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Abstrac_t—Gut content can contribute significantly to the metal body burdens in scdiment—exposed Hyalella azteca even if it has no direct effect on toxicity. To detennine the duration and the effect of gut clearance on total body concentrations. we exposed H. azleca for 1 week‘ to a spiked sediment (lead. cadmium, zinc, and copper); a second set of amphipods was kept in cages above the sediment. Following ‘transfer into clean water (25°C) for 96 h, lead and zinc concentrations showed a biphasic decline. with a stronger decrease in the fi_rst 4 to 6 h, when gut clearance contribute 
due to excretion from the body. Without gut clearance, the 

d significantly to metal loss. Aftcr‘6 h, metal loss was apparently “real" body concentrations of lead and zinc in sediment-exposed amphipods were overestimated by 438 and 44%, respectively. Gut clearance did not have a visible effect on cadrnium and copper body burdens because the body and sediment concentrations were similar. After a depuration time of 6 h, direct excretion from the body resulted in_ a drop of less than lO% in the total body burdens of lead. cadmium, zinc, and copper compared to the gut- corrected time-zero body burdens. After 24 h, this loss increased up to 27%. Feeding during the deputation period did not have a significantfinfluence on gut clearance. A model that allows estimation of the influence of gut content on the total body concentration of undepurated invertebrates from the bioconcentration factor is evaluated. 

Keywords'—"Metal body burdens Gut clearance 

INTRODUCTION 
Measurements of metal body concentrations in aquatic in- 

Depuration rates constants 

vertebrates are an important tool forgidentifying the agents that . 

are responsible’ for toxic effects of sediments [1]. In many 
cases, metal body burdens are a better indicator of bioavailable 
‘metal and its biological effects than the concentration of metals 
in the animal’s surroundings [2]. The total body burden of 
metal in an animal is the sum of metal in’ its body and metal 
in the gut contents. Biological effects are usually ascribjed only 

. to metal in the body, requi_r_i_ng the need to differentiate between 
metal in the body and metal in the gut. Several authors have 
investigated the effect of gut content on metal body burdens 
in different aquatic invertebrates and found a significant con- 
tribution of the gut content to the total metal body burdens 
[3—6], but no data have been published for Hyalella azteca. A h_ight_n_etal content in the gut can lead to a significant over- 
estimation of bioavailable metal in the envi_ronrne'nt if the metal 
is not absorbed by the body. Even if the main focus of an 
‘investigation is metal accumulation by higher trophic levels, 
the metal in the gut and the metal in the body of "prey organisms 
cou_ld have different bioavailability for the predator. Therefore, 
reliable means of distinguishing between metal in the body 
and metal in the gut are required. — 

The purpose of this study was to determine the effect of 
gut content on total metal body concentrations of sediment- 
exposed H. azteca. Furthermore. welwanted to investigate how 
long H. azteca needs to clear its gut and whether fejeding would 
have an influence on gut clearance. By comparing the decrease - 

in total metal body concentrations in sediment-exposed am- 
phipods to that in arnphipods kept in cages above the sediment, 
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we planned to separate the effect of gut clearance from the 
effect of metal deputation from the body. By measuring the 
change in body concentrations and applying a kinetic model 
to these data, we avoided the need to determine the change in 
body weight during gut clearance gravimetrically. Gravime_t- 
rical methods would be difficult to use because this would 
need to be done on live anima1_s; the live weight of H. aztecq 
is often below 5 mg and unstable because of evaporation when 
the animals are exposed to air wh_i_le on the balance. A general 
model is presented to predict the influence of gut content on 
the total metal body concentration of aquatic macroinverte- 
brates from the bioconcentration factor and is applied to sev- 
eral studies in the literature. 

MATERIALS AND METHODS 
Arnphipods were cultured as described in Borgmann et al. 

[7] and were 6 to 7 weeks old at the beginning of the exper- 
iment. Burlington tap water (originating from Lake Ontario, 
hardness 130 mg/L, alkalinity 90 mg/L, pH 7.9-8.6), dechlo- 
rinatedby bubbling with an aquarium charcoal filter, was used 
for cu,ltu,ri_ng and experiments. ‘

— 

Sediment (density 1.2-2 g/ml, moisture content 71.5%, 
weight loss of 7.9% on ashing at 452°C for 48 h) was collected 
from site 1 in the west end of Hamilton Harbour and stored 
until use at 4°C. Sediments from this site consistently sup- 
ported high survival in 4-week toxicity tests [8]. The sediment 
was spiked with the nitrate salts of copper (Cu), cadmium (Cd), 
lead (Pb). and zinc (Zn) by mixing equal volumes of spike 
solution (2 mM Cu. 0.l mM Cd, l0 mM Pb, and 10 mM Zn 
in Milli-Q” deionized water, (Milli-Q, Bedford, MA, USA) 
and sediment in l-L polypropylene bottles and rotating the 
mixture for 24 h at low speed. These concentrations were 
chosen to achieve metal concentrations in the sediment ashigh
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as possible without resulting in a significant mortality after 1 

week of exposure based on preliminary experiments. After 
mixing, the sediment was allowed to settle and the excess water 
decanted, This sediment caused 100% mortality of 5- to 6- 
week-old H. azteca after an exposure of 1 week and was 
therefore di_luted fourfold with unspiked sediment and 10% 
dechlorinated tap water (to facil_it_ate mixing) and rotated in 
polypropylene bottles for 5 _d at 4 rpm. Again, the sediment 
was allowed to settle and the excess‘ water decanted. 

Amphipod exposures were conducted in two ‘replicate 2-L 
polypropylene containers filled with 800 ml dechlorinated tap 
water-and 200 r_n_l_ spiked sediment carefully added to minimize 
mixing. After 3 cl of aeration, 234 animals were added to each 
container and an additional 234 animals added to cages (vol- 
ume 0.8 L) inside the containers. These cages were fixed to 
the wall of the containers 2 to 3 cm above the sediment. The 
bottom of the cages consisted of" a 0.25-‘mm nylon screen that 
permitted water exchange but prevented access of the amphi- 
pods’ to the sediment. Experiments with varying densities (ratio 
of amphipods to sediment) showed no negative effect of these 
densities on growth or survival of the amphipods. An EDTA 
control was set up using 33 amphipods in a 2-L polypropylene 
container filled with 1 L of 50-p.M" EDTA in dechlorinated tap 
water and containing two pieces of cotton gauge (5 X 5 cm). 
The amphipods in all containers and cages were fed with 
TetraMin® (Ulrich Baensch, Melle, Germany) fish food. Dur- 
ing the exposure period, all containers were gently aerated 
through Pasteur pipettes. The experiment was conducted at 
25°C with a 16:8 h lightadark cycle. 

After 1 week, the amphipods were removed from the cages 
and sieved from the sediment with a 500-tum nylon screen. To 
avoid gut clearance in the time-zero samples, the first 25 am- 
phipods that were removed from each treatment and replicate 
were immediately rinsed three times with dechlorinated tap 
water containing 50 ptM EDTA and once with Milli-Q water. 
Then 12 to 14 of them were randomly selected and dried at 
60°C. The time between removing these amphipods from the 
sediment orthe cage and the final rinse in Milli-Q water was 
shorter than 8 min. All amphipods in the EDTA control were 
‘treated in the same way. The remaining amphipods were sep- 
arated from the sediment or talcen from the cages and trans- 
ferred three times into clean dechlorinated tap water with 50 
nM EDTA. These were combined with the 11 to 13 remaining 
from the first 25 removed and then randomly distributed into 
ll polypropylene containers for each treatment (cage. sedi- 
ment) and each of the two replicates. These containers were 
filled with 200 ml of 50.-p.M EDTA solution and contained 
one piece of cotton gauze -as clean substrate to cling to [7]. 
Seven of these l l containers received 5 mg TetraMin fish food_. 

After 1, 2, 4, and 6 h all amphipods from two containers 
(one fed and one not fed) and after 24, 48, and 92 h all a_m- 
phipods from one container (fed) of each treatment and each 
replicate were removed, rinsed in Milli-Q water, and dried at 
60°C. 

From each treatment (sediment fed, sediment not fed, cage 
fed, cage not fed) and each depuration time, si_x replicate sub- 
samples of four amphipods (three replicate subsamples from 
each of the two replicate exposure containers) were digested 
and analyzed for their metal body concentra_ti_ons. For each 
subsample, the total dry weight of four amphipods was mea- 
sured. These were digested with 25 pl of 70% nitric acid at 
room temperature for 6 d, after which 20 pl of 30% hydrogen 
peroxide was added and samples were left for another 24 h at 
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room temperature. Double-distilled water was added to a final ' 

volume of 250 nl. Dried samples (3-25 mg) of the spiked 
sediment were digested with the same method (250 pl of nitric 
acid, 200 [L1 pjeroxide, final volume 10 ml). Digested amphi- 
pods and sediment samples were analyzed for lead, zinc, cad- 
mium, and copper on a Varian SpectraAA 400 graphite furnace 
atomic absorption spectrophotometer (Varian, Walnut Creek, 
CA, USA) with Zeeman background correction. After analyz- 
ing lead, we diluted all samples fourfold with double-distilled 
water before measuring the other three metals. If further di- 
lution of individual samples was necessary, 0.7% nitric acid 
was used. Cadmium, lead, and zinc were analyzed using a 
platform and ammonium phosphate modifier. Copper was mea- ’ 

sured in a partition tube without modifier. Samples of'National 
Research Council reference material (TORT—1, lobster hepa- 
topancreas) were diges_ted and analyzed using the same meth- 
od. The average recovery (standard error) of Cd, Cu_, Pb, and 
Zn in the TORT samples was 101% (12.4), 95% (i 1.9), 93% 
(:43), and 90% ($2.5) of the certified values, respectively (n = 9). The high standard error of the Pb readings was probably 
due to high variability of Pb in the TORT standard. The metal 
concentrations are certified for TORT samples larger than 500 
mg, which is two to three orders of magnitude larger than the 
mass used in the digestion of the amphipods and the TORT 
samples in this experiment. 

Statistical analyses were performed with Syst_a_t® 6.1 for’ 
Windows. Comparison between the different treatments and 
depuration times was done by analysis of variance (ANOVA). 
The pairwise comparison of all combinations was done with 
the Tukey method, and the comparison of all treatments with 
the EDTA control was done with Du_nnett’s test. Log trans- 
formation was necessary to establish homoscedasticity and 
normal distribution of the metal concentration data. Three data 
points of the Pb data and two data points of the Cd data were 
excluded as outliers from theidata sets (n = ‘l48) because the 
studentized residuals were larger than 3. The following equa- 
tion was used to analyze the change in body concentrations 
during the depuration time: 

C75 = Go'°XP(‘kg‘t) + Cxo'5XP("k«") + CHI: (1) 

where 

C“, = whole-body concentration at time t (nmol/g dry mass), 
C,” .= whole-body concentration due to metal ‘in the body-, 

excluding the gut content at the start of depuration 
(nmol/g dry mass), 

G0 = contribution of gut content to whole-body concentra- 
tion at the start of depuration (nmol/g dry mass), 

Cm. = background body concentration (nmol/g dry mass), 
k, = depuration rate constant from the body (/h), 
k_, 

= gut clearance rate constant (/h), and 
t = time (h). ' 

As a check on the reliability of the computer program for 
simultaneously fitting multiple constants using this equation, 
we also fit the data for r 2 6 h (i.e., after completion of gut 
clearance) to Equation 1 with G0 set equal to zero. In all cases, 
the estimates of k, obtained in this way were not significantly " 

different from those obtained using the full Equation 1. If‘ not 
otherwise stated, all results shown are based on the amphipods 
that were fed during the depuration time. The data for the two 
replicates for each treat_ment‘(sediment, cage) were pooled for 
the final nonlinear regression. Statistically significant differ- 
ences were seen between the body eoncentrations of Cd, Cu,
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Fig. 1. Lead concentration in sediment-exposed (9) and caged (*) 
H. azteca during_96-h gut clearance in clean water. Geometric means 
with 95% confident limits; = results of the linear regression 
of Equation 1; ------ -- = concentration of the EDTA-control amphipods 
(background co_ncen_trat_ion). The smaller graph within the graph shows 
lheidata of the first 8 h on an expanded time scale; - — — = real body 
con'cjen'trat_ion estpiijnated with Equation 1.

h 

and Pb between the two replicates (ANOVA, p < 0.05), but 
nosignificant differences were seen in the estimated gut clear- 
ance rate constant (kg) and depuration rate constant (k,) when 
they’ were estimated for each replicate separately. 

RESULTS 
The concentrations of Cu, Cd, Pb, and Zn i_n the spiked 

sediment were 2.8, 0.10,» 7.8, and 22 nmol/g (dry wt.), re- 
spectively. Compared to sediment quality criteria, the Cd, Pb, 
and Zn concentration_s were, respectively, 3, 18, and 5 times 
higher than the PELS (probable effect levels above which ad- 
verse biological effects are frequently observed). The Cu con- 
centration in the sediment was slightly below the PEL [9]. The 
measured metal concentrations are in the same order of mag- 
nitude observed in contaminated freshwater sediments, such 
as those from Clark Fork River (MT, USA) [10]. The survival 
rates after 1 week in the EDTA control, the sediment exposure, 
and the cage exposure were 97%, 85%, and 97%, respectively. 
No additional mortality was seen during the 96-h depuration 
"phase. 

Body concentrations (95% confidence limits [C1.]) in the 
EDTA control were 3.0 (2.5-3.5) nmol Cd/g, 999 (9l9—l,086)

0 
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nmol Cu/g, 1.4 (1.0—-1.9) nmol Pb/g, and 705 (595-835) nmol 
Zn/g. These data were used as the body background concen- 
trations (C3,) in the nonlinear regression of Equation 1. 

The sedi_r_nen_t-exposed and the caged amphipods showed a 

significant decrease in the total body concentrations during the 
96-h deputation for all four metals (p < 0.01). All these values 
were significantly higher than the values of the EDTA control 
(p < 0.05), with the exception of zinc in caged amphipods 
after a depuration time of 24, 48, and 96 hi The body metal 
concentrations of the cagedamphipods were significantly low- 
er than the body metal concentrations of the sedirn_ent—exposed 
amphipods (Figs. 1 to 4). 

Lead 
The total body lead concentrations of‘the sediment-exposed 

and the caged amphipods dropped quickly during the first 2 
to 6 h of deputation and continued to decline at a slower rate 
thereafter (Fig. 1). The whole-body lead concentrations of the 
se’dime,n,t-exposed amphipods were significantly higher than 
the whole-body lead concentrations of the caged amphipods 
during the whole depuration phase. 

In both treatments (sediment, cage), the decrease in the 
body lead concentrations was described well by Equation 1 

(Fig. 1). The depuration rate constants (k,, Table 1) of the 
sediment-exposed amphipods (0.014/h) and of the caged am- 
‘phipods (0.015/h) were not significantly different from each 
other. A depuration rate constant of 0.014/h is equivalent to a 
loss of 8% within 6 h and a loss of 27% within 24 h. 

The gut clearance rate constant (kg) of the sediment-exposed 
‘amphipods was 0._8/h (95% CL: 0.5-1.1/h). Therefore, the gut 
content is cleared by 99% in less than 6 h, The estimate for 
the gut clearance rate‘ constant of‘ the caged amphipods (1.9/h, 
95% CL: 0.6-3.1/h) was higher but not significantly different 
from 0.8/h. The gut content of the sediment-exposed amphi- 
pods‘ contributed much more to the total body metal concen- 
tration than that of the caged arnphipods. Therefore, the kg; 
obtained from the sediment-exposed amphipods is more pre- 
cise. 

On the basis of the results of the nonlinear regression of 
Equation 1, the gut content (Go) contributed 81% of the whole- 
body lead concentration of the sediment—ex'posed amphipods 
at the start of the deputation time (Table 1). The lead body 
concentration at this time (corrected for the gut content) was 
28 nmol/g (Cm + C,,,,). Lead in the sediment-exposed am- 
phipods contributed a greater percentage of the whole-body 
metal concentration than any other metal. Therefore, this es- 
timate of gut clearance (0.8/h) is considered to be the most 
reliable and is used in regressions in the following discussion 

Table 1. Results of the nonlinear regression of‘Equation 1 for the caged and the sjediirnent-exposed H. azteca. k-, = depuration rate constant, Cm 
= total body concentration at time zero, Cxo = above-background body concentration excluding the gut content at time zero, C5,, = body 
concentration excluding the gut content at t_irn_e zero (Cx,, + C“), G,, contribution of gut content to the total body concentration‘ at time zero, 

For all data sets, K,‘ was fixed to 0.8/h, the value that was estirnated for the Pb data of the sediment-exposed amphipods. 

CTB0 CXO CB0 G0 
Type Metal k,. (h) 95% Confidence limits (nmol/g) (nmol/g) (nmol/g) (nmol/g) 

Sediment Pb 0.0137 (0.0094—0.0l81) 151 27 28 123 

Cage Pb 
’ 

0.0153 (0.0117—0.0188) 45 18 20 26 
Sediment Zn 0.0108 (0.0040—0.0176) 1,646 438 1,143 503 

Cage Zn 0.0087 (-0.0003—0.0l77) 1,190 228 933 257 
Sediment Cd 0.0069 (0.0043—0.0094) 2-7 21 

' 24 3 

Cage Cd 0.0098 (0_.0076—0.01_20) 18 14 17 1 

Sediment Cu 0.0084 (0.0050—0.0l 19) 1,962 825 1,823 139 
(00038-0.0101) 1,615 ' -512 1,510 105 Cage Cu 0.0069



/

‘ 

‘~ 

nu...

. 

Effect of gut clearance on metal body burdens in H. azteca 

1800- 
16005 
14005 
12003 
1000 L 0 

zut§H:n 3.3;: (h) 
8‘ 

800-. 1 
" 

-;,_t ............. . 
.é‘a.c.k.§M3.c.5a¥a‘.r;.“; . . . . . . . . ,. 

600 ~ Zn 

,[nmo|/g] 

4005 
200- 

0.. 
I'll "|"'““l“"'l ' 

I 
' 

l 
' 

I 

'

l 012 24 36 48 60 72 84 96 
deputation time [h] 

Fig. 2. Zinc conce_ntratio_n in sediment-exposed (O) and caged ("‘) H. 
azzeca during 96-h gut clearance in clean water. Geo_m_e_tr_i_c means 
with 95% confident li_rnits_; = ‘results of the linear regression 
of Equation l (kk fi'xed to 0.8/h, obtained for the Pb data); = 
concentration of the EDTA-control amphipods (background concen- 
tra_ti_o,n). The smaller graph within the graph shows the data of the 
first 8 h on an expanded time scale; — — — = the real body c_once'ntration 
estimated with Equation 1. 

when reliable, independent estimates oufkg could not be ob- 
tained.‘ 

Zinc 
The. whole-body _z_inc concentrations of the caged and the'_ 

sedirnent-exposed amphipods decreased quickly during the 
first 4 to 6 h of depuration (Fig. 2). Although the mean of the 
zinc concentrations decreased’ slowly during the remaining 
time (Fig‘. 2), the concentrations at 6, 24, 48, and 96 h were 
not s_ign_ifica_nt,ly different from one another, and the body zinc 
concentrations of the caged amphipods at 24, 48, and 96 h 
were not significantly different from the EDT A-control am- 
phipods (p > 0.05). 

it was possible to fit Equation 1 to the observed body zinc 
concentration data to estimate the deputation rate constants 
(k,) and gut clearance rate constants (kg). This gives a kg of 
0.3/h (95% CL: 0.1-0.5) and a k, or 0.0032/h _(95% CL: 
-0.005’8—0.0l22). Although these estimates describe _t_he ob- 
served zinc data well, they are not very reliable for two rea- 
sons. First, most of the body zinc concentrations were very 
close to the background body zinc concentration. Therefore, 
the estimate for the background concentration (EDTA control) 
has a strong influence on the estimates of the other parameters 
in Equation l. Second, the estimated background concentration 
was low in comparison to previous investigations [1 1]. To get 
more reliable estimates for the deputation rate constants and 
to see whether the resultsfor zinc are consistent with the results 
from the lead data, we fixed the gut clearance rate constant in 
the nonlinear regression to the value calculated from the lead 
data (0.8/h). The results of this nonlinear regression agree 
reasonably well with the measured zinc data (Table 1 and Fig. 
2).

. 

On the basis of the regression with a fixed kg of 0.8/h, we 
estimated the gut content to constitute 31% of the whole—body 
zinc concentration at time zero. The depuration rate constant 
of 0.011/h implies that 6% (after 6' h) and 22% (after 24 h) 
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Fig. 3. Cadmium concentration in sediment-exposed (O) and caged 
(*) H, azzeca during-96-h gut clearance in clean water. Geometric 
means with 95% confident limits; = results of the linear re- 
gression of Equation l (k,, fixed to 0.8/h, ,0.btained~for the Pb data); 
------ ~- = conce'ntr'ation of the EDTA-control amph_ipods (background 
concentration). The smaller graph within the gr'aph'shows the data of 
the first 8 h on an expanded time scale; — — — = real body concentra_tion 
estimated with Equation 1. 

of the previously mentioned background zinc concentration is 
excreted from the body-. ' 

Cadmium 
The whole-body cadmium concentrations of the sediment- 

exposcd amphipods showed a fast but very small drop within 
the first hour followed by a continuous, slower rate of decrease 
(Fig. 3). No clear trend was vi_s'ibl_e for the caged amphipods 
within the first few hours of deputation, but after.6 h‘ the 
cadmium concentration decreased continuously at a rate sim- 
ilar to that of the sediment-exposed amphipods (Fig. 3). 

For the caged amphipods, it was not possible to obtain ' 

estimates of 'k‘ from Equation 1 with only the background 
concentration fixed for thenonlinear regression, To solve this 
problem, we set the gut clearance rate constant to 0.8/h and 
estimated the other parameter on the basis of this assumption. 
For comparability, we also did this for the sediment-exposed 
amphipods (Table 1). It was possible to estimate kg for the 
sediment-exposed amphipods (1.1/h), but the confidence limits 
were very wide (-3.8-6.1) and overlapped the estimate of kg» 
obtained from the lead data. 

The estimated cadmium deputation rate constant (k,) for 
the sed_iment—expo_s_e'd amphipods obtained using a fixed kg of 
0.8/h was 0.0069/h, a little lower than the deputation rate 
constant for the caged amphipods (0.0098/h, Table l). A depu- 
ration rate of 0.007 is equivalent to a loss of 4% in 6 h and 
a loss of 13% in 24 h. On the basis of the results of the 
nonlinear regression of Equation l (Table 1), we estimated that 
the gut content contributes approx. 11% to the whole-body 
cadmium concentration at time zero. 

Copper 
The whjole-bojdy copper concentrations of the sediment- 

exposed and the caged amphipods decreased more or less con- 
tinuously during the 96-h depuration (Fig. 4). It was not pos- 
sible to fit Equation 1 to the data from the sediment-exposed
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Fig. 4. Copper co'n‘cejntrat_ion in sediment-exposed (Q) and caged C’) 
H. azteca during 96-h gut clearance in clean water. Geometric means 
with 95% confident limits; . = results of the linear regression 
of Equation 1 (kx fixed to 0.8/h, obtained for the Pb data); ------ -- = 
concentration of the EDTA-control amphipods (background concen- 
tration). The smaller graph within the graph shows the data of the 
first 8 h on an expanded time scale; — -— = real body concentration 
estimated with Equation 1. 

amphipods, probably because of the small effect of gut clear- 
ance on the whole-body copper concentrations. To estimate 
the depuration rate constants (k,), we set the gut clearance rate 
constant (k_,) to 0.8/h in Equation l. The resulting estimates 
describe well the change in the body concentrations during the 
depuration time (Table l and Fig- 4). The depuration rate con- 
stant for the sediment-exposed amphipods was_0.0084/h, not 
significantly different from the depuration rate constant of the 
caged amphipods. On the bas_is of the results of the nonlinear 
regression of Equation 1 (Table l), we estimated that the gut 
content contributes approx-. 7% to the whole-body copper con- 
centration at time zero. 

I 

Effects of feeding during gut clearance 

No obvious effect of feeding was seen during the depuration 
time on the metal concentrations for any of four metals. We 
show the data only for Pb (Fig. 5) because the other metals 
were also similar for fed and nonfed amphipods. Although the 
ANOVA of the data from the sediment-exposed amphipods 
showed a significant effect of feeding for body lead concen- 
trations, no sign_ificant difference was seen between the body 
lead concentrations of the fed and the nonfed sediment-ex- 
posed amphipods after 4 and 6 hp. 

DISCUSSION 
The accurate estimation of gut clearance rate constants re- 

_ 

quires differentiation between gut clearance and the excretion 
of metals from the body because both parameters are estimated 
from the rate constant of decrease in whole-body metal con- 
centrations. Comparison of sediment-exposed and caged ani- 
mals and of excretion rate constant estimates from animals 
exposed to metals in spiked sediments and water-only exper- 
iments supports the conclusion that the decrease in metal con- 
centrations in the first 6 h ‘is, in fact, due primarily to gut 
clearance. Estimated gut contents of meta_ls were much higher» 

P.T.M. Neumajnn et al. 
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Fig. 5. Lead concentration in fed (0) and non-fed (A) H. azrecgz 
during the first 6 h of gut clearance in clean water. All amphipods 
were exposed to sediment before the start of gut clearance. 

in the sedliment-exposed animals than in the caged animals 
(Table 1), as expected if theesediment exposed animals ingested 
rnetal-contaminated sediments. In addition, the body depura- 
tion rate constants (k,) for Pb, Zn, and Cu from the sediment- 
exposed animals were not significantly different from the body 
depuration rate constants of the caged animals. Only the Cd 
body depuration rate constants showed a significant difference 
(p < 0.05 for the effect of fixing k‘. to 0.0098 for the sediment- 
exposed animals or to 0.0069 for the caged animals in non- 
linear regression), but even here the 95% confidence limits 
overlapped. The rate constant of decrease in whole-body metal 
concentrations in the caged animals would be expected to be 
due pnrimarily to excretion. Because this matches the rate con- 
stant of decrease in the second phase of the decrease in whole- 
body metal concentrations in the sediment-exposed anirnals, 
as estimated from Equation 1 with kg set equ_al to O.8_/h, it is 

probable that 0.8/h is a reasonable estimate of the gut clearance 
rate constant. If the strong decrease in the lead and the zinc 
concentrations observed within the first few’ hours was due to 
a biphasic depuration from the body rather than gut clearance. 
this first phase of body depuration would have a rate constant 
a_n_ order of magnitude higher than reported for these metals 
in water-only exposures. MacLean et al. [12] estir_n_a_t_ed a Pb 
depuration rate constant of 0.022/h (95% CL:. 0.0l8—0.025). 
Borgmann and Norwood [13] measured a Zn depuration rate 
constant of‘ 0.028/h (95% CL: 0.022—0.035) and a Cu depu- 
ration rate constant of 0.0067/h (95% CL: 0.0046—0.0088). 
Stephenson and Turner [14] estimated a Cd depuration rate 
constant for H. anzteca of 0.0038[h in a field experiment. All 
these rate constants are very close to the body depuration rate 
constants (k,) that were estimated in this study (Table l), in- 

dicating that the rapid decrease in total body metal in the first 
6 h is probably due to gut clearance. 

The estimated gut clearance rate constant of 0.8/h, equiv- 
alent to a gut clearance time of 4 to 6 h (94—99% gut clearance, 
25°C), is similar to estimates reported in other studies with 
macroinvertebrates. l-Iargrave [15] observed gut passage times 
of 30 min for H. azteca feeding on sediment (15°C-). The 
amphipod Gammarus psenudolimnaeuns showed a gut clearance 
-rate constant of 1.5/h at 185°C, equivalent to a gut clearance 
time of 3 to 4 h (95—99% gut cle_a_rance) [16]. Gammarus pulex 
has gut clearance times between 1 and 7 h at temperatures 
between 7 and 15°C [l7—l9]. The chironomid larvae Kiefi'er-
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ulas barbitarsis has a gut clearance time between 2_.7 and 7.7 
h, depending on size [20]. The mayfly Hexagenia limbata, the 
midge Chironomus tentqns, and the ol_igoc_haete L_un_zbr'icu_lus 
variegatus cleared, respectively, 75, 90, and 100% of their gut 
content within 12 h at 20°C [21]. 

Although no significant effect of feeding on the gut clear- 
ance rate constant was found in this study, we recommend 
feeding to reduce the risk of coprophagy during the gut clear- 
ance time. Furthermore, Brooke et al. [21] concluded that feed- 
ing could d_e_c_rea_se gut passage time for H. limbata, and Har- 
grave [22] stated that the rate of fecal pellet production depends 
on the quality of sediment that H. azteca is feeding on. There- 
fore, feeding H. azteca during gut clearance time with an 
u_ncon_tarnin_ated artificial food of constant quality should result 
in more consistent ‘clearance rate constants. 

Assuming that the concentration of metals in the sediment 
is’ a reasonable approitirnation of the metal concentration in 
the gut, it is possible to estimate the contribution of the gut 
contents to the dry weight of the whole animal. ‘Using the 
sediment and body burden data for Pb, Zn, Cd, and Cu and 
the estimated co'nt:ributi'ons of the gut content to the body 
burden of these metals, we estimated the dry weight of the 
gut contents to be 2, 2, 4, and 15%, respectively. The estimate 
from the Cu data is not very reliable because the contribution, 
of the gut content to the total body burden of each metal is 
an irnportantsfactor in this estimation, and this contribution 
for Cu could not be estimated reliably from our kinetic data. 
The sediment concentration is only a crude approximation for 
the metal concentration in the gut because it has been shown 
that detritivore aquatic invertebrates feed selectively on fine 
detritus in the sediment [2l,23—25]. Hare et al_. [6] compared 
the As, Cd, Zn, and Cd concentration in the surrounding sed- 
iment and the gut content of Hexagenia limbata and found a 
ratio of 2.01, 0.23, 0.55,.and 1.44, respectively. If similar ratios 
are representative for H. azteca, our estimates for the contri- 
bution of the gut content to the total body weight could be off 
by a factor of 0.5 to 4. 

Amyot et al. [3] determined gt‘-avimetrically that the gut 
content con_tribut_es 3 to 11% (mean 6%) to the total body 
"weight of Gaiitmarusfasciatus. The inorganic gut content con- 
tributes between 9 and 10% to total body weight of the mayfly 
H. limbata, the midge C. tentans, and the oligochaete L. var- 
iegatus [21]. Chapman [5] found that the gut content contrib- 
utes 314.9 and 16.8% to the weight of oligochaetes and chi- 
ronomid larvae, respectively. The gut and gut content con- 
tributed between 5 and 19% to the b_ody weight of the larvae 
of two stonefly and two caddisfly species [4]. These estimates 
are similar to our estimates of 2 to 15% for H. azteca. 

Our results showed that although the gut content contributes 
only a small amount to the total body weight of H. qzreca, it 

can be responsible for a significant overestimation of the real 
body metal concentration. If we express the total body con- 
centration at time zero relative to the “real” body metal con- 
centration at time zero, the Pb concentration is overestimated 
by 438% and the Zn concentration by 44%. The Cd and Cu 
body concentrations are overestimated by on_ly 12 and 8%, 
r‘espectively (Table 2). Amyot et all [3] obtained similar ‘results 
in experiments with G. fasciatus. The time-zero concentrations 
for Pb, Cd, Zn, and Cu in G. fasciatus were overest_i_r_na_ted by 
210, 20, 0, and 0%, respectively, relative to the total body 
concentration after 18-h gut clearance time, but they did not 
take depuration from the body into account. They also dis- 
sected several G. fasciatus and measured the metal concen- 
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Table 2. The bioacc_urnula_t_ion factor (BAF, C,-,, at time zero divided 
by the:sediment metal concentration) and the ratio of total metal body 
concentration (Cm) at time t to the true body concentration at time 

zero (C,,,,)

r 

Metal BAF O h 6 h 24 h 

Pb 0.02 538% 92% 73% 
Zn 0.07 144% 98% 91% 
Cd 0.27 l 12% 96% 87% 
Cu 0.70 108% 98% 92% 

trations in the different body parts. With this method, they 
concluded that the gut content contributed less than 20% to 
the total body concentration of Pb, Cd, Zn, and Cu. Chapman 
[5] estimated that the body concentration for Pb, Zn, and Cu 
in chironomid larvae without gut clearance is ove‘re‘sti‘rnated 
by 163, 41, and 20%, respectively, assuming that the metal 
concentration in the surrounding sediment is the same as in 
the gut. 

Our results and the results from Chapman [5] and Amyot 
et al. [3] show that the effect of gut content on the total metal 
body burdens ‘in aquatic invertebrates varies from metal to 
metal. Amyot et al. [3] obtained an empirical linear relation- 
ship between the logarithm of the quotient of the metal con- 
centration of undepurated and depurated G. fasciatus and the 
logarithm of the metal conce_n_tration in the depurategd amphi- 
pods divided by the metal conce'ntr'ation in the sediment. 
Amyot et ‘a1. [3] call the quotient the bioconcentration factor 
(BCF). The influence of the gut content increased with de- 
creasing BCF. We refer to the quotient of the total body metal 
concentration (C73) of amphipods to the sediment concentra- 
tion as the bioacumulation factor (BAF) because the term BCF 
is usually used in the literature to describe the quotient of‘ the 
body concentration to the metal concentration in the surround- 
ing water [26]. Like Amyot et al. [3], we also found an in- 
creasing influence of the gut content on the total body burden 
of H. azteca with decre_as_i_ng BAF (Table 2-). This correlation 
between BAF and the influence of gut content on the total 
body burdens is to be expected as long as the metal concen- 
tration in the gut content is related to the metal concentration 
in the surrounding sediment;._ If data on the metal concentration 
in undepurated amphipods and the metal concentration of the 
surrounding sediment are available, it is possible to predict 
the influence of the gut content on the total body concentration 
by a theoretical model for these arnphipods. Themodel is based 
on the following equations and the assumption that the con- 
centration of the metals in the gut is the same as in the sur- 
rounding sediment. ' 

Cry = (Cams + Cs'mc)/(ma + me) 
= (C1: + Cs'l3)/(1+ B) (2)

Q B‘ I ‘ whole-body concentration. 
C, = body concentration including the tissue background 

concentration but excluding the gut content, 
C3 = concentration in the sediment, 
m, = body mass of the invertebrate without the gut content, 
ma = mass of the gut content, and ‘ 

L3 
'= rhdmg.

1



982 Environ. Toxical. Chem. 18, 1999

~~ 
100 

80 —- ./3.. § B 15-20% 
« 10-15"/ 

g 5° :4-10°/,0 
g a 2-4% 
‘c’ 

8 40 
‘:3’O 

20 

O . 

0.0 0.2 0.4 0.6 0,8 1.0 
BAF 

Fig. 6. Contribution of gut content to the total body concentration of 
invertebrates with different B predicted using Equation 5. A B of _2 
to 4% was estimated for H. azteca. The bioaccumulation factors (BAF) 
‘were estimated for the undepurated H. azteca. The contribution of 
the gut content was estimated from the results of the nonlinear re- 
gression of Equation 1. 

Equation 2 is a different arrangement of Equation 1 in Hare 
et al. [6]. Rearrangement of Equation 2 gives the following: 

Crs‘(1 + B) = (C3 + CV9) (3) 

TB 
- Ca ? B‘(C5 " Cry) = B‘(Cra/BAF - CTB) (4) 

where BAF = C73/C5 = bioaccumul_a_t_ion factor. 
Dividing Equation 4 through by C” gives the fraction of 

metal in the gut: 

((Cra — C3)/CTa)‘10.0 = ((B/BAF) -‘ l3)- 100 (5) 

With this model it i_s possible to estimate the relative con- 
tribution of the gut content to the total body metal concentra- 
tion for a given B and a given BAF. Figure 6 shows this model 
for different ranges of 

Our estimates for the contribution of the gut content to the 
metal body concentrations of Pb, Zn, Cd, and Cu (Table 1) fit 
this model well (Fig. 6). Data of Amyot et al. [3] for G. 
fqsciatus also fit the model well ([3 = 3-1 1%, BCFS estimated 
for undepurated G. fasciatus, Fig. 7). The model underesti- 

100: v 

80-: 

Gut 

contribution 

[%]« 

0.0 0.2 0.4 0.6 (0.8 1.0 

Fig. 7. Expected range of contri_but_ion of gut content to the total metal 
body concentration of Gammaru: fasciam: as a function of the BAF 
based on Equation 5. The range of B (3—11‘7a) and the value o_f the 
contribution of the gut content to the total metal body concentration 
are from Am'yot et al. [3]. 
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Table 3. Sediment concentration, total Cu body concentration, and 
bioaccumulation factors (BAF) of H. azteca exposed for 4 weeks to 
sediments from different locations (CF—0l—CF-06) in the Clark Fork 

River [24—26] 

Sediment I-I, azrecq 
Station Cu (tiglg) Cu (p.g/g) BAF 
CF‘-01 7,820 249 0.03 
CF-02 S83 87 0.15 
CF"-03 480 124 0.26 
CF-04 478 1 2-7 O._27 
CF-'05 128 124 0.97 
CF-06 16 84 5._25

K 

Control 33 80 2.42 

mates the contribution of the gut content to the total body 
concentration only for manganese. The data for Pb, Fe, Ni, Cr, 
and Zn are within the range predicted. Amyot et al. [3] esti- 
mated B gravimetrically and the contribution of gut content 
to the total body concentration by comparing undepurated am- 
phipods with amphipods after a gut clearance time of 18 h. 
They did not take into account depuration from the body oc- 
curring during the 18-h gut clearance time; this can lead to an 
overestimation of the influence of the gut content. 

Application of Equation -5 to published data from Hare et 
al. [6] for Hexagenia limbata predicts that the gut content 
causes an overestimation of‘ the metal concentrations of As, 
Cu, Cd, and Zn in the body by 22, 2, -9, and -1%, respec- 
tively. By dissecting the animals and measuring the concen- 
trations separately in the gu_t content and in the body. Hare et 
al. estimated the real contribution of the gut content to be 22, 
21, 13, and 23%, respectively. These differences between the 
predicted and the observed estimates of metals in the gut result 
from uncertainties in B and differences" between the true metal 
concentrations in the gut and in the sediment. This demon- 
strates the limitations of ‘the model. For this reason, we do not 
recommend the use of the model to correct data from unde- 
purated invertebrates to estimate “real” body concentrations. 
However, the model is very useful to check existing data to 
determine whether the gut content could have a strong (e.g., 
>50%) influence on the measured body ‘burdens. 

It is impo'rtant.to recog'n'i’ze that the impact of the gut content 
on the body burdens can vary not only between different metals 
but also for the same metal in different sediments. To dem- 
onstrate this, we applied the model to Cu data for H. azteca 
published in three papers that deal with the toxicity of sedi- 
ments from the Clark Fork River [lO,27,28]. Table 3 shows 
the sediment concentrations of the different sampling sites 
along the river and the copper body concentrations in unde- 
purated H. azteca after a 4-week exposure to these sediments. 
These data show that the BCF for the same metal can vary 
from 0.03 to 5.25. If we apply the model to these data (Fig. 
8), we can conclude that the “re_al"’ (gut-corrected) Cu body 
concentration was significantly overestimated only at station 
CF-l. Toxicity tests (4-week, whole-sediment) showed a sig- 
nificant mortality (35%) relative to the control survival only 
for station CF-1. Borgmann and Norvvood [29] observed a 
much higher mortality of 92% at a similar Cu body concen- 
tration (247 ug Cu/g).'This supports the prediction of the 
model that the “real Cu body concentrations from amphipods 
exposed to sediment from station CF-1 are overestimated be- 
cause of the contribution of the gut contents. The model cannot 
be used to correct the data but can be used to explain them.

7



Effect of gut clearance on metal body burdens in H. azteca 

Gut 

contribution 

[%] 

0.0 » 0.2 0.4 0.6 0.8 1.0 
- BAF 

Fi g. 8. Expected range of contribution of gut content to the total metal 
body concentration of H. azleca as a function of the BAF based on 
Equation 5; I = expected range for H. azreca, exposed to sediments 
from different locations in the Clark Fork River (CF-I—CF=5); BAFs 
estimated from data in Brumbaugh et al. [I0] and Ingersoll et al. [27]. 

Correction of metal body concentrations for gut contents 
has also proven problematic in other studies. Hare et al. [6] 
compared amodel developed by Chapman et al. [30] to correct 
body burdens for the gut content. This model was the same 
as Equation 2 but rearranged to give C, as a function of C75, 
Cs, rho and me + m,,. For As and Cu, the model worked 
accurately, but for Cd and Zn the deviation of the corrected 
b_ody burdens from the “real” body burdens was in the same 
order of magnitude as the deviation between the uncorrected 
body and the “real" body burdens. Amyot et al. [3] recom- 
mend empirical linear models to correct metal body burdens 
from G. fasciatus for gut content, This mo_del could work 
reliably only if the bioavailability of a metal is more or less 
constant because with changing bioavai_Iabi1ity the BCF will 
change, and this will result in a change in the relative contri- 
bution of gut content to the total metal body burdens. 

Because of these limitations in the ex’i's’ting models, we 
recommend that the guts ofinvertebrates be cleared whenever 
possible, taking body deputation rate constants into account 
if necessary. At 25°C, 6 h is "sufficient time to clear the gut 
of H. azteca and results in minor (<lO%) loss of metal from 
the body. After a deputation time of 24 h, the loss of metal 
due to deputation from the body can already be as high as 27% (Table 2). If clearing of the "guts is not possible for tech- 
nical reasons, Equation 5 should be used to check whether the 
estimated total body concentrations are reliable estimates for 
the “real” body concentration. 
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