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Abstract—Tiger salamanders (Ambystoma tigrinum) were exposed via soil and/or food (earthworms) to 2,4,6-trinitrotoluene (TNT)
and a PCB mixture (Aroclor 1260) at environmentally relevant concentrations. Four exposures were considered: (1) uncontaminated
food + uncontaminated soil (control group); (2) contaminated soil + uncontaminated food (dermal group); (3) contaminated food
+ uncontaminated soil (oral group); and, (4) contaminated soil + contaminated food (dual-exposure group). The chemical exposure
was estimated for each group by analysis of both soil and earthworms. Body burdens of TNT and its primary metabolites were
highest in the dermal groups while PCB burdens were highest in the oral groups. Concentrations of the primary TNT metabolites
evaluated, 2-amino-dinitrotoluene (DNT) and 4-amino-DNT, exceeded that of unmetabolized TNT and accumulated to 116 and 670
ng/g, respectively. These results provide evidence that dermal exposures to nitroaromatics in terrestrial salamanders may make an
important contribution to total body burden and thus may be important when considering the health consequences of such exposures.
Further, the demonstration of the accumulation of TNT and TNT metabolites in a primitive vertebrate may have food web modeling

implications.
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INTRODUCTION

Present legislation requires an assessment of risk to the
environment (e.g., wildlife) from exposures to anthropogenic
contamination. Currently, several guidance documents exist
that are useful [1,2]. Although these documents agree that all
potential exposure pathways should be evaluated, few sug-
gestions concerning dermal exposures to wildlife have been
made.

Given the variety of organisms comprising any particular
terrestrial community and the lack of species-specific data
availabie and applicable to dermal exposure pathways, it is
clear why there are few ecological risk assessments that quan-
tify and/or characterize risk from dermal exposures. However,
the potential for dermal exposures to some compounds may
in fact be considerable in organisms with less impermeable
integument. This is logical in fauna that actively respire or
osmoregulate through their skin (e.g., amphibians [3]).

In addition, the relatively recent declines in amphibian pop-
ulations and increases in the rate of developmental abnor-
malities have provided incentives for investigating these issues
[4-6]. The use of amphibians as sentinel species in toxicity
evaluations has been suggested by various investigators [7—
9). Furthermore, the contribution of amphibians to the biomass
of communities has been shown to be considerable, in some
Cases exceeding that of nesting birds and equaling that for
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small mammals [10]. These attributes, coupled with the higher
trophic level of urodeles and the terrestrial life history of mole
salamanders (family: Ambystomidae) provided the basis for
using tiger salamanders (Ambystoma tigrinum) as a model to
investigate questions concerning exposures to xenobiotics in
a soil matrix. Ambystoma tigrinum are fairly long-lived (>10
years) [11]. Furthermore, they (and members of their genus)
exist predominantly below the soil surface {12,13] and pre-
sumably have relatively small home ranges [14].

We chose to investigate the relative contribution of the
dermal in relation to the ingestion pathway of exposure to a
nitroaromatic, 2,4,6-trinitrotoluene (TNT) in a realistic sce-
nario (in situ) for A. tigrinum. The relatively unique chemical/
physical properties of TNT compared to those of other organic
compounds and the number of military sites where TNT is a
soil contaminant of concern provided the initiative for this
project [15]. In addition, Aroclor 1260 (PCB mixture) was also
used in combination with TNT because the fate and transport
of PCBs in the food chain have been well characterized
[16,17].

MATERIALS AND METHODS
Treatment preparation

Soil was collected (from a location where species of Am-
bystomidae were known to be present), dried, pulverized, and
sifted through two screens (Nalgene, 1 mm? and 0.5 mm? mesh,
Nalgene, Rochester, NY, USA). A PCB mixture (Aroclor 1260:
Alltech, Deerfield, IL, USA) was transferred to an acetone
diluent, added and mixed into the dry, processed soil, and
allowed to evaporate. A portion of this stock mixture was then
mechanically mixed for 20 min using a Hobart feed mixer
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(model A120T, Hobart, Troy, OH, USA) in a 12-qt stainless
steel bucket to achieve an Aroclor 1260/s0il concentration of
67 pg/g dry weight. A redistilled stock of crystalline TNT
was obtained from the U.S. Army Research Laboratory (Ab-
erdeen Proving Ground, MD) and determined to be at least
99.4% pure through flame ionization detection, gas chroma-
tography. The TNT crystals were weighed and added to the
previously mixed soil containing PCBs to achieve a concen-
tration of 1,000 ng/g dry weight. These test concentrations
were determined through a 10-d preliminary range-finding
study exposing A. tigrinum individuals to 1/10 LC50 concen-
trations in two, 2/10 log intervals above and below (i.e., five
concentrations) [18,19]. The concentrations selected for the
28-d study were found not to produce overt toxicity in the
preliminary assay (unpublished data). Manual mixing (vs using
a total acetone diluent for PCBs) of the final soil mixture was
necessary to preserve the natural microflora of the soil to best
emulate natural conditions. Soils used for the control treat-
ments were treated identically to the methods above except
without the addition of PCBs or TNT. Approximately 125 g
of control soil or chemically treated soil were added to each
2-gallon terrarium (Carolina Biological, Burlington, NC, USA)

and subsequently hydrated with approximately 20 ml deion-

ized water.

Salamanders were divided into one of four exposure groups:
(1) untreated soil and untreated food (control), (2) treated soil
and untreated food (dermal), (3) untreated soil and treated food
(oral), and (4) treated soil and treated food (dual-exposure
group). Earthworms (Lumbricus terrestris) and redworms
(Lumbricus rubellus; Carolina Biological) were exposed to
either of two soil treatments (i.e., untreated, for control and
dermal treatments; or treated, PCBs + TNT for oral and dual-
exposure treatments) from the identical soil stocks previously
discussed. Treated earthworms were fed ad libitum to sala-
manders in the appropriate treatments. Worms were maintained
in the treated soil for a minimum of 10 d prior to feeding.
Earthworms served as the only food for the salamanders during
the course of the treatments.

Animal husbandry

Adult tiger salamanders (n = 48; field collected and ob-
tained from NASCO, Ft. Atkinson, WI, USA) were evenly
distributed by weight into four treatments to minimize any
age-specific differences (ANOVA, df = 3, p > 0.96, overall;
X = 34.6 = 1.52 g). Sex could not be determined reliably in
this group of animals and thus was unknown at the initiation
of treatment. Given the sporadic availability of these animals
and the established experimental chronology, animals were
placed into treatment upon arrival. All animals were housed
individually. Husbandry techniques generally followed Jaeger
[20] and included proper temperature monitoring, maintaining
proper humidity, and ensuring that at least one worm was
added, per animal, every 2 d. More food was added as nec-
essary. Presence or absence of food and/or observation of feed-
ing determined consumption. Animals exhibiting profound
overt stress (e.g., excess mucus production, cutaneous/sub-
cutaneous septicemia, i.e., red-leg or moribund) were treated
and removed from the study. Animals were exposed for 28 d,
euthanized by decapitation, and necropsied, with the bulk of
the tissues retained for the chemical analysis of body burdens.

Toxicity

To investigate potential mechanisms and other potential
responses to treatment, basic indices of toxicity were mea-
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sured. These included weekly body weight measures (bw) and
organ/bw measures of spleen, liver, and kidney at necropsy.
Slices of these excised organs were taken for subsequent his-
tological examination.

Chemical analyses

Soil and food samples were pooled for each treatment and
gathered at the beginning, midpoint, and end of the study.
Entire carcasses of salamanders with the exception of small
slices taken for histological examination were immediately
frozen at —30°C until analyzed. The TNT concentrations were
determined by the U.S. Army Center for Health Promotion
and Preventive Medicine (USACHPPM), Directorate of Lab-
oratory Sciences. Samples for PCB analysis were prepared and
analyzed by the Pesticide and Organic Chemistry Program in
accordance with a modified USACHPPM-POCP SOP 37.2,
solvent extraction with gel-permeation clean-up, electron-cap-
ture, gas chromatography. Samples for explosive analysis were
prepared and analyzed by the Military Unique and Special
Chemistry Program in accordance with USACHPPM-MUSCP
SOP 51.4. Estimated concentrations were used (i.e., J values)
when available if estimable below the method detection limit
(MDL). Duplicates were averaged. Concentrations not de-
tected were assumed to be zero. This research was conducted
in accordance with Good Laboratory Practices where appro-
priate.

Data analysis

This study was a factorial design, with the two factors of
exposure consisting of the dermal and ingestion pathways.
Salamanders were exposed to TNT/PCBs either in their food,
soil, both food and soil, or neither food nor soil. The data
were tested for normality using a Shapiro-Wilk W test at the
P < 0.05 level. If the data failed to fit either a normal or log-
transformed distribution, they were ranked and analyzed using
the ranks. To test the hypotheses of dermal and ingestion ef-
fects and their interaction, a two-way ANOVA was used. To
test the equal effects of the four treatments, a one-way ANOVA
was used. Statistical significance was defined at the p < 0.05
level; adequate power was defined as 80% or greater. The mean
and standard error of the mean were reported for the data
having a normal distribution. The geometric mean and the
geometric standard error of the mean were reported for the
data having a lognormal distribution. The median and the 5th
and 95th percentiles were reported for data that had neither
distribution.

A replicate study using Ambystoma maculatum (Glade
Herp, Fort Meyers, FL, USA) was conducted to investigate
the possibility of TNT/PCB facilitated uptake. Sufficient num-
bers of A. tigrinum were not available for this investigation,
thus, the syngeneric A. maculatum were used. These methods
were identical to those described above with the following
exceptions: the four treatment groups were composed of a
control, TNT-exposed, PCB-exposed, and TNT/PCB-exposed
animals. All contaminated treatments consisted of exposure to
contaminated soil and food.

RESULTS

Soil concentrations

Initial soil concentrations of TNT at the time of mixing,
prior to hydration and 10 d prior to treatment was 1,101 pg/g
(Table 1). Polychlorinated biphenyls were considered rela-
tively stable and not analyzed until the beginning of treatment.
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Table 1. Soil and worm concentrations of 2,4,6-trinitrotoluene (TNT), 2-amino-4,6-dinitrotoluene (2-amino-DNT), 4-amino-2,6-dinitrotoluene
(4-amino-DNT), and Aroclor 1260 in pg/g dry weight

Soil (ng/g) Worms (j.g/g)
2-amino- 4-amino- 2-amino-  4-amino-
TNT DNT DNT PCB* TNT DNT DNT PCB?
Sample dry at mixing 1,101 <1.3 <13 ND*
Ambystoma tigrinum assay
Control—initial sample <0.23 <0.23 <0.23 0.12 <0.02 <0.01 <0.01 <0.040
Control—midpoint <0.23 <0.23 <0.23 040 - <0.02 <0.01 <0.01 <0.040
Control—final <0.23 <0.23 <0.23 1.27 <0.02 <0.01 <0.01 <0.040
PCB + TNT—initial sample 79.0 38.0¢ 38.0¢ 56.6 0.13 17.3 12.1 6.34
PCB + TNT—midpoint 76.0 15.5¢ 15.5¢ 34.0 0.12 1.82 1.62 0.33
PCB + TNT—final 60.0 12.0¢ 12.0¢ 45.0 0.02 0.14 0.15 2.33
Ambystoma maculatum assay .
Control—initial sample <1.8 <18 <1.8 <1.0 <0.05 <0.05 <0.05 <0.05
Control—midpoint <2.0 <2.0 <2.0 <1.0. <0.05 <0.05 <0.05 <0.05
Control—final <1.7 <1.7 <1.7 <1.0 <0.05 <0.05 <0.05 <0.05
TNT—initial sample 738 <1.7 <1.7 <1.0 1.8 5.6 6.4 <0.05
TNT—midpoint 164 60 90 <1.0 0.45 34 35 <0.05
TNT—final 184 56 82 <1.0 0.33 2.10 2.0 <0.05
PCB—initial sample <1.7 <1.7 <1.7 55.6 <0.05 <0.05 <0.05 2.13
PCB—midpoint <1.9 <1.9 <1.9 56.5 <0.05 <0.05 <0.05 5.07
PCB—final <1.8 <1.8 <1.8 60.8 <0.05 <0.05 . <0.05 1.09
TNT + PCB—initial sample 692 <1.6 <1.6 62.3 0.86 39 4.1 2.58
TNT + PCB—midpoint 123 60 91 713 0.38 2.75 2.85 3.65
TNT + PCB-final 214 61 91 55.5 0.40 2.25 1.95 3.30

*The method detection level for PCBs in soil was <0.10 pg/g.
®*ND = no data.

¢ Method used failed to separate analytes; totals evenly divided between ::malytes~ for 2-and 4-amino-DNT.

" rlowever, natural attenuation of TNT in soil reduced the soil
concentration dramatically (about one order of magnitude) in
10 d and reached an approximate steady state at about 15 d
after initial hydration (i.e., 5 d after the start of treatment).
This was duplicated in the A. maculatum study. The PCB
concentrations were variable, which may be due to an uneven
distribution of compound and/or may be an artifact of pooled
sampling. However, average concentrations across each sample
interval ‘approximated the intended mixed concentration. All
control soils had undetectable explosive residues. Control soils
had background concentrations of Aroclor 1260 <1.3 ng/g.

Food concentrations

Concentrations of TNT in the worms were highest at the
beginning of treatment (i..e., after 10 d of initial exposure; Table
1). Concentrations of primary metabolites (2- and 4-amino-
dinitrotoluene [DNT]) were also detected at this time. The

latter were found to be higher than parent compound concen-
trations in both experiments. Mean concentrations of PCBs in
worms were stable for both studies (though variable), in the
range of one order of magnitude less than the soil concentra-
tions.

Body burdens

Because logistical problems prevented a sustained quar-
antine, infrequent incidences of septicemia (i.e., red-leg) oc-
curred, irrespective of treatment. Moreover, appetite was var-
ied within and among treatments. Therefore, only animals ex-
posed (20 d) and those that had eaten (two times during the
experiment) were included in the analyses. Of these, the av-
erage salamander ate 6.11 * 0.55 times.

Power was adequate, greater than 98% in the dermal com-
parisons that were made for TNT, 2-amino-DNT, and for 4-ami-
no-DNT (Table 2). The data for the PCBs did not confirm a

Table 2. Distribution, power, and statistical test results of compounds detected in Ambystoma tigrinum body burdens

Power
Power: two-way one-way
Compound Distribution ANOVA Two-way ANOVA ANOVA One-way ANOVA
24,6-Trinitrotoluene Lognormal Dermal-—99% Dermal p < 0.001 99% Overall group effect p < 0.001
Ingestion—22%
Interaction—5% :
" amino-2,6-dinitrotoluene Lognormal Dermal—99% Dermal p < 0.001 99% Overall group effect p < 0.001
Ingestion—75% Ingestion p = 0.01
Interaction—36%
2-amino-2,6-dinitrotoluene Lognormal Dermal—99% Dermal p < 0.001 99% Overall group effect p < 0.001
Ingestion—97% Ingestion p = 0.001
Interaction—12%
PCBs Neither NA Interaction p = 0.023 NA Overall group effect p = 0.004
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Table 3. Concentrations of 2.4.6-trinitrotoluene (TNT); 2-amino-4,6-dinitrotoluene (2-amino-DNT); 4-amino-2.6-dinitrotoluene (4-amino-DNT);
and Aroclor 1260 in Ambystoma tigrinum and Ambysioma maculatum in pg/kg dry weight®

Treatments TNT 2-Amino-DNT 4-Amino-DNT : PCBs
A. tigrinum
Control 0.00 = 0.00 A (6) 0.00 = 0.00 A (6) 0.00 = 0.00 A (6) 9.0 (5.0-110) A ()

Oral 239 = 0.19 A (6)
Dermal 16.78 = 0.47 B (6)
Dual-exposure 29.97 * 1.34 B (6)

16.46 + 0.58 B (6)
67.03 = 0.35 C (6)
291.95 £ 2.19 C (6)

22,10 = 0.82 B (6)
532,79 = 049 C (6)
971.63 = 2.46 C (6)

1.960.0 (1,010-2.870) B (6)
550.0 (500-570) A (4)
1,965 (1,210-3,170) B (6)

A. maculatum

Control 0.00 = 0.00 (2) 0.00 = 0.00 (2)
TNT 170.0 = 0.00 (2) 940.0 = 46.0 (2)
PCB 0.00 = 0.00 (3) 0.00 * 0.00 (2)
PCB/TNT <49.0 (1) 1,450.0 = 0.00 (1)

0.00 = 0.00 (2)
755.0 = 85.0(2)
0.00 = 0.00 (2)
840.0 £ 0.00 ()

150.0 = 5.00 (2)
ND (2)
2,136.7 = 960 (3)
4,770.0 = 0.00 (1)

* All values are presented with geometric means, SEM; except medians and 5% to 95% for PCB data. Treatment values followed by different

letters are different at p < 0.05. Sample sizes are noted in parentheses.

normal or a Jognormal distribution; therefore the power was
not determined. Analyses of these data were performed on the
ranks. No other biotransformation product of TNT approached
the concentrations of these primary reduction products.

The results of the two-way ANOVA revealed a dermal
contribution for TNT uptake but no ingestion contribution or
interaction. This implies that dermal exposures to TNT/PCBs
made the greatest contribution to the bioaccumulation of TNT,
The results of the one-way ANOVA showed an overall group
effect. The control and the oral groups had lower TNT con-
centrations than the dermal and dual-exposure groups (Table
3).

The two-way ANOVA showed both a dermal and an in-
gestion effect, contributing to 2-amino-DNT concentrations,
but no significant interaction. This implies that both dermal
and ingestion exposures to PCBs/TNT contributed to the bio-
accumulation of 2-amino-DNT. The results of the one-way
ANOVA revealed an overall group effect. The control and oral
groups had lower 2-amino-DNT concentrations than the dual-
exposure group.

The results of the two-way ANOVA demonstrated a dermal
effect and an ingestion effect compared to controls, but no
interaction for 4-amino-DNT. This implies that both dermal
and ingestion exposure to PCBs/TNT were related to the bio-
accumulation of 4-amino-DNT. The one-way ANOVA resulted
in an overall group effect. The control and the oral groups had
lower concentrations of 4-amino-DNT than the dermal and
dual-exposure groups.

The results of the two-way ANOVA revealed an ingestion/
dermal interaction contributing to PCB burdens. The one-way
ANOVA showed an overall group effect. The control group
had lower PCB concentrations than the oral and dual-exposure
groups only.

Because availability of animals was limited for the A. ma-
culatum study, each treatment included six individuals. At the
completion of the study, four of six controls, two of six TNT-,
five of six PCB-, and two of six PCB/TNT-treated animals
survived until necropsy, too few to do meaningful statistical
comparisons. However, mean concentrations of the compounds
of interest were calculated for comparison purposes. These
were comparable to those of the previous study in A. tigrinum.

Treatment-related effects

No treatment-related changes in relative organ weight were
found (Fig. 1). There were no significant changes in body mass

over the course of the exposures (ANOVA; p > 0.67 for all
treatments).

Tissues were processed using routine histological tech-
niques, stained with hematoxylin and eosin, and examined by
light microscopy. Because these animals were field collected
and thus previous histories were not known, these results must
be considered preliminary. Histopathological examinations of
the spleen, liver, and kidney revealed that an increased inci-
dence of alterations was associated with contaminant exposure
(i.e., oral, dermal, and dual-exposure) relative to control an-
imals (data not shown). Briefly, kidneys of all control animals
were essentially normal, with no obvious patterns of kidney
changes among treatments. However, some salamanders (n =
3) in the dual-exposure group exhibited generalized renal ne-
phrosis and/or necrosis. Livers and spleens were adversely
affected in all but one animal in the dual-exposure group. In
spleens, the predominant effect included focal to multifocal
necrosis with varying degrees of severity (i.e., size of the
necrotic area). Three animals in the dermal group displayed
essentially normal tissue in all three organs, while others had
incidences of liver and spleen necrosis and focal to diffuse
splenic lymphoid loss. All animals in the oral group displayed
varying degrees of liver necrosis; one spleen was characterized
with mild, diffuse lymphoid loss. A few cases of parasitic
infestations were noted.

Some individuals in both studies, predominantly the A. ma-
culatum study were affected by septicemia and skin ulcera-
tions. Cultured samples from infections in animals in the A.
maculatum study indicated the presence of Staphylococcus
epidermis and Staphylococcus hominis, two ubiquitous bac-
teria. An investigation of septicemia in one A. tigrinum in-
dividual detected Vibrio sp. Histological examinations of these
ulcerated skin lesions (predominanlty associated with the cau-
dal region) were equivocal. Because the number of cases were
roughly equivalent across treatments, the exact causes are un-
known. However, the development of these incidences is con-
sistent with shipping-related stresses. Fewer cases were ob-
served as the studies progressed.

DISCUSSION

Risks from exposure to xenobiotics are rarely assessed in
amphibians, although many indications have been reported that
these animals may represent sensitive sentinel organisms with
potential efficacy in toxicological studies [7-9]. Permeable
integument, complex life histories, and physiological meta-
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Fig. 1. Relative organ/body weight ratios of Ambystoma tigrinum according to treatment.

morphosis add to the difficulties in assessing risks of chemical
exposure to amphibians, particularly in a modeled effort. How-
ever, given these constraints, we have attempted to evaluate the
relative importance of two routes of exposure (dermal and oral)
“ a terrestrial amphibian genus and have identified a significant

p in the estimation of risk to these organisms when the dermal
" route is not considered. A similar result was reported for Amer-
ican toads (Bufo americanus), where dermal exposures to me-
thoxychlor in water contributed an order of magnitude greater
to the body burdens than the oral exposures [21].

The amphibian integument is a complex, vital organ. The
majority of respiration occurs through the gas exchange ca-
pabilities of the skin, as much as 70% in mole salamanders
(family Ambystomidae) to 95% in species of lungless sala-
manders (family Plethodontidae) [3]). Many species of these
families are predominantly terrestrial [12-14], including the
Ambystoma spp. considered in the present studies. Given these
physiological differences between salamander skin and the
skin of other terrestrial nonamphibian vertebrate species, it is
reasonable to assume that amphibian integument may differ
in its permeability to certain pollutants within the soil matrix,
as compared to the skin of many other terrestrial vertebrate
species. Therefore, as the results of this study indicate, any
comprehensive ecological risk evaluation neglecting the der-
mal route of exposure in amphibians would likely underesti-
mate the total systemic exposure and result in inaccurate char-
acterization of potential effects.

In mammals, TNT has been shown to absorb well across
the skin. Using '“C-labeled TNT in a soil matrix, 3 to 5% of
the label was found to traverse excised pig skin in an ex vivo
situation [22]. These data were consistent with in vivo assays
conducted by the same author, leading to the conclusion that

rmal absorption was a predominant route of exposure for

{T uptake from a contaminated soil matrix applied to the
skin. Considering the relatively thin, moist, physiologically
active integument of many amphibians, it seemed reasonable
to hypothesize that dermal absorption may similarly constitute
asignificant route of TNT uptake in species such as A. tigrinum

and A. maculatum. Although differences were observed (i.e.,
in species, media, and compound), our results were consistent
with the findings of Hall and Swineford [21].

The relative contribution of contaminated food consump-
tion to overall body burden of chemical pollutants has been
the focus of several studies in aquatic organisms [23,24), al-
though less so for terrestrial vertebrate systems {25,26]. Mea-
sures of fat solubility (often evaluated through the n-octanol/
water partition coefficient; K,,,) have been used to determine
the probability and magnitude of uptake for organic com-
pounds through ingestion [27,28] and are heavily relied upon
in risk assessments. However, field verification and replication
of food-chain exposures are often problematic [29-31].

Salamanders are opportunistic foragers. A study investi-
gating the metabolic demands and food availability of Pleth-
odon jordani revealed that many individuals operated on a
periodic daily negative energy budget [32]. Rainfall events
and ambient temperature were-criteria cited as-most important
in determining capture rate and, as such, suggest that some
species are pulse feeders, eating when opportunities are max-
imized. If this is true of Ambystoma, then oral €xposures may
vary and be most important during (or after) pulse-feeding
events. We found appetite to be varied, often most voracious
once weekly, though food was offered every other day. More-
over, capture rate of earthworms was less than accurate, cap-~
turing prey in about one in three attempts when hand fed
(personal observation). In these species, estimation of food
intake would require a greater understanding of food capture
rates, as well as an understanding of differential fat accumu-
lation and metabolism that may liberate lipophilic compounds
and thus periodically enhance systemic contaminant concen-
trations.

Ignoring these criteria and making daily estimates on ex-
posure are likely to be inaccurate and suggest the need for
species-specific, holistic evaluations in the determination of
chemical bioaccumulation in potential target/sentinel species
such as terrestrial salamanders. These studies were therefore
designed to evaluate the relative contributions of oral and/or



. .

878 Environ. Toxicol. Chem. 18, 1999

dermal exposures to chemical uptake in salamanders and the
potential differences between the exposures of two dissimilar
compounds in a realistic setting.

These studies proved difficult for several reasons, including
obtaining a sufficient number of similar-sized research animals
and maintaining sufficient numbers healthy for the duration of
the studies (particularly the A. maculatum study). This is com-
mon in studies that depend on field-collected individuals. The
loss of study animals to septicemia seemed to be related to
shipping-related stresses, because incidences of such were not
associated with treatment and decreased with time. This is
consistent with other studies we have conducted where ex-
tended periods of quarantine were necessary until all inci-
dences of septicemia had ceased. Further, other confounding
variables associated with field-collected amphibians must also
be considered (e.g.,' age differences, parasite load, previous
environmental stresses, bacterial exposures, etc.). Logistical
constraints did not allow for an extended quarantine in these
assays, but these and other confounding criteria must be con-
sidered in the proper evaluation of these data. However, we
consider it unlikely that these influences would have any sig-
nificant effect on the alteration of contaminant load in the total
burden of these salamanders. A subsequent study conducted
with only healthy A. tigrinum has corroborated these exposure
data (unpublished data).

The most interesting observation in these studies is the
importance of the dermal route of exposure to the accumulation
of TNT and particularly the primary metabolic reduction prod-
ucts of TNT, which may be of toxicological importance to
higher trophic level species. Specifically, though both a dermal
and ingestion route were shown to be important to the total
body accumulations, the dermal route was found to be more
important than the oral route for the bioaccumulation of both
the parent compound and its metabolites in salamanders. In
contrast, PCB burdens were found to be highest in salamanders
exposed by the oral route. The latter observation is reasonable,
considering the lipophilic nature of PCBs and the moist skin
of the study salamanders. An understanding of the specific
physiochemical properties of chemicals that are most impor-
tant in amphibian dermal uptake is greatly needed for any
future model development that accurately characterizes ex-
posure.

Acknowledgement—We thank Warren Hilstrom for providing the
TNT, Lawrence Clark and John Suprock of the USACHPPM for pro-
viding the chemical analysis expertise, David Young for the pathology,
Jenni Jenkins of the National Aquarium at Baltimore for the inves-
tigative hematology, and everyone who helped out at necropsy (es-
pecially Patricia Beall). This work was funded by the U.S. Army
Environmental Center, Installation Restoration Program.

REFERENCES

1. U.S. Environmental Protection Agency. 1997. Ecological risk as-
sessment guidance for superfund: Process for designing and con-
ducting ecological risk assessments. EPA 540/R-97/006. Wash-
ington, DC.

2. Wentsel RS, La Point TW, Simini M, Checkai RT, Ludwig D,
Brewer LW. 1996. Tri-service procedural guidelines for ecological
risk assessments. 56015/408/05/0000. Washington, DC, USA.

3. Duellman WE, Trueb L. 1986. Biology of Amphibians. McGraw-
Hill, New York, NY, USA. )

4. Phillips K. 1990. Where have all the frogs and toads gone?
BioScience 40:422-424.

3. Wake DB. 1991. Declining amphibian populations. Science 253:
860.

6. Schmidt CW. 1997. Amphibian deformities continue to puzzle
researchers. Environ Sci Technol 31:324-326.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

M.S. Johnson et al.

. Burkhart JG, Gardner HS. 1997. Non-mammalian and environ-

mental sentinels in human healith: Back to the future? Hum Ecol
Risk Assess 3:309-328.

. Cooke AS. 1981. Tadpoles as indicators of harmful levels of

pollution in the field. Environ Pollut 25:123-133.

. Sloof W, Baerselman R. 1980. Comparison of the usefulness of

the Mexican axolotl (Ambystoma mexicanum) and the clawed frog
(Xenopus laevis) in toxicological bioassays. Bull Environ Contam
Toxicol 24:439-443,

. Burton TM, Likens GE. 1975. Salamander populations and bio-

mass in the Hubbard Brook Experimental Forest, New Hampshire.
Copeia 1975(3):541-546.

. Spector WS. 1956. Handbook of Biological Data. WB Saunders,

Philadelphia, PA, USA.

. Bishop SC. 1943. Handbook of Salamanders. Cornell University

Press, Ithaca, NY, USA.

. Gordon RE. 1968. Terrestrial activity of the spotted salamander,

Ambystoma maculatum. Copeia 1968(4):879-880.

. Semlitsch RD. 1981. Terrestrial activity and summer home range

of the mole salamander (Ambystoma talpoideum). Can J Zool
59:315-322.

. Walsh ME, Jenkins TE 1992. Identification of TNT transforma-

tion products in soil. Special Report 92-16. U.S. Army Corps of
Engineers, Cold Regions Research and Engineering Laboratory,
Hanover, NH.

. National Research Council. 1979. Polychlorinated Biphenyls.

National Academy of Sciences, Washington, DC, USA.

- Rice CP, O'Keefe P. 1995. Sources, pathways, and effects of

PCBs, dioxins, and dibenzofurans. In Hoffman DJ, Rattner BA,
Burton GA Jr, Cairns J Jr, eds, Handbook of Ecotoxicology, Lew-
is, Boca Raton, FL, USA, pp 424-468.

. Dilley VI, Tyson CA, Spanggord RJ, Sasmore DP, Newell GW,

Dacre JC. 1982. Short-term oral toxicity of 2,3,4-trinitrotoluene
in mice, rats, and dogs. J Toxicol Environ Health 9:565-585.

. DiPinto LM, Coull BC, Chandler GT. 1993. Lethal and sublethal

effects of sediment-associated PCB Aroclor 1254 on a meio-
benthic copepod. Environ Toxicol Chem 12:1909-1918.

Jaeger RG. 1992. Housing, handling, and nutrition of salaman-
ders. In Shaeffer et al., eds, Care and Use of Amphibians, Reptiles
and Fish in Research, Scientist Center for Animal Welfare, Be-
thesda, MD, USA, pp 25-29.

Hall RJ, Swineford D. 1979. Uptake of methoxychlor from food
and water by the American toad (Bufo americanus). Bull Environ
Contam Toxicol 23:335-337.

Reifenrath WG. 1994, Assessment of skin penetration of envi-
ronmental contaminants in air and bioremediated soil utilizing
the pig skin model. DAMD17-93-C-3167. Final Report. U.S.
Army Medical Research, Development, Aquisition and Logistics
Command, Ft. Detrick, Frederick, MD.

Biddinger GR, Gloss SP. 1984. The importance of trophic transfer
in the bicaccumulation of chemical contamination in aquatic eco-
systems. Residue Rev 91:103-145. ’

Ogata M, Fujisawa K, Ogino Y, Emiko M. 1984. Partition co-
efficients as a measure of bioconcentration potential of crude oil
compounds in fish and shellfish. Bull Environ Contam Toxicol
33:561-567.

Kenaga EE. 1980. Correlation of bioconcentration factors of
chemicals in aquatic and terrestrial organisms with their physical
chemical properties. Environ Sci Technol 14:553-556.

Garten CT, Trabalka JR. 1983, Evaluation of models for predicting
terrestrial food chain behavior of xenobiotics. Environ Sci Tech-
nol 17:590-595.

Travis CC, Arms AD. 1988. Relationship between dietary intake
of organic chemicals and their concentrations in human adipose
tissue and breast milk. Arch Environ Contam Toxicol 17:473—
478.

Suter GW Jr. 1993. Ecological Risk Assessment. Lewis, Boca
Raton, FL, USA.

Connell DW, Markwell RD. 1990. Bioaccumulation in the soil
to earthworm system. Chemosphere 20:91-100,

Esser HO. 1986. A review of the correlation between physico-
chemical properties and bioaccumulation. Pestic Sci 17:265-276.
Hansen LG, Lambert RJ. 1987. Transfer of toxic substances by
way of food animals: Selected examples. J Environ Qual 16:200—
205.

Jaeger RG. 1980. Fluctuations in prey availability and food lim-
itation for a terrestrial salamander. Oecologia 44:335-341.




