaryl as the pH is elevated and at pH 8 
the half life is estimated to be 1.5 d at 27°C [16]. Thus for a 6-h accumulation study 89.1% 
of the carbaryl added is estimated to remain as parent compound, while for the LC,, deter- 
minations the percent parent compound was estimated to be 63% at 24 h and 27'C. For both 
the kinetics and toxicity studies, the amount remaining as parent compound should have 
been larger than the estimate because the work was performed at 4'C instead of the 27°C at 
which the hydrolysis kinetics were determined. 

Toxicokinetics 

The differences between P. hoyi and M. relicta in the uptake clearances for both com- 
pounds are likely caused in part by animal size differences. The relatively slower uptake for 
the larger M. relicta, compared to P. hoyi, was also observed for the accumulation of poly- 
cyclic aromatic hydrocarbons [17] and hexachlorobiphenyl [Landrum, unpublished data], 
although the differences were not quite as extreme. Compounds with log octanol-water par- 
tition coefficients (K,) similar to that of PCP (5.01 [14]) show high uptake clearances in 

I p y ,  I low I I 1 I r n 11111 1110 1 ~[IIIII is IOII~TI 
log KO, (4.45), 63 f 5 mL g-I h-I [171). However, the high degree of PCP ionization 
accounts for the relatively low uptake clearances found for both P. hoyi and M. relicta. The 
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similarly low uptake clearances for carbaryl by both organisms are not easily explained, 
although the low log K,,, 2.36 [19],  may partially account for the low clearance values. 

The Kd values for both organisms are small, resulting in half-lives ranging from 210 to 
3465 h. The Kd values were essentially the same for both PCP and carbaryl in M. relicta, 
while the K, value for carbaryl by P. hoyi was approximately ten times smaller than that for 
PCP. These rate constants are similar to those measured for more non-polar contaminants 
in both organisms [17,18]. The comparable rates of elimination for the more polar PCP and 
carbaryl may be due in part to ion trapping of the PCP and the I-naphthol, the major metab- 
olite of carbaryl, in both organisms. Ion trapping is the ionization of an accumulated com- 
pound that prevents or slows the transfer of the compound back across a membrane for 
elimination. 

Acute Toxicity 

M. relicta is a fragile organism and toxicity determinations were hampered to some extent 
by the difficulty of collecting sufficient numbers of healthy animals. Collection of mysids by 
net was time-consuming and often yielded few animals many of which were damaged in 
collection, judging by the mortality in transport, which was approximately 30%. The trap 
collection method yielded relatively large numbers of organisms with minimal effort. The 
animals appeared to be large and quite healthy (e.g., they exhibited < 15% mortality during 
transportation). In all cases, mysids that were alive upon amval at the laboratory could be 
easily kept alive and healthy for months, though all the organisms were used within one 
month of collection. 

Collection of P. hoyi is facile, because large numbers can be screened from PONAR grab 
samples, and the organisms are readily transported with no apparent mortality. The organ- 
isms can be readily held in the laboratory for many months but, as with the mysids, were 
used within one month of collection. 

Despite their fragility during transport, M. relicta were much less sensitive to PCP expo- 
sure than were P. hoyi; LC,, values for M. relicta were approximately one hundred times 
greater than those for P. hoyi. Differences in the projected LD,, estimates between P. hoyi 
and M. relicta were less dramatic than the differences in the LC,, values and more closely 
reflected the differences in the calculated BCFs of the two organisms. The sensitivity of P. 
hoyi to PCP resembles that of other amphipods whose LC,,s range from 0.37 to 0.93 pg mL-' 
[20,21]. The sensitivity of the M. relicta is similar to that of the crayfish, based on LC,, values 
[22]. However, M. relicta seems to be less sensitive than even the crayfish, based on the 
estimated concentration in the organism required to elicit 50% mortality, 26 pg gg' for the 
crayfish [22] compared to an estimated 1 mg g-' for mysids. 

Based on the LC,, values for carbaryl, P. hoyi and M. relicta were similarly sensitive. Both 
were generally less sensitive than other crustaceans, but much more sensitive than mollusks 
and fish [23].  Specifically, the LC,, for P. hoyi (0.25 pg mLg') was approximately an order 
of magnitude larger than that for other amphipods Gammarus pulex (0.029 pg mL-') 1241, 
Gammarus lacustris (0.016 pg mLg') [25],  and Gammarus fasciatus (0.026 pg mL-') [26]. 
The LCJo for M. relicta was far larger than that for Mysis bahia, a saltwater mysid, 0.26 pg 
mL-' compared to 7.7 ng mL-' respectively [27]. In spite of the apparent similarity in sen- 
sitivity between M. relicta and P. hoyi as described by the LC,,s, the respective LD,,s were 
different by approximately a factor of ten with M. relicta the more sensitive. 

In the foregoing comparisons, the study temperatures were higher for all of the organisms 
compared to P. hoyi and M. relicta. The differences in temperatures may contribute to dif- 
ferences in toxicity; however, we assumed that the organisms were tested near their optimum 
temperature and thus interspecies comparisons could be made that would indicate relative 
sensitivity. 
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Organism Toxicant Concentrations for 50% Mortality 

LD,, values estimated from the measured toxicant concentrations and those estimated 
from the LC, values and the toxicokinetics were very similar, where the comparisons could 
be made. The two methods of estimating the carbaryl LD,,s for P. hoyi produced statistically 
different estimates based on the means of individual determinations. However. the 95% con- 
fidence intervals from the probit analyses (36 to 14 1 pg g-') overlapped the value determined 
from the LC, values and the toxicokinetics; thus the two estimates are not in fact statistically 
different. 

We wondered whether the LD,, estimates, based on organism toxicant concentrations 
using live animals, might under-estimate or over-estimate the concentrations required for 
mortality. When this question was examined once using mysids and carbaryl, the carbaryl 
concentrations in the dead organisms were very similar to the estimated LD,s for mysids. 
Thus use of the live organism toxicant concentrations appears to be reasonable for estimating 
the concentrations required to produce toxicity. 

With the possible exception of carbaryl in P. hoyi, the LD,@ were not significantly different 
across the duration of exposure. If the L D d  are constant across all exposure durations, then 
an aqueous toxicant exposure could be calculated from a rearrangement of Eq 3 and the 
mean LD,, estimated via the toxicokinetics, that could be expected to yield 50% mortality 
at steady state. For carbaryl, the aqueous concentration to yield 50% mortality at steady state 
would be 0.0037 pg mL-I for P. hoyi and 0.0022 pg mL-I for mysids, values approximately 
100 times less than the respective 96-h LC,. For PCP at pH 8, the aqueous concentrations 
to yield 50% mortality at steady state would be 0.126 pg mL-' for P. hoyi and 9.1 pg mL-' 
for mysids, approximately 20% of the respective 96-h LC,,. 

The use of the cumulative concentration of a toxicant in the organism as a measure of the 
cumulative response for a given period of exposure gives an upper bound on the dose in the 
organisms required for the response. The use of the cumulative toxicant concentration 
assumes that the concentration in the whole organism is proportional to the dose at the 
receptor. Because of the continual exposure over the period during which the response is 
accumulating, injury may be occurring in a cumulative fashion as well. Thus, if a single dose 
could be administered and the response measured over the same time period, the single dose 
required to produce the same response may be lower than the total cumulative dose depend- 
ing on the distribution and metabolism in the organism. However, since the estimates of the 
cumulative toxicant concentrations required to produce the acute responses were similar 
across the various exposure durations, apparently a threshold must be reached before mor- 
tality occurs and cumulative mortality must be minimal, for these two toxicants. This con- 
cept is further supported by the similar concentrations of carbaryl, as total accumulated tox- 
icant, in the dead organisms which compared well with the estimated LD,,s for M. relicta. 
Since exposures to aquatic organisms will likely be more or less continuous in environmental 
exposures, the establishment of the residue concentration required to produce a response 
should permit a better understanding of the significance of residue levels in the environment. 
Further, through the use of kinetics models predictions of the effects of contaminants may 
be estimated for a variety of exposure scenarios when residue, response, and exposure dura- 
tion relationships are known. 

Summary 

sensitivity of the two organisms to the two toxicants differed. P. hovi was more sensitive to 
PCP, and M. relicta more sensitive to carbaryl. Differences in the toxicokinetics reduced the 
apparent differences in sensitivity between the two species for carbaryl, based on the LC,, 
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values, but the differences in sensitivity to PCP, based on the LC,, values, were easily 
explained by the toxicokinetics. The LD,, estimated by probit analysis from measured toxi- 
cant concentrations in the organisms resembled those estimated from the toxicokinetics par- 
ameterized from the LCso values. 
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