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ABSTRACT 

 

 Smelting and mining sites create local contaminated areas due to 

atmospheric release and deposition of metals and by increasing metal-enriched 

soil runoff.  One of the proposed mechanisms of amphibian declines is 

contamination of habitats by chemical pollutants.  Due to the number of mining 

and smelting sites worldwide, there is a risk to numerous amphibian populations 

from metal contamination.  Currently, little is known about the effects of metal 

contaminated soil on amphibians.  While it is generally understood that certain 

metals are highly toxic at low concentrations to most any organism, the exposure 

potential between organisms varies greatly.  Metal uptake from soil is difficult to 

predict due to a complex metal-soil-water-toad relationship.  Because of this 

complex relationship the use of models and passive sampling devices are not 

possible.   

 This study consists of a series of soil exposures to toads Great Plains 

toads, Bufo cognatus.  Each study follows the same basic design to assess metal 

bioaccumulation in toads housed individually on contaminated soil.  The soils 

used in this study all came from or were created to mimic the soil conditions at 

the Anaconda Smelter Superfund Site, Deer Lodge County, MT, USA.  The site 

is characterized by elevated levels of arsenic, cadmium, copper, lead, and zinc.  

Following their exposure, toads were tested through a series of behavioral, 

physiologic, and biochemical assays to asses the effects of the exposure.  

Between the studies, soil origin, soil temperature, size/age of the toads, and 

exposure duration were varied. 

 Over the course of the studies, all metals showed increased 

bioaccumulation as soil metal concentration or exposure duration increased.  

Arsenic was not detectable in small, young-of-the-year toads.  Cadmium 

concentrations, numerically, increased the most across each of the studies.  

Lead concentrations increased in most cases of increased exposure, however, 

variation in lead uptake in the adult toads studied was large as exposure duration 

 vi



increased.  Zinc and copper tissue concentrations, both regulated essential 

metals, each increased with increasing exposure, however, zinc showed only 

slight to moderate increases overall.  Partitioning within the body was highly 

variable between metals and between the studies.  Overall, for juvenile toads, 

skin accumulated the bulk of the metals while in adults most metals accumulated 

in liver and kidney.   

 One study compared the uptake of metals from soil collected at the 

Anaconda Smelter site to a series of spiked soils meant to mimic the ratio of 

metals in the Anaconda Smelter soil.  Interestingly, we found that bioavailability 

was different between these soils, but not in the expected pattern.  Cadmium and 

lead were both more bioavailable in the Anaconda Smelter soil than the spiked 

soil. 

 Metal contaminated soil exposure had clear effects on the health of the 

toads.  Time taken to bury was measured as a potential indicator of detecting 

contaminated soil avoidance, however, no differences were seen between soils.  

Although not consistent between each study the following endpoints were found 

to change in response to increasing soil metal concentration: prey orientating 

reflex, hop length, righting reflex, body mass, delta-aminolevulinic acid 

dehydratase (ALAD) activity, urine specific gravity, and mortality.  Consistently 

across studies, organ (liver, kidney, and spleen) morphometrics did not change.   

 It is clear, from this study and the works of others, that metal contaminated 

soil poses potential harm to amphibian populations.  The effect of metal 

contaminated soil on toads can have two important ecological affects: 1) toads 

suffer directly from the presence of metal contaminated habitats and die, and 2) 

toads can accumulate metal concentrations that are then passed on via 

predation to other organisms in the food web.  Protecting toads from metal 

contaminated soil is a challenge given their ability to bury deeply in the soil and 

their free ranging nature.  
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Chapter I 

Introduction 

 One of the presumptions concerning the bioaccumulation of metals in 

amphibians is that the only significant route of metal uptake for terrestrial stage 

individuals is through diet and gaseous absorption of volatilized metals (Linder 

and Grillitsch 2000).  In some respects this assumption makes sense, metals 

tend to bind tightly to soil constituents and the skin of every vertebrate is a 

specialized barrier that only selectively allows transfer of elements and 

compounds from one side to the other.  In 2004 James et al. published a study in 

which toads were hibernated on a soil spiked with cadmium.  At the end of the 

study, whole body cadmium had increased in a concentration-dependant fashion.  

Given that hibernating toads do not eat and cadmium does not readily volatilize, 

how did this happen? 

 First, let’s picture a toad sitting in the middle of its idealized habitat.  As 

adults, many species of toads live on land and only spend a few days a year in 

and around water while they breed.  While toads employ many means of 

protection from predators and the elements, a common strategy is to bury into 

the substrate and thereby avoid predators, extremes of temperature, and 

desiccation.  But what happens when the toad buries?  Its basic needs stay the 

same, the toad needs food and water.  As ectotherms the metabolic needs are 

slowed at cooler temperatures so eating is not as important as it is above ground.  

However, the toad’s water needs are still high and only partially met by metabolic 

water production.  Picture leaving a sopping wet sponge on the ground, the water 
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that runs out of the sponge does not pool on the ground but is absorbed, and 

eventually the sponge dries completely through the combined action of the water 

withdrawing potential of the soil and evaporation.  While the toad is buried it is 

constantly facing the water withdrawing pull from the surrounding soil.  Different 

soils have different capacities to hold or give up water, known as water potential.  

The water potential is dictated by several factors such as the amount of moisture 

present in the soil and the soil texture (proportion of sand, silt, and clay) (Brady 

and Weil 2002). Toads preparing for hibernation have been shown to 

discriminate between soils and prefer those with lower water withdrawing 

capacities, like heavy clays (Shoemaker et al. 1992).  Additionally, many toads 

have the ability to adjust the osmolarity of their tissues in order to create a 

positive water gradient that causes water to enter the toad, thus preventing 

dehydration (Shoemaker et al. 1992).  This water uptake pathway is designed to 

maintain water balance in the toad, and represents a potential mechanism for 

carrying metals dissolved from the soil porewater into the toad.   

 If the uptake of metals through skin is significant, amphibians could be 

acting to transfer metals through the food chain in ways not appreciated by the 

current risk assessment process.  Amphibians can account for enormous 

quantities of biomass to the surrounding ecosystem (Gibbons et al. 2006, Burton 

and Likens 1975).  Likewise, amphibians are prey items to a large variety of other 

vertebrates and could serve to pass on accumulated metals.  To evaluate this 

potential risk, it is necessary to test the idea that amphibians may be taking up 

larger than expected quantities of metals from the soil.  
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 The goal of my study was to estimate the uptake of metals from soil on a 

model anuran.  I choose to use the Great Plains Toad, Bufo cognatus, as the 

model organism because of its local abundance and life history traits.  Great 

Plains Toads spend up to eight months each year hibernating deep in the soil, 

and much of the remaining four months buried in shallow burrows (Ewert 1969).  

While buried, this species of toad maintains active uptake of water from the 

surrounding soil.  Another benefit to this species is that, as adults, these toads 

are fairly large making collection and analysis of tissues feasible. 

The metal exposure was generated using soils from the Anaconda 

Smelter Superfund Site, Deer Lodge County, Montana or with artificially spiked 

soils that mimicked the metal profile of the Anaconda soil.  This Superfund site is 

representative of much of the copper smelting contamination amphibians face 

worldwide.  The area around the smelter is heavily contaminated with a complex 

mixture of elements, though five have been identified as the most important toxic 

contaminants of concern: arsenic, cadmium, copper, lead, and zinc (USEPA 

1997, Hooper et al. 2002, Reynolds 2004).  Using this complex metal mixture is 

important because it more accurately represents exposures that amphibians face 

in the field, opposed to commonly used laboratory assays employing a single 

metal exposure.  Using field-collected soil limits the extrapolation of these data to 

other locations because of the uniqueness of each location.  Every location will 

vary in metal to metal ratios, metal species, total metal concentrations, soil pH, 

soil texture, organic matter, etc; each of which interact thereby changing metal 

bioavailability.  For any contaminant, it is the bioavailable fraction, not total 
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concentration, that is relevant to the biota faced with living in the contaminated 

area (Kendall et al. 2001).  The goal here is not to establish regulatory guidelines 

for uptake into amphibians for a given soil, it is to establish the nature of the soil 

uptake phenomenon.  The basic questions in this work are: do toads take up 

each one of the metals in the same relative proportions as in the soil, how do 

each of the different metals partition within the toad’s body, how quickly do the 

metals accumulate, and do all of the metals show the same rates and patterns of 

uptake?  These basic questions are meant to investigate how certain toxic metals 

can accumulate in organisms with the understanding that these metals are 

potentially toxic and hazardous to the toad’s health. 

 Metal uptake is but half of the smelter site exposure scenario, the other 

equally important part concerns effects.  Much is known about the effects of 

metals on a variety of organisms and it is known that each of the five 

contaminants of concern are toxic to amphibians (Linder and Grillitsch 2000).  

Most of the available data show strong negative effects for each of the five 

metals present at the Anaconda Smelter site; however, most of these data were 

collected from aquatic exposures to embryos or larvae.  Very little is known about 

the effects of realistic metal exposures on terrestrial amphibians.  One of the 

difficulties for any risk assessment is to determine whether the concentrations 

present at a site are likely to cause adverse effects.  In this case, the challenge is 

to determine whether the concentrations of metals are sufficiently high to cause 

negative effects in the terrestrial amphibians inhabiting the area.  While this may 

sound easy, it is not.  The amount of a contaminant needed to cause effects will 
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vary with soil characteristics that control bioavailability, as well as physiological 

characteristics unique to the species of amphibian.  Several basic questions arise 

when evaluating potential effects from metal exposure: How would the effects to 

the metal exposure differ as the toad ages, or among different life stages?  What 

is it about their life history that protects or exposes terrestrial amphibians to harm 

from a soil-mediated exposure? What are good biomarkers to assess metal 

uptake and effects?   

 This dissertation includes three chapters (Chapters 2, 3, & 4) describing 

three studies performed to explore the uptake and effects of metal contaminated 

soil on Great Plains toads.  Chapter 2 describes a pilot study designed to assess 

methods and the basic phenomenon of metal uptake from soil in this species.  

The treatments were created with soil samples taken from the Anaconda Smelter 

site ranging from local background levels of metals, to levels high enough to 

suppress plant growth.  Of the metal enriched soils, one site (SMARCO), was 

previously seen to have higher bioavailability in rodents relative to its total metal 

concentration (Reynolds 2004).  The SMARCO soil was comprised of debris 

deposited during the demolition of the flue rather than aerial deposition as on the 

other sites.  For this study, I used one-year-old individuals, toads that were 

captured in their second fall, an age prior to reproductive maturity.  The exposure 

was conducted for 4 weeks at 4°C in order to replicate underground hibernating 

conditions.  Time taken to bury was recorded to assess whether the toads would 

avoid the metal exposure.  Other endpoints assessed included hop length, 
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righting time, organ morphometrics, packed cell volume, and uptake of arsenic, 

cadmium, copper, lead, and zinc into liver, skin, and carcass. 

 In Chapter 3, I describe a study comparing metal exposures from a spiked 

soil to a field-collected soil.  I used one of the highest concentration soils from the 

Anaconda Smelter site as the field-collected soil.  I then developed a series of 

spiked soils that kept the same ratio of arsenic: cadmium: copper: lead: zinc but 

differed in the total concentration, such that there was a gradient from high to low 

soil concentrations that maintained the same ratio found in the Anaconda 

Smelter soil.  The Anaconda Smelter soil total metal concentrations fell in the 

midrange (40-45%) of spiked soil total metal concentrations, allowing for a direct 

comparison between the two soil types.  One of the observations from the first 

study (Chapter 2) concerned the differences in soil characteristics between 

treatments. Differences in basic soil characteristics, e.g., soil texture and cation 

exchange capacity, between different soils are well known to change the 

bioavailability of the individual metals, however, they may also be acting 

independently on the physiology of the toad and eliciting results that have little to 

do with the metals present in the soil.  Except for creating a spiked soil, it is 

difficult to find soils with varying metal concentrations in similar ratios with similar 

soil characteristics (pH, OM, Ca2+, etc.).  This study was conducted at room 

temperature on young-of-the-year individuals.  Behavioral assays were 

conducted at the end of the 4-week exposure.  Toads were first given a prey 

orientation assay, followed by hop length and righting reflex assays.  Next, blood 

was collected for delta-aminolevulinic acid dehydratase (ALAD) inhibition assay.  
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All five metals were analyzed on whole body toads.  Mortality patterns were also 

evaluated. 

 The final experiment, in Chapter 4, describes an experiment looking at 

metal uptake and effects over a time series.  Toads were exposed to the same 

highly contaminated field-collected soil from the Anaconda Smelter site used in 

Chapter 3.  The exposures lasted 2.5, 7, 14, 28, and 42 days with one additional 

treatment serving as a reference, day 0.  Toads in this study were adults 

collected opportunistically during the breeding season.  The exposure was 

carried out at room temperature during the late summer.  This study was needed 

in order to establish the basic timeline describing the process of uptake and 

adverse effects.  Before bioconcentration factors can be developed, the organism 

must be at equilibrium with the external exposure source (McGeer et al. 2003).  

In any soil-mediated exposure, metal ions require time to reach the toad via 

porewater and then they must pass through the toad’s protective integument.  

Both of these rates are unknown for this test system.  Additionally, if the skin 

serves as a barrier, I wondered if the skin would sequester much of the metals 

and thereby minimize their accumulation in other organs.  If the skin sequestered 

metals from reaching the internal toad tissues, the whole-body metal analysis 

would indicate higher concentrations were required to cause an adverse effect 

from a dermal exposure than a comparable oral exposure, and erroneously lead 

one to think of these toads as highly tolerant to metals.  Additionally, the time 

series is useful for exploring the relationship between concentration and effect.  

As the metal body burden increases over time, at what point in time and 
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accumulated body burden would these adverse effects become apparent?  As in 

previous studies, these toads were tested at the end of their exposures with hop 

length and righting reflex assays.  Several time points were assessed for feeding 

behaviors in the prey-orientation assay.  Blood was collected for ALAD inhibition.  

Urine was collected for specific gravity, as a surrogate for osmolality.  Organ 

morphometric measurements were collected.  The toad was dissected into five 

compartments: liver, kidney, bone, skin, and carcass, each of which were 

analyzed for arsenic, cadmium, copper, lead, and zinc. 
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Chapter II 

Bioaccumulation and Effects of Metals from a Historically Polluted Soil on Great 

Plains Toads, Bufo cognatus Say. 

 
 

INTRODUCTION 

Many species of terrestrially-adapted amphibians visit waterbodies only a 

few nights each year during brief but intense breeding bouts.  For the remaining 

time, metamorphed individuals spend virtually all their time in terrestrial habitats.  

Yet, most amphibian contaminant studies focus on embryonic and larval life 

stages (Linder and Grillitsch 2000), leading to a lack of information on 

contaminant exposure and effects in terrestrially-adapted amphibians.     

For most terrestrial vertebrates, diet probably represents the most 

significant route of exposure to environmental contaminants (reviewed in Smith 

et al. 2007).  Dietary exposure is also a significant route of exposure in 

amphibians (Linder and Grillitsch 2000).  However, dermal exposure to 

contaminants in soils has been shown to be a significant route of exposure for 

toads.  James et al. (2004a) demonstrated that hibernating toads can accumulate 

cadmium through the skin.  At the highest soil concentration used, 120 µg/g, 

there was a significant difference in cadmium uptake relative to control soil.  

Other investigators have used metal-spiked water as a means of exposing toads 

to metals (Vogiatzis and Loumbourdis 1997).  Despite being different exposure 

media, water and soil probably share a dermal uptake mechanism as water and 
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soil consumption in most amphibians is generally incidental (Linder and Grillitsch 

2000). 

 The metal ions present in the porewater pool are believed to be the 

bioavailable fraction of a soil’s total metal concentration under the porewater 

hypothesis or equilibrium partitioning theory (Lock and Janssen 2001, Luoma 

1983).  Metals must first desorb from their attached ligands and enter the 

porewater pool before they can move into tissue (duBray 1995; Luoma 1983).  

This process of entering the porewater pool is governed by an equilibrium 

between the limits of metal ion solubility in porewater and the availability of 

binding sites on soil particles.  Predicting this equilibrium is difficult and currently 

there are no readily available models for predicting metal uptake into organisms 

buried in the soil.  While it is recognized that metal bioavailability in soil is 

complex and difficult to accurately assess, some basic physiochemical metrics 

are useful in predicting metal bioavailability (e.g., pH, amount of organic carbon, 

calcium concentration, soil’s cation exchange capacity (Sauvé 2002).  At 

individual contaminated sites, these soil parameters often vary widely, making 

comparisons different between individual field sites and between field and 

laboratory studies.  The best method for determining the bioavailability of metals 

in a soil may be to test a specific soil of interest against a specific organism of 

concern. 

 As part of a preliminary study on bioaccumulation of metals, I evaluated 

metal uptake in Bufo cognatus housed on metal contaminated soils collected 

from the Anaconda Smelter Superfund site, Montana, USA.  The Anaconda 
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Smelter site represents a historically polluted soil where the metals have aged 

20-100 years in situ.  I chose four soils from the smelter site, which created a 

gradient of metal concentrations.  One of these four soils, SMARCO, was 

previously shown to have higher bioavailability in rodents than predicted by the 

total soil metal concentration (Reynolds 2004).   I hypothesized that toads 

exposed to higher concentrations of soil metals would accumulate higher levels 

of metals in their tissues and SMARCO exposed toads would show higher metal 

body burdens than the total soil metal concentration would predict.  I 

hypothesized that the higher tissue metal concentrations would adversely affect 

toad physiology (organ – body size relationship) and behavioral performance 

(hop-length and righting time).  Further, I predicted that toads would be able to 

detect the toxic properties of the soil and would attempt to avoid burying into the 

soil.  

 

MATERIALS AND METHODS 

Soil 

 Soils were collected in August 2004 from the Anaconda Smelter 

Superfund Site, Deer Lodge County, Montana, USA.  The Anaconda Smelter 

was the site of a copper smelter facility in operation from the 1880s to the 1980s.  

The primary metals of concern on site are arsenic (As), cadmium (Cd), copper 

(Cu), lead (Pb), and zinc (Zn) (Hooper et al. 2002).  Prior work at the site 

established three sites spanning about one order of magnitude in metal 

contamination (Hooper et al. 2002, Reynolds 2004, Humphries 2007, McBride 
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2007; Table 1).  These sites were contaminated primarily by aerial deposition of 

emissions from the smelter stack (Hooper et al. 2002).  A fourth site, SMARCO, 

was further contaminated via direct deposit of flue dust (Hooper et al. 2002, 

Reynolds 2004; Table 1).  Five individual soil samples were collected for each of 

the sites by selecting a center point and 4 additional points 20 meters away in 

each cardinal direction.  Soils were collected from the top 15 cm of the soil 

horizon.  Soil was spread onto plastic sheeting for air drying.  Equal masses of 

each of the 5 samples were mixed for 1 hr in a rotary cement mixer.  Composited 

soils were stored for at least 3 months prior to use.   Basic soil parameters (pH, 

CEC, OM, Ca+) associated with bioavailability are provided for each site as 

reference only as they come from previous work done at the site and are not 

associated with the specific soil collected for this experiment (Table 1; J. 

Humphries 2007).  Soil particle size distribution “soil texture” was determined by 

hydrometer after the methods of Day (1950), Dixon et al. (1968), and Kilmer and 

Alexander (1949) by the Texas Tech University Soils Lab (Table 2.1).  Reference 

soil was created by combining locally purchased organic potting soil (Miracle 

Grow Organic Choice, Scotts Company LLC, Marysville, OH) and sand (Premium 

Play Sand No. 1113, Quikrete Companies, Atlanta, GA).  Anaconda Smelter and 

reference soils were air dried for a minimum of a week within 5-7 days of 

collection and sieved with 2-mm stainless-steel screens.  Soils were stored in 

plastic containers at room temperature (approximately 23º C) until used.    
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Toads 

 Great Plains toads, Bufo cognatus, were chosen because they occur over 

the plains of North America from Mexico into Canada and they are locally 

abundant (Lannoo 2005).  B. cognatus juveniles (mean mass 13.0 g ± SE 1.3) 

were collected via drift fences in Floyd and Briscoe counties of west Texas, USA 

in September and October of 2004.  Toads were maintained in the laboratory for 

a minimum of 60 days prior to the initiation of the experiment.  Toads were 

housed in glass aquaria with 5 cm soil (organic potting soil (Miracle Grow 

Organic Choice, Scotts Company LLC, Marysville, OH) mixed with peat moss 

(Premier sphagnum peat moss, Premier Horticulture Inc, Quakertown, PA) and 

supplied with glass dishes containing aged tap water.  Toads were fed ad libitum 

with meal worms (Tenebrio molitor), superworms (Zophobas morio), and crickets 

(Acheta domesticus).  To ensure proper toad nutrition prey items were 

supplemented by either dusting with vitamin powder or feeding Orange Cube 

(both items from Fluker Farm, Port Allen, LA, USA). 

 

Experimental Design 

 Toads were placed individually into experimental chambers containing one 

of five treatment soils (n=4/ treatment).  Treatments were designed to provide an 

increasing concentration gradient of total metals as follows: reference, low, 

SMARCO, medium, and high.  Experimental chambers consisted of 1 liter glass 

jars containing 600 grams of the appropriate soil hydrated (15% of soil weight) 

with ultra-pure water (> 18Ω).  Lids were constructed with plastic window screen 
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to allow for air exchange.  The body of each container was wrapped in aluminum 

foil to exclude light beneath the soil surface.  Toads were placed in the 

containers at room temperature and the amount of time taken to bury was 

recorded for each toad to test for any soil avoidance behaviors.  Once in their 

chambers, toads were brought down to 4°C from 25°C over the course of 7 days.  

Temperature was maintained at 4°C for the duration of the 4-week exposure. 

Containers were monitored each week for water loss by monitoring their mass (± 

0.1 g) and adding water as needed.   

 At the termination of the exposure period, toads were allowed 24 hours to 

come to room temperature before processing.  Toads were first washed to 

remove visible soil in amphibian Ringers solution (Humason 1979) and their 

mass (± 0.1g) and snout-vent length (± 0.1 cm; SVL) recorded.  Toads were next 

given a righting reflex test by recording the amount of time (± 0.01 second) taken 

to turn upright after being placed on their back (Rice and Taylor 1995).  Only one 

righting trial was performed to avoid producing unnecessary stress or fatigue.  

Toads were then rested for 5 minutes and tested for hopping ability.  The hop 

test consisted of dipping the toad’s hind feet in food dye, placing the toad on a 

sheet of butcher paper, and then encouraging hopping by gentle prodding.  The 

mean length (± 0.1 cm) of the first four hops was used in the analysis (James et 

al. 2004a).  Following the hop test, toads were euthanized by overdose of the 

anesthetic ethyl 3-aminobenzoate methanesulfonate salt (MS-222, Sigma-

Aldrich, St. Louis MO, USA).  After death toads were thoroughly washed and 

dried with paper toweling to remove all traces of soil.   Liver, kidney, and spleen 
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were excised and weighed (± 0.1 mg) after which the kidneys and spleen were 

returned to the body cavity.  Livers were immediately frozen at -80ºC.  Carcasses 

were refrigerated for 2-4 days until the skins were removed, and then the skin 

and carcasses were frozen at -80ºC.  All tissues were lyophilized prior to being 

digested (FreeZone, Cole-Parmer, Vernon Hills IL).  Dried livers were digested 

whole for metals analysis.  Dehydrated skin and carcass tissues were 

homogenized and subsampled prior to metals analysis by freezing the tissues in 

liquid nitrogen and grinding with a mortar and pestle. 

 

Tissue Metal Analysis 

 Livers, skins, and carcasses were digested using a modified EPA 5303 

protocol.  Briefly, tissues were digested with trace metal grade nitric acid and 

hydrogen peroxide (analytical grade, Fisher) in covered polypropylene Griffin 

beakers on hot plates.  A standard reference material (TORT-2, lobster 

hepatopancreas, National Research Council Canada) and sample blanks were 

prepared simultaneously.  A Thermo Atomic Absorption Spectrometer (Thermo 

Electron Corp. Waltham, MA) was used for metal analyses; As, Cd, and Pb were 

analyzed using graphite furnace volatilization and Cu and Zn were analyzed 

using flame volatilization. 

 

Statistical Methods 

Mean hop length, liver mass, kidney mass, and spleen mass were each 

divided by SVL prior to statistical analysis.  The following data were analyzed 
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with Kruskal-Wallis analysis of variance: time to bury; righting time; mean hop 

length; liver mass; kidney mass; spleen mass using “R version 1.91” (R Core 

Development Team 2004).  Bonferroni multiple comparisons were used to 

assess differences between treatments when the overall model was significant 

(Zar 1999). 

Linear regression was used to describe the relationship between soil 

metal and tissue metal using SigmaPlot (2006).  Regressions were created using 

only the data from the reference, low, medium, and high soils.  Toads exposed to 

the SMARCO treatment were compared to the regression equation by t-test, 

which compared two groups of residuals.  One sample was created with 

jackknifed residuals representing the distance from a spiked soil data point and 

the regression line created by the spiked soil data (minus the spiked soil data 

point).  The second sample was created from residuals representing the distance 

between an Anaconda soil data point and the regression line form by the spiked 

soil data (Reynolds 2004). 

 

RESULTS 

Metals Uptake 

 Significant patterns of uptake were evident for each of the five metals 

examined, in at least one tissue compartment.  In all metals, tissue 

concentrations increased with increasing soil concentrations.  Arsenic showed 

little uptake overall; skin As showed the strongest uptake pattern followed by 

carcass, however liver showed essentially no increased arsenic concentrations, 

 17



Texas Tech University, Pamela J Bryer, August 2008 

and a majority of the liver samples were below detection limits regardless of the 

soil exposure (Table 2.2, Figure 2.1).  Tissue concentrations of cadmium and 

lead both increased with increasing soil concentrations; as with As, the tissue 

compartment showing the greatest increase was skin followed by carcass and 

then liver.  Increasing soil concentrations lead to increased liver and carcass 

concentrations, however, the relationship was not as strong as for skin (Table 

2.2, Figure 2.1).  Copper and Zn also showed increased tissue concentrations 

with increasing soil concentrations.  Both Cu and Zn showed the greatest 

increase in skin, followed by carcass (Table 2.2, Figure 2.2).   

 Comparisons of the SMARCO exposed toads to the regression line 

created by the toads from the reference, low, medium, and high treatments 

suggests little difference in bioaccumulation patterns (Table 2.3, Figures 2.1 and 

2.2) except for skin values for copper which were lower in SMARCO toads than 

would have been predicted by the regression equation. 

 

Effect Endpoints 

 At the end of the 4-week exposure there was no mortality in any of the 

treatment groups.  All toads appeared healthy, that is, they acted similar to 

reference toads and were free from external lesions.  The effects of metal-

contaminated soil exposure were nonsignificant on time to bury, change in mass, 

hop length, and liver, kidney, and spleen size (Table 2.4).  Differences between 

treatments in righting time were significant, individuals exposed to increasing soil 

 18



Texas Tech University, Pamela J Bryer, August 2008 

metal concentration took longer to right themselves than toads exposed to lower 

levels of metal (Figure 2.3; KW= 10.0047, d.f.= 4, p-value= 0.040).  

 

 

DISCUSSION 

 This study is the first to examine dermal absorption of metals from a 

complex metal mixture in juvenile toads.  Metal contaminated soil is a global 

issue, especially in areas of mining and smelting activities, as well as near 

roadsides in countries that still use leaded automobile fuel (Harris 1991, Thornton 

1991).  This research addresses a timely issue because amphibian populations 

are declining worldwide.  Stuart et al. (2004) estimate that 43% of all amphibian 

species are threatened or declining.  Reasons for the declines are not clear for all 

populations and may, in fact, be combinations of the different proposed stressors 

(Wake 1998).  Environmental contaminants are one of the proposed stressors, 

and understanding uptake patterns is important in understanding the role 

contaminants may have in amphibian population declines.  

   Previous research at the Anaconda Smelter site (Reynolds 2004) found 

differences in bioavailability in rodents between the SMARCO soil (flue dust 

origin) and soil of comparable concentrations from other areas on the site 

(atmospheric origin), a pattern that was not found in the present study.  

SMARCO soil differs from the other locations on the site because the SMARCO 

site was created when the smelter flue was demolished.  Flue dust differs from 

other forms of smelting waste in that the particle sizes tend to be smaller, and 
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more spherical (Samuelsson and Carlsson 2001; Sobanska et al. 1999).  The 

SMARCO site additionally received lime as a remediation measure which, 

through changes in soil pH, may also influence bioavailability (Tinsley 1979).  

The remaining sites were created by atmospheric deposition originating as soot 

released from the smelter that settled out of the wind and air onto the 

surrounding area.  Although speculative, the lack of bioavailability differences in 

the present study may be due to differences in exposure routes.  

This study demonstrated that as soil metal concentration increased toad 

tissue concentrations also increased.  Despite this overall trend, the relationship 

between soil concentrations and tissue concentrations were not similar for each 

metal and tissue combination.  The within-body distribution pattern observed in 

the present study, showing skin accumulating higher metal concentrations than 

either carcass or liver, should not be surprising given the presumptive dermal 

route of absorption.  Elevated metal concentrations in the skin could be due to 

the close proximity of the skin to the soil, and due to the skin’s abundance of 

negatively charged proteins, including keratin (Farquhar and Palade 1965).  

Negatively charged proteins are potential metal binding sites and increase the 

possibility for interactions between positively-charged free metal ions in the soil.  

However, without a radiolabelling study to trace the location of the metal ions in 

the skin the mechanism of bioaccumulation remains unclear.  The high metal 

levels found in the carcass, relative to liver, could be explained by the fact that, in 

this study, carcasses contained kidneys and gastrointestinal tracts both of which 

have inducible metallothionene production potential (Suzuki and Kawamura 
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1984).  Metallothiones bind metals tightly and keep them sequestered preventing 

metals from re-entering the circulation (Goyer and Clarkson 2001).  Additionally, 

carcasses contain bone, which serves as a storage depot for both lead and 

cadmium (Goyer and Clarkson 2001).   

 This study confirms the findings of James et al. (2004a, 2004b) showing 

that toads can accumulate metals while housed on a contaminated soil.  These 

studies demonstrate that toads do not need to feed on metal-contaminated prey 

to accumulate metals.  Ingested contaminated prey would simply further increase 

the toads’ total metal burden.  The studies of James et al. (2004a, 2004b) and 

the present study also indicate the propensity for toads to accumulate cadmium.  

Despite being the metal with the lowest soil concentration used in the present 

study, cadmium showed the highest concentrations, in all three tissues, of the 

metals tested. 

 The present study used soil collected from a site with a long history of 

metal pollution.  Experimentally, this complicates extrapolation of these data to 

other studies due to the unique interactions between soils, metals, and 

organisms.  The benefit to this complication is the experimental realism gained 

by using a field collected soil (Lombi et al. 2006).  The soils used in the present 

study aged approximately 20 to 100 years in situ.  Aged soils like these are 

thought to have greatly lowered bioavailability compared to freshly contaminated 

and artificially (spiked) contaminated soils (Lombi et al. 2006; Lock and Janssen 

2001).  However, despite the aging process, these Anaconda Smelter site soils 
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were sufficiently bioavailable to allow for metal uptake and thus may pose a 

hazard to toads inhabiting Anaconda or similarly contaminated smelter sites. 

 Avoidance of contaminated habitat is not observed for most organisms but 

it was tested in this study because of the special adaptations toads have to arid 

environments.  Several toad species have the ability to detect and avoid 

substrates with strong water withdrawing properties, based on ion detection, as a 

mechanism to avoid unnecessary water loss in times of water stress (Hillyard et 

al. 2004).  In the present study, I used latency to bury as a measure of soil 

avoidance.  Perhaps a better test design would be to allow the toad to choose 

between different substrate types rather than restricting them to one soil.  Some 

of the toads started to bury immediately after being placed in the experimental 

chambers.  The toads’ behavior suggests that the urge to escape a stressful 

situation (being placed above ground in a bright and novel environment) over-

rode any potential aversion of the soil itself. 

 Between reference and the highest soil metal treatment the skin 

compartment showed increases of 3560% in cadmium,  750% in lead, 5600% in 

arsenic, 290% in zinc, and 1700% in copper.  Nevertheless, there were few 

indicators that the soil exposure negatively affected toad health.  It is possible 

that the effect endpoints examined were not appropriate for this exposure 

duration, i.e. that 4 weeks of exposure at these concentrations, was not sufficient 

to produce large effects on organ morphometrics or hopping ability.  However, it 

is also possible that toads have high effects thresholds.  Direct comparison to 

other studies is not possible, because of the unique metal mixture and life stage 
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used in this study.  In contrast to the younger aquatic stages, adult terrestrial 

amphibians appear to be hardier in response to chemical challenges and often 

display higher LD50s (Linder and Grillitsch 2000, Arrieta et al. 2000). 

 Despite the lack of obvious harm to toads in this study, the soil collected at 

the Anaconda Smelter site is likely to affect toad health at some level.  At the 

portion of the site with the highest metal concentrations, there are large areas of 

barren soil where plants have difficulty growing.  It is in this soil treatment toads 

took the longest to right themselves.  Future research using different effect 

endpoints may find additional signs of toxicity.  Red blood cell delta-

aminolevulinic acid dehydratase (ALAD) activity would be a good endpoint for 

future research.  Arrieta et al. (2000) have shown reduced ALAD activity in adult 

bufonid toads injected with lead.  

 The level of metal bioaccumulation found in the present study could 

contribute significantly to the body burdens of free-ranging amphibians and, 

given their position in the food chain, their predators.  This is important for 

ecosystems influenced by metal contamination, as amphibians are often 

extremely abundant.  In the forests of northeastern North America, it is estimated 

that amphibian biomass exceeds the biomass of birds and mammals (Burton and 

Likens 1975).  Likewise, a single isolated ephemeral pond in South Carolina 

produced over 1,400 kg of juvenile amphibians in one year (Gibbons et al. 2006).  

The loss of amphibians due to metal exposure and their ability to transfer metals 

through the food web are both serious issues that need consideration for 

understanding ecosystem health.   
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 Table 2.1. 
Element and soil characteristics for each treatment soil collected from the Anaconda Smelter 
site (Anaconda, MT, USA).  Element concentrations (As, Ca, Cd, Cu, Pb, Zn) are reported as 
mg/kg; organic matter (OM) as %; cation exchange capacity (CEC) as meq/100g; and texture 
as %.  

 Element analysis  Soil characterization 

          re Textu

    As Cd Cu Pb Zn pH CEC OM Ca sand silt clay

Reference         10 1 3 4 15 na1 na1 na1 na1 97 4 0

Low           

           

            

           

85 3 190 74 160 5.2 9.4 2.2 919 74 21 5

SMARCO 89 2 84 28 103 7.7 17.3 4.3 2397 73 15 12

Medium 407 11 953 226 271 5.1 13.7 2.6 869 67 26 7

High 701 29 346 589 1142 6.2 16.9 5.8 2677 73 15 12
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      1 data not available 
 
 
 
 
 

 



Texas Tech University, Pamela J Bryer, August 2008 

 
 

Table 2.2. Results of linear regression analysis between metal concentrations in soils and metal 
concentrations in tissues collected from Great Plains toads exposed to soil collected from the 
Anaconda Smelter Superfund site (Anaconda, MT, USA).a

Tissue           As Cd Cu Pb Zn  

Carcass  r2= 0.01  r2= 0.09  r2= 0.49  r2= 0.26  r2= 0.35 
 

  p= 0.675  p= 0.252  p= 0.003  p= 0.044  p= 0.016  

     

           

  
 

      

           

 
 

     

 b0= 8.84 
b1= 0.023 

b0= 728.38 
b1=23.069 

b0= 3.60 
b1= 0.027 

b0= 1.055 
b1= 0.003 

b0= 80.08 
b1= 0.019 

 

 

Liver  NR
 

 r2= 0.789  r2= 0.12  r2= 0.93  r2= 0.50 
 

  p< 0.001  p= 0.183  p< 0.001  p= 0.003  

 b0= 272.19 
b1=155.995 

b0= 6.87 
b1= 0.007 

b0= 0.966 
b1= 0.020 

b0= 69.11 
b1= 0.019 

 

 

Skin  r2= 0.40 
 

 r2= 0.24  r2= 0.38  r2= 0.26  r2= 0.6585 
 

p= 0.009  p= 0.053  p= 0.011  p= 0.054  p= 0.001  

 b0= -2.21 
b1= 0.134 

b0= 40.518 
b1= 13.537 

b0= 49.22 
b1= 0.161 

b0= 0.011 
b1=3.57x10-5

b0= 57.43 
b1= 0.116 

 

28

 

a NR= no regression possible due to excessive nondetect values; n=4 for each tissue by metal combination; b0= 

intercept of regression line, b1= slope of regression line
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Table 2.3.  Results from statistical analysis comparing SMARCO 
exposed toads to toads exposed to soil from the other sites at the 
Anaconda Smelter  Superfund site (Anaconda, MT, USA).  See 
methods for analysis details.  
   t d.f.  p-value 

As carcass  -1.9156 1.428  0.244 

 skin  0.3859 15.501  0.705 

 liver  na1 na1  na1

Cd carcass  1.9206 16.959  0.072 

 skin  -1.99 15.14  0.065 

 liver  0.6099 15.117  0.551 

Cu carcass  0.5146 16.996  0.614 

 skin  2.6924 15.362  0.016 

 liver  0.4186 4.458  0.695 

Pb carcass  0.1837 5.462  0.861 

 skin  -0.6823 6.291  0.519 

 liver  -0.6442 4.67  0.550 

Zn carcass  -0.3404 5.48  0.746 

 skin  1.5107 10.47  0.160 

 liver  0.1457 10.196  0.887 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  1 Excessive non-detect values prohibited evaluation. 
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Table 2.4.  Effect endpoint means (± SE) and results of Kruskal-Wallis analysis for Great Plains toads exposed to 
soil collected on the Anaconda Smelter Superfund site (Anaconda, MT, USA). 

  
      Reference Low SMARCO Medium High

  
           Mean SE Mean SE Mean SE Mean SE Mean SE N

K
-W

 

p-
va

lu
e 

SVL (mm) 43             3 41 5 40 2 40 4 45 4 20 1.3 0.86

Initial mass 
(g) 12.8          

  

             

             

             

             

             

        

2.3 11.4 3.5 12.7 1.6 12 3.0 16.3 4.7 20 

Final mass (g) 11.6 1.7 11.3 4.3 9.1 1.2 9.1 2.3 13.6 4.8 20 6.8 0.15

Hop length 
(cm/mm SVL) 0.192 0.041 0.291 0.039 0.222 0.036 0.193 0.051 0.161 0.035 20 4.6 0.33

Time to bury 
(s) 44.7 30.7 22.6 17.5 28 15.1 11.8 5.8 31.5 34 51 1.9 0.75

Liver mass 
(mg/mm SVL) 8.97 1.1 8.59 0.58 9.52 1.19 8.12 1.35 8.38 0.84 20 1.2 0.89

Kidney mass 
(mg/mm SVL) 1.28 0.20 1.03 0.20 0.94 0.14 0.88 0.11 1.19 0.29 20 3.6 0.47

Spleen mass 
(mg/mm SVL) 0.20 3.4 E-5 0.13 5.6 E-5 0.12 6.6 E-5 0.11 2.8 E-5 0.17 5.8 E -5 20 3.5 0.48
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Figure 2.1.  Linear regression expressing changes in nonessential-metal tissue concentration relative to soil metal 
concentration.  Toads, Bufo cognatus, were exposed for 4 weeks to soil collected at the Anaconda Smelter Superfund 
site (Anaconda, MT, USA).  Uptake data for toads exposed to SMARCO soil are shown in diamonds to indicate a 
different origin of the metal contaminants in the soil.  SMARCO exposed toads were not used in the regression 
equation.  Excessive non-detect values prevented analysis of As uptake in liver.  Regression analysis output are in 
Table 2 and t-test results comparing SMARCO data to uptake predicted by the other sites are in Table 3. 
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Figure 2.2.  Linear regression expressing changes in essential-metal tissue concentration relative to soil metal 
concentration.  Toads, Bufo cognatus, were exposed for 4 weeks to soil collected at the Anaconda Smelter 
Superfund site (Anaconda, MT, USA). Uptake data for toads exposed to SMARCO soil are shown in diamonds 
to indicate a different origin of the metal contaminants in the soil.  SMARCO exposed toads were not used in 
the regression equation.  Excessive non-detect values prevented analysis of As uptake in liver.  Regression 
analysis output are in Table 2 and t-test results comparing SMARCO data to uptake predicted by the other sites 
are in Table 3. 
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Figure 2.3.  Mean (±SE) righting time in Bufo cognatus in response to increasing 
metal exposure.  Toads were placed on their backs and timed until they regained 
an upright posture; n=4 for each treatment group.  As metal exposure increased 
righting time increased, p= 0.04, Bonferroni multiple comparisons produced no 
significant between-treatment differences.  
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Chapter III    

Dermal absorption and effects of metals from contaminated soils in Great Plains 

Toads, Bufo cognatus; a comparison between artificially-spiked and field-

collected soil. 

 

ABSTRACT 

High concentrations of metals found in soils surrounding mining and 

smelting operations are of serious ecological concern.  The effects of soil metals 

on terrestrial organisms varies with metal bioavailability.  However, the uptake 

and effects of soil metals on amphibians remains difficult to predict which is 

unfortunate because amphibians may be particularly sensitive to metal stress 

due to their natural history characteristics.  The following study characterizes the 

uptake and effects of metals (As, Cd, Cu, Pb, and Zn), from field-collected and 

spiked soils, on the Great Plains Toad, Bufo cognatus.  By using both field-

contaminated and spiked soils, this study attempts to delineate how differences 

in soil physiochemical properties and soil age affect the bioavailability of metals, 

and how metal bioaccumulation affects the survival and behavior of hibernating 

toads.  Smelter soil consisted of unamended Anaconda Smelter site soil 

(Anaconda Smelter Superfund Site, MT, USA).  Seven additional soil treatments 

were created by spiking uncontaminated soil with As, Pb, Cd, Cu, and Zn metal 

salts.  Toads were exposed to one of the eight treatment soils for 28 days and 

then analyzed to determine the effects of metal exposure on whole body metal 

concentration, blood delta-aminolevulinic acid dehydratase (ALAD) activity, and 

behavioral endpoints.  Whole body concentrations of cadmium, copper, lead, and 

zinc were positively correlated with soil total metals.  Cadmium and lead had 

higher bioaccumulation in toads exposed to the Anaconda Smelter site soil than 

predicted by the regression equation created by toads exposed to the spiked 

treatments (Cd 450 µg/kg vs. 200 µg/kg predicted; Pb 1750µg/kg vs. 900µg/kg 

predicted).  Zinc bioaccumulation was slightly lower in toads exposed to 

Anaconda soil in comparison to spiked soil (250 mg/kg vs. 300 mg/kg predicted).  

All toads exposed to the two highest concentrations of the spiked soil treatments 
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died.  Also, toads exposed to higher metal levels tended to take longer to right 

themselves and have shorter hop lengths, however, these were not significant.  

There was no effect of soil metal on the prey-orienting response.  There was a 

significant negative relationship between metal concentration and ALAD activity.  

In all, these data provide insight to the effects of soil metal exposure on toads 

while evaluating the differences between field-collected and spiked soils on metal 

bioaccumulation. 

 

 

INTRODUCTION 

 The observation that amphibian populations are declining worldwide has 

gathered support over the last decade.  Currently, 43% of all amphibian species 

are threatened or at risk (Stuart et al. 2004).  There appears to be no single 

causative factor in the declines and many believe that in most cases, declines 

are caused by the presence of two or more simultaneous stressors, such as 

multiple chemical contaminants or the co-occurrence of ultraviolet radiation and 

habitat alteration (Collins and Storfer 2003, Wake 1998). 

Globally, metals present a hazard to wildlife due to their persistence in the 

environment and toxic properties.  Anthropogenic activities, like mining and 

smelting, redistribute metals into surficial soil and sediments, resulting in 

increased potential risk of exposure to soil-dwelling amphibians.  While metals 

tend to be stable in the soil, remaining attached to minerals, clays, and organic 

matter, accurately predicting terrestrial exposure to metals in soil remains 

problematic and is not well characterized.  Risk of exposure is mediated by the 

bioavailability of metals in the soil porewater solution and depending on the 

composition of the soil, the bioavailability of metals can vary greatly between 

soils with similar total metal levels (Basta et al. 2005, Lock and Janssen 2001, 

Luoma 1983).  Soil characteristics such as pH, calcium, organic matter, and clay 

content are important attributes that control the relative bioavailability of metals 

(Sauvé 2002).  Soil composition is not static over time, a phenomenon known as 

soil aging or weathering.  Time brings changes in temperature (freeze-thaw 
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cycles as well as hot temperatures) and changes in moisture content (leaching of 

nutrients and desiccation).  Both temperature and moisture can change a soil’s 

elemental profile as elements adsorb and desorb from the soil particles.  Different 

metal species (whether ionic or complexed to salts and other ligands) are created 

by the physical and chemical milieu in which they are surrounded.  Bioavailability 

is in turn governed by metal speciation.  One of the prevailing soil bioavailability 

theories is the Free Ion Activity Model which promotes the idea that free 

(uncomplexed) metal ions are the main agents in metal bioaccumulation (Sauvé 

2002).  Soil metal bioavailability is difficult to predict due to the various soil 

parameters, each able to act alone or in multiple combinations to change 

bioavailability.  Soil composition combined with different amphibian natural 

history characteristics (e.g., fossorial habitats, diet, habitat selection, and 

hibernation behavior) make it additionally difficult to predict the potential risk of 

exposure to amphibians inhabiting metal contaminated soils. 

 Much of the previous work on metal uptake and effects on amphibians 

concerns larval anurans (Linder and Grillitsch 2000).  This bias is likely due to the 

ease of obtaining and working with tadpoles and the sensitivity of individuals 

during the aquatic life stage.  However, this bias misrepresents the life history of 

many amphibians which may spend only a brief time in the aquatic larval stage.  

Indeed, some terrestrially-adapted species may mature from egg to metamorph 

in several weeks and only return to water for one or two nights a year to breed 

(Duellman and Trueb 1985).  Recently, terrestrial stage amphibians have been 

receiving more attention in the toxicology literature as a response to a lack of 

currently available information (Sparling et al. 2000).  To date however, studies 

characterizing terrestrial stage amphibian exposure and uptake of metal from 

contaminated soils remain limited.   

 The following study attempts to address current gaps in the knowledge 

surrounding the exposure and sensitivity of terrestrial stage amphibians to metal 

contaminated soils.  The Great Plains Toad (Bufo cognatus) spends 

approximately eight months per year hibernating in the soil and additional time 

during the summer months hiding in shallow burrows (Ewert 1969).  This species 
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has a wide range extending from Mexico into Canada throughout the plains 

(Ewert 1969), and is well adapted for arid climates.  Bufo cognatus have a 

number of adaptations that allow them to persist in dry habitats, such as 

increased surface area, sensing mechanisms that indicate the water withdrawing 

potential of the soil, the ability to alter normal tissue osmolarity to create a 

positive flow of water into the toad, and increased skin vascularization to 

increase water uptake from the soil (Shoemaker et al. 1992).  While these 

adaptations make B. cognatus well-adjusted for living in arid climates, they may 

in turn increase the potential exposure and uptake of metals from contaminated 

soils.  For instance, because soil porewater is essential to water balance 

homeostasis for amphibians while they are buried, arid-adapted anurans absorb 

water from the soil year-round through their skin (Hillyard 1976, Shoemaker et 

al., 1992).  However, as recently demonstrated by James et al. (2004), 

transdermal water regulation may be a primary route of exposure of metals to 

terrestrial amphibians inhabiting contaminated soils.    

Until its close in the late 1980s, the Anaconda Smelter site, located in 

Deer Lodge County, Montana, USA, was one of the leading copper processing 

facilities in the world.  Over one hundred years of mining and smelting activity at 

this site has resulted in widespread aerial and fluvial deposition of metals.  The 

primary metals of concern at the Anaconda Smelter site include As, Cd, Cu, Pb, 

and Zn (USEPA 1997, Hooper et al. 2002, EPA Region 8 2008;Table 1).  

Previous work at this site characterized the effects of metal contamination on 

populations of birds, small mammals, and soil microorganisms (McBride 2008, 

Humphries 2007, Reynolds 2004, Reynolds et al. 2006, Adair et al. 2002, Hooper 

et al. 2002). These studies have shown clear patterns of uptake into vertebrates 

and effects on both vertebrates and soil microorganisms.  However, this study is 

the first to assess exposure and effects of metals in Anaconda soil on terrestrial 

amphibians.  The concentrations of metals on the site span a gradient of effects 

from no detectable effects to areas of soil that are devoid of vegetation.  Within 

this range of soil metal concentrations, there is also a range of soil 

physiochemical characteristics (soil texture, calcium, pH, etc).  These differences 
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in soil characteristics across the site make comparing bioaccumulation among 

amphibians difficult.  Currently there is no existing literature to describe the 

potential metal uptake that would be experienced for amphibians inhibiting a site 

like Anaconda.  Little work exists on soil mediated exposures to adults and, for 

the literature that does exist, there is not a thorough understanding of how to 

relate uptake from a spiked soil to an actual contaminated field site. 
This study uses a combination of both Anaconda Smelter site soil and 

spiked soil to compare the uptake and bioaccumulation of soil metals into 

hibernating toads.  The following hypotheses were addressed: 1) metals within 

the Anaconda Smelter site soil will be less bioavailable than metals within the 

spiked soil; 2) toads housed on Anaconda Smelter site soil will show less 

adverse effects as a result of metals exposure, relative to the toads hibernating in 

the spiked soil (assessed via ALAD inhibition, hop length, righting time, and prey-

orientation ability); 3) toads hibernating in the spiked soil will exhibit 

concentration-dependent decreases in health assessment endpoints. From this 

study, a better understanding of terrestrial stage amphibian exposure and 

bioaccumulation of metals will be achieved, which may aid in the assessment of 

risk and protection of amphibian species in similar scenarios. 

 

 

MATERIALS AND METHODS 

Toads 

 Recently metamorphed Great Plains Toads (Bufo cognatus, n = 85) were 

collected in June and July 2005 from a playa wetland in Briscoe County, Texas, 

USA.  Toads were maintained in outdoor tanks (2m diameter) filled with organic 

potting soil (Miracle Grow Organic Choice, Scotts Company LLC, Marysville, OH) 

mixed with peat moss (Premier sphagnum peat moss, Premier Horticulture Inc, 

Quakertown, PA) to a depth of up to 25 cm and fed ad libitum with meal worms 

(Tenebrio molitor) and crickets (Acheta domesticus), which were either dusted 

with vitamin powder or fed with Orange Cube (both items from Fluker Farm, Port 

Allen, LA, USA).  Toads were moved indoors in October 2005 and housed in 37-
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liter aquaria (average temperature of 23°C with a 14L: 10D photoperiod).  The 

aquaria contained 15 cm of soil (described above) and a glass dish containing 

aged tap water.  During winter, toads seldom feed, no food only water was 

provided.  The experiment began in March 2006, at which time the mean toad 

mass was 2.4 g +/- 0.1 (SE). 

 

Soil 

 Experimental soil treatments consisted of Anaconda soil, six soils spiked 

with a mixture of metals, and a reference soil.  Anaconda soil was collected at 

the Anaconda Smelter Superfund Site, Deer Lodge County, MT, from a 

previously described study site (High 1) with approximate known concentrations 

of arsenic (As), cadmium (Cd), copper (Cu), lead (Pb), and zinc (Zn) (Hooper et 

al. 2002).  Anaconda soil was collected to a depth of about 20 cm, the bulk of the 

roots and vegetation removed, air dried, and then stored as a composite in 

plastic buckets at approximately 23ºC for six months.  Anaconda soil was sieved 

to 2mm prior to use. 

 Spiked soils were prepared from stock soil collected locally in Terry 

County, TX (Lu et al. 2008).  Stock soil was collected from several adjacent 

locations, composited, and stored as described above for Anaconda soil.  Sieved 

(2mm) stock soil was split into seven subsamples, six of which were spiked with 

one of six mixtures of lead acetate, copper acetate, zinc acetate, cadmium 

chloride, and arsenic trioxide (Sigma-Aldrich, St. Louis, MO).  Metal salts were 

dissolved in deionized water, added to the respective treatments, and mixed for 

six hours in a non-stick plastic lined rotary cement mixer.  The six metal mixtures 

equated to 14%, 22%, 32%, 46%, 68%, and 100% of the metal concentrations 

determined by Hooper et al. (2002) for the Anaconda soil (Table 1).  To confirm 

nominal  concentrations of metals added to each treatment, three samples of soil 

were collected from the top, middle, and bottom of the sample, pooled, and 

prepared for analysis following EPA solid waste Method 3050B.  Metals were 

quantified using inductively coupled plasma with atomic emission detection (ICP-

AED) using solid waste Method 6010B (Table 1).  Spiked soils were air dried for 
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seven days prior to use in experiments.  The seventh subsamle of stock soil 

served as a reference (0% metal mixture). 

 

Experimental Design 

 Experimental chambers consisted of 450 ml plastic cups covered with 

black plastic window screen material (n=10 for each artificially-spiked soil 

treatment and n=15 for the Anaconda soil treatment).  On exposure day 1, each 

experimental chamber received 350 g of soil, 67 ml of ddH2O (19% of the soil’s 

mass), and one toad.  This provided approximately 10 cm of soil in which the 

toads could bury.  The exposure chambers were organized on a single 

countertop such that no one treatment was overrepresented in any one area of 

the countertop.  The room was maintained on a 14L: 10D photoperiod with an 

average temperature of 23°C.  At the end of the month-long exposure (day 28), 

toads were removed from the soil.  
 

Post-Treatment Procedures and Behavioral Measures 

 Upon removal from the soil, toads were briefly washed to remove visible 

soil in amphibian Ringers solution (Humason 1979), gently blotted dry, and 

weighed (±0.01g). Animals were immediately tested in the following order: 

righting reflex, a several minute rest, and the hopping test.  All behavioral tests 

were conducted in a randomized block fashion with respect to treatment.  

Righting reflex was assessed by placing a toad on its back and recording with a 

stopwatch (±0.01 sec) the time taken to right itself.  Hopping was measured by 

dipping a toad’s posterior end and feet in food coloring and placing it onto a large 

sheet of paper, and then prompting the toad to jump if needed by gently tapping 

on its tail end with a probe.  The length of the first four jumps was measured (+/- 

0.1cm) and averaged.  Toads were then placed into clean containers containing 

a paper towel moistened with ddH2O until tested in the prey orientation assay the 

following day.  Prey orientation response was measured following Ewert (1980), 

which relies on the innate response of toads to pursue potential food items.  

Briefly, a model representation of a worm (2 x 10mm) was rotated around the 
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toad at a distance of 7 cm and velocity of 20° per second.  Typically toads 

respond to the prey by orientating, the first step in the prey orientation sequence.  

An observer recorded the number of orientation movements made by each toad 

over a five-minute measurement period. 

 

Euthanasia and Carcass Preparation  

 Toads were euthanized via immersion in MS-222 (ethyl 3-aminobenzoate 

methanesulfonate salt, Sigma-Aldrich, St. Louis MO, USA), thoroughly washed 

with 18 mΩ water and dried with paper toweling to remove all traces of soil.  The 

gastrointestinal tract removed in order to avoid accidentally ingested soil from 

influencing the whole body metal analyses.  Blood was obtained by opening the 

chest to expose the heart, arteries, and veins which were then clipped, the out 

flowing blood was collected with heparinized hematocrit tubes.  Carcasses were 

stored at -80°C.  

 

ALAD Assay 

ALAD activity was measured according to the procedures outlined by 

McBride (2008) and McBride et al. (2004).  Briefly, 25 microliters of toad whole 

blood cells (separated from plasma) were lysed in ddH2O, provided ALA 

substrate in a pH 6.4 buffer solution and incubated for one hour at 38°C.  The 

reaction was stopped with trichloroacetic acid (TCA), colored with Erhlich's 

solution and immediately read on a spectrophotometer at 555 nm.  Due to low 

blood volumes, blood was pooled to create one sample per treatment 

representing 3 to 7 toads. 

 

Tissue Metal Analysis 

 Frozen carcasses were lyphophilized (FreeZone, Cole-Parmer, Vernon 

Hills IL).  Entire toad carcasses were digested following a modification of EPA 

Method 5303.  Briefly, whole toad carcasses were initially digested in cold nitric 

acid for several hours, then transferred to a hotplate and allowed to reflux for 

several hours at 95°C.  Next, H2O2 was added to the sample which was 
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evaporated to 1 ml.  Finally, the digested sample was diluted to 5 ml with 18mΩ 

water.  Digestates were analyzed on a Thermo Atomic Absorption Spectrometer 

(AAS; Thermo Electron Corp. Waltham, MA).  Arsenic, cadmium, and lead were 

analyzed via graphite furnace volatilization while copper and zinc were analyzed 

via flame volatilization.  A method blank and standard reference material (TORT-

2, lobster hepatopancreas, National Research Council Canada) were run.  Toads 

that died during the progress of the study were not analyzed for metals because 

time of death could not be determined (many remained buried).  Bioconcentration 

factors were determined by dividing whole body metal concentrations by soil 

metal concentrations.  All concentrations are reported on a dry weight basis 

(either µg/kg or mg/kg).  

 

Statistical Methods 

 ANCOVA was used to test the effect of spiked soil concentration on 

hopping distance and body mass, with body size (snout-vent length; SVL) as the 

covariate (Zar 1999), after the slopes were determined to be parallel.  Righting 

and prey-orientation data were analyzed using analysis of variance (ANOVA), 

with spiked soil concentrations as the independent variable (Zar 1999).  To 

correct for unequal variances log10 transformations were performed when tests 

for variance homogeneity were not satisfied (Zar 1999).  Mortality across spiked 

metal concentrations was analyzed using logistic regression (Zar 1999).  ALAD 

enzyme inhibition was analyzed using non-linear regression (Zar 1999).  Whole 

body arsenic (number detected values vs. non-detected values) was analyzed by 

Chi-Square (χ2) contingency table (Zar 1999).  Relationships of whole body 

cadmium, copper, lead, and zinc versus metal concentration in spiked soils were 

analyzed using linear regression.  Whole body metal concentrations for toads 

exposed to the Anaconda treatment was then compared to the spiked soil 

regression equation by t-test, which compared two groups of residuals.  One 

sample was created with jackknifed residuals representing the distance from a 

spiked soil data point and the regression line created by the spiked soil data 

(minus the spiked soil data point).  The second sample was created from 
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residuals representing the distance between an Anaconda soil data point and the 

regression line form by the spiked soil data (Reynolds 2004).   Analyses were 

performed using R statistical software (R Development Core Team 2004). 

Statistical significance was set at p < 0.05. 

 

 

 

RESULTS 

Metals Uptake 

 Whole body concentrations of Cd, Cu, Pb, and Zn, but not As, increased 

with metal concentrations in spiked soils (Figure 3.1).  Cd (R2 = 0.33. p< 0.001), 

Cu (R2 = 0.38, p< 0.001), and Pb (R2 = 0.37, p= 0.002) showed similar 

responses, with at least 33% of the variation in tissue metal explained by soil 

metal concentration.  Zn was more variable, with only 12% of the whole body Zn 

level explained by treatment variation (R2 = 0.12, p= 0.049).  Arsenic was rarely 

detected above detection limit (>50% non-detectable), precluding any regression 

analysis.  Chi-square analysis of the frequency of detection failed to show any 

treatment differences (χ 2=7.4, d.f. = 4, p>0.1).  Of the 17 carcasses with As 

levels above the detection limit (95 µg/kg), the highest value (250 µg/kg) came 

from an individual in the reference treatment.   

Metals originating from spiked soils and Anaconda soil, showed different 

patterns of bioaccumulation.  While toads hibernating in the Anaconda Smelter 

site soil treatment and the spiked soil treatments exhibited similar copper uptake 

(t= 0.5, d.f.= 11, p= 0.63; Figure 3.1).  Anaconda Smelter site exposed toads had 

tissue levels almost twice the cadmium (t= 2.4, d.f.= 11, p= 0.04) and almost 

twice the lead (t= 3.5, d.f.= 11, p= 0.006), than would be predicted based on 

metal concentrations in spiked soil alone (Figure 3.1).  Zinc, on the other hand, 

had approximately 1/6th lower bioavailability (t= 2.6, d.f.= 11, p= 0.03) in the 

Anaconda Smelter site soil relative to the spiked soils.   
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Effect Endpoints 

 Mortality was the most obvious effect of metal exposure (R2 = 0.80, p= 

0.04, Figure 2).  All toads exposed to the 68% and 100% spiked soil treatment 

groups (n = 10 each) died by day 28, with 70% mortality in the next spiked soil 

treatment (46%).  Mortality of toads exposed to the Anaconda Smelter site soil 

experienced only 30% mortality, less than would be predicted based on metal 

concentration alone using the response profile for spiked soils.  Based on the 

total metal load from the Anaconda soil the predicted mortality for toads in the 

Anaconda treatment would have been approximately 80%.  Control mortality was 

high for no apparent reason though the effect is exaggerated by the low number 

of individuals used in each of the spiked soil treatments.  

 Loss of body mass for surviving toads was not related to metal 

concentration (F(5,39) = 2.1, p = 0.09; Table 3.3).  However, loss of body mass 

of toads exposed to Anaconda soil was typically 2 to 3 times greater than toads 

exposed to spiked soils. 

 ALAD activity was depressed (R2 = 0.96, p = 0.003) with increasing 

concentrations of soil metals in the spiked soil treatments (Figure 3.3).  Likewise, 

ALAD activity of toads exposed to Anaconda Smelter site soil was depressed, 

with ALAD activity of only 9% (4.58 nmols ALA ml*min RBC) of the reference 

activity (50.19 nmols ALA ml*min RBC, Figure 3).  

 

Behavioral Measures 

 Average time-to-right ranged from 0.6 seconds for toads from the 

reference, to 1.5 seconds for toads exposed to the Anaconda Smelter site soil 

treatment (Table 3.3).  However, there were no significant differences among the 

eight treatment groups (F (5,39)= 1.118, p = 0.37).  One outlier was removed 

from the Anaconda group prior to this analysis, as it met the 1.5 times the 

interquartile range definition of an outlier (Simmons 2006).  Hop length was not 

related to soil concentrations of metals, F (5,39) = 1.6, p = 0.17 (Table 3.3).  The 

overall pattern for orientation movements was a marked decline in movement as 

the test proceeded.  The first minute saw the most activity followed by the second 
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minute after which orientation to the model worm nearly stopped.  This pattern 

did not differ between soil treatments, the change in the number of orientation 

movements from the first minute to the fifth minute was similar among 

treatments, F (5,37) = 1.2, p = 0.34 (Table 3.3).   

 

DISCUSSION 

Mining and smelting activities significantly elevate soil metal 

concentrations, posing a health risk to many different organisms.  Terrestrial 

amphibians may be one of these organisms at risk from metal exposure as their 

natural history is closely tied to the soil.  However, predicting metal exposure to 

terrestrial amphibians can be difficult because the bioavailability of metals in soils 

is dependent upon the physiochemical properties of the soils (Kendall 2001).  

Our understanding of how metal contaminated soils affect amphibians, both in 

terms of uptake and effects, is particularly limited (Linder and Grillitsch 2000), 

and studies designed to assess the effects of metal exposure on terrestrial 

amphibians are scarce.  

A rule of thumb with studies using laboratory-created soils is they will 

exhibit a pattern of greater metal bioaccumulation relative to field-collected soils 

(Basta et al. 2005, Lock and Janssen 2003).  Processes such as speciation and 

ageing that may or not have occurred in the field-collected soils are thought to be 

the reason for this rule of thumb.  Interestingly, the present study shows that 

these general rules cannot be uniformly applied to all metal – soil mixtures.  Lead 

acetate (the form used in the present study) is used to assess relative 

bioavailability in oral exposure studies because it is soluble and considered to 

represent the most bioavailable form of lead (Casteel et al. 1997).  Likewise, 

cadmium chloride (the form used in the present study) is the most commonly 

used form for toxicological studies because of its solubility and high bioavailability 

(NRC 2005).  In this study, both cadmium and lead were more bioavailable in the 

Anaconda Smelter site soil treatment than they were in the spiked soil 

treatments.  Overall, in the spiked soils, increased metal concentration resulted in 
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a dose-dependent increase in toad whole body tissue concentrations, with the 

exception of arsenic, which showed virtually no bioaccumulation at all.   

These data support the results previously documented by James et al. 

(2004), which demonstrated an increase in whole body cadmium in adult toads 

housed on cadmium-contaminated soil.  Uptake rates and effects cannot be 

easily compared between this study and James et al. (2004) as the two studies 

differed on several levels (species and age of toads, temperature and exposure 

duration, range of concentration and number of metals co-administered).  

Differences in experimental design such as these translate into behavioral and 

physiological differences that can greatly influence critical uptake parameters 

such as basal metabolism and the level of exposure due to differences in burying 

behavior (Lannoo 2005).  The mean soil Cd value found at the Anaconda 

Smelter site was approximately 9 mg/kg, whereas James et al. (2004) used 

concentrations ranging from 15 to 120 mg/kg.  Reviewing the bioconcentration 

factors (BCF) calculated from both studies does allow a means of cautious 

comparison, keeping in mind it is inappropriate to calculate bioconcentration 

factors on systems that have not reached equilibrium (McGeer 2003).  James et 

al. (2004) report Cd BCFs ranging from 0.018 to 0.035, which match the values 

found amongst the artificially-spiked soil treatments in this study, which range 

from 0.016 to 0.028.  The more interesting BCF, however, comes from the 

Anaconda site soil at 0.052, quite a bit higher than seen in either study’s 

artificially-spiked soils.  Despite the differences in experimental design, toads in 

both studies received no metal-enriched food items, which supports the 

hypothesis that the primary mechanism of metal bioaccumulation from soils is 

through transdermal uptake.  Additionally, the pattern of cadmium, copper, lead, 

and zinc uptake observed in the current study demonstrates that toads can 

accumulate metals to toxic levels when exposed to contaminated soils in a 

realistic exposure scenario.  

Interestingly, arsenic was not observed to bioaccumulate in toads exposed 

to either the Anaconda Smelter site soil or the spiked soil treatments.  While 

metals like copper, cadmium, zinc and lead, become more mobile and enter the 

 46



Texas Tech University, Pamela J Bryer, August 2008 

porewater more readily in acidic soil conditions (Kendall et al. 2001), the opposite 

is true for arsenic (Jones et al. 1997).  As the soils used in the present study 

were neutral to acidic, the arsenic was likely present in a less bioavailable form 

(Jones et al. 1997), leading to decreased uptake into toads.   

In the present study, mortality was the only effect endpoint that showed a 

significant difference between the two soil types.  All the toads incubated in the 

two highest-spiked soil treatments died within 28 days.  Additionally, there was 

70% mortality observed in the next highest spiked soil treatment.  In contrast, 

while the Anaconda soil treatment was bracketed by these spiked soil 

treatments, there was significantly lower mortality observed (30%).  While this 

difference in mortality could be due in part to differences in metal bioavailability 

between the two soils, toads housed on the Anaconda Smelter site soil readily 

bioaccumulated both lead and cadmium and attained higher lead and cadmium 

body burdens than the spiked soil toads.  This is contradictory to the expected 

results.  A possible reason for the increased mortality observed in toads housed 

in the spiked soil treatments could be due to the effect of metals on kidney 

function in toads exposed to different soil moisture contents.  Buried toads 

constantly absorb water from the soil through their skin (Shoemaker et al. 1992).  

Sandy soils release water much more easily than soils that are high in clay 

content just as soils high in silt, and organic matter hold water more tightly than 

sandy soils (Brady and Weil 2005).  The stock soil used to create the spiked 

treatments was 70% sand and less than 1% organic matter, and thus was able to 

release water more readily than the Anaconda Smelter site soil  which was 49% 

sand (Brady and Weil 2005).  While both soil types received the same volume of 

water on day 1, toads inhabiting the spiked soil treatments likely were potentially 

absorbing significantly greater amounts of water from the soil.  These toads, due 

to elevated whole-body metal concentrations, and subsequent cellular stress in 

the kidney nephron (Fowler 1993, Madden and Fowler 2000), were likely unable 

to maintain the proper water balance in this highly wetted soil.  Here is an 

example where a risk assessor must account for both the direct and indirect 

effects of the metals on the toads, which act together by combining kidney 
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damage and the interaction of the resulting poor kidney function with soil type 

that could lead to mortality.   

Cadmium and lead are both recognized as harmful to kidneys 

(Schnellmann 2001).  Cadmium is considered to reach a toxic threshold in 

rodents at 100 mg/kg (Cook and Johnson 1996).  While Aughey et al. (1984) 

found that cadmium induced nephritic damage at levels as low as 6-8 mg/kg 

(w.w.) and significant damage was seen at 20 mg/kg.  One study found kidney 

lead concentrations of 15 mg/kg d.w. to be indicative of toxic lead exposure in 

rodents (Ma 1996).  Cotton rats administered lead via drinking water were shown 

to have significant changes to the nephron epithelium including necrosis and 

sloughing of cells into the tubule lumen at concentrations as low as 100 mg/kg 

(McMurry et al. 1995).  An effect of lead exposure in humans is a decrease in 

glomerular filtration rate (Goyer and Clarkson 2001).  The proposed mechanism 

of damage to kidney function from cadmium and lead is due to binding to 

sulfhydryl groups on proteins within the nephron cells (Schnellmann 2001).  

Cadmium disrupts signal transduction pathways (Schnellmann 2001) and lead 

interferes with mitochondrial function, leading to decreases in energy-dependent 

transport, including ion transport (Goyer and Clarkson 2001).  Maintenance of 

normal water homeostasis is dependent on each of these cellular activities, and 

the increased mortality observed in the spiked treatment toads may be due to 

disruption of these critical homeostatic mechanisms.   

Blood ALAD activity was significantly inhibited in both the Anaconda soil 

and spiked soil treatments, and was shown to decrease with increasing 

concentrations of metals in treatment soils consistent with the pattern of ALAD 

inhibition found in other amphibians (Arrieta et al. 2000, Peri et al. 1998).  ALAD 

was strongly inhibited in toads from both the Anaconda Smelter site and spiked 

treatments, exhibiting 50% inhibition at 100- 150 mg/kg and 600- 900 µg/kg soil 

and whole body lead concentrations, respectively.  Similar results were published 

previously by Arrieta et al. (2000), who showed 50% ALAD inhibition in Bufo 

arenarum after one week following injection into the dorsal lymph sac of 25 

mg/kg body wt. Pb.  While the exposure concentration causing 50% inhibition is 
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significantly lower in the Arrieta et al. (2000) study than was observed in the 

current study, this difference is likely due to differences in administration route or 

duration of exposure.   Alternatively, this difference may be a result of a 

competitive interaction between the metals present in the complex metal 

mixtures used in this study.  For instance, zinc and copper alter the uptake of 

lead as well as the interaction between lead and ALAD enzyme (McBride 2007, 

Madden and Fowler 2000).   

The use of non-lethal biomarkers in assessing the effects of metal 

exposure in field situations is important, because they represent biologically 

relevant behaviors that demonstrate the potential influence metal exposure has 

on fitness.  In this study, a series of non-lethal behavioral effects endpoints, 

including hop performance, time-to-right, and prey- orientation were assessed.  

Despite finding significant mortality and ALAD inhibition, no clear patterns in 

behavioral effects endpoints were observed.  In the current study, toads with 

elevated metal body burdens exhibited decreased hop length; however, these 

results were not significant.  Similarly, orientation movements and righting 

behavior also were not significantly affected by metal exposure.  Similar results 

have been noted previously by James et al. (2004), who found no significant 

effect of increased cadmium treatment on hop performance in B. americanus.   

There may be latent effects of metal exposure on these behavioral endpoints, 

which were not detected at the time of measurement in this study.  However, the 

lack of significance observed in the present study is likely a function of the large 

variability inherent to these types of behavioral effect assessment assays, which 

ultimately makes achieving statistical significance difficult.   

Selecting an appropriate scientific study design always includes trade-offs 

(Diamond 1986).  Most laboratory studies are typically done with one or possibly 

two contaminants of concern (COCs) at a time (Linder and Grillitsch 2000).  

Further, while studies testing the effects of a single metal are valuable when 

establishing mechanisms of action, they are often unrealistic in terms of 

exposure scenario (Loumbi et al. 2006).  Most contaminated field sites, for 

example, contain multiple metals and perhaps several other contaminants of 
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concern.  The soil physiochemical profile combined with various concentrations 

of different metals make each site unique, making extrapolating findings from one 

site difficult to generalize.  The obvious benefit of conducting laboratory studies is 

they excel at determining cause and effect relationships; however, the trade-off is 

that a degree of realism is lost, and many important interactions between metals 

and COCs may be overlooked.   

A large unanswered question in this study concerns the differences in 

mortality between the two soil types at similar total metal concentrations.  Metal 

species, or the forms of a metal (e.g., lead acetate vs. lead carbonate) can 

greatly alter uptake and effects (Kendall 2001, Sauvé 2002), and it is well 

established that metal speciation determines bioaccumulation potential (Sauvé 

2002).  Access to metal species information of the soils used would have aided 

our ability to assess the cause and effect relationships in this study; however, it 

was beyond our analytical capabilities to characterize metal speciation.  

These data demonstrate uptake patterns similar to the only other study 

exposing toads to metal contaminated soil (James 2005), but in a much shorter 

time frame (one month vs. overwinter). While this simple assay provides a 

method for accurately assessing metal bioaccumulation in amphibians, a 

drawback to the short duration of this study is being unsure whether the metal 

uptake equilibrium has been reached.  By terminating the study at day 28, before 

there was a clear plateau in metal accumulation, it is impossible to determine 

what the potential body burdens could be in a free-living toad.  Future studies 

could explore this further by designing a study using one exposure concentration 

and multiple exposure durations.  

 

Conclusion 

The period of time amphibians inhabit the uplands may be very important 

to their metal bioaccumulation potential.  While the mechanism is unknown, 

toads can bioaccumulate elements present in soil, possibly through transdermal 

transport of soil porewater.  This study demonstrated that dermal exposure to 

metal contaminated soil can be detrimental to toad health.  Toads’ metal body 
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burden was shown to increase as soil metal concentration increased for 

cadmium, copper, lead, and zinc.  While there was no clear effects of metal 

exposure on behavioral endpoints, increased metal body burden correlated with 

increased mortality at the highest concentrations and biochemical effects at lower 

concentrations.  Even without an identified mechanism through which 

amphibians absorb metals from soils, future risk assessments should consider 

this information to better assess the hazard posed by metals on a given site.  

Dermal contact should be added in with ingested prey and gaseous absorption of 

volatilized metals to the list of possible bioaccumulation pathways for adult 

amphibians inhabiting terrestrial habitats.  From a risk assessment perspective 

an important finding from this study was that toads exposed to Anaconda Smelter 

soil accumulated different metal body burdens than would have been predicted 

from laboratory-created spiked soils. 
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Table 3.1.  Soil (mg/kg) and mean (±SE) whole body (WB) concentrations (Cu & Zn (mg/kg); As, Cd, & Pb (µg/kg)) of B. 
cognatus exposed to metals in experimental treatment soils.  Reference through 100% treatments were created by 
spiking clean soil with the represented metals in relative proportion to the metals in the Anaconda Smelter site soil. The 
Anaconda Smelter site soil was collected in 2005 at the Anaconda Smelter Superfund Site, Deer Lodge County Montana. 
See methods for further details. 
Metal Treatment Group  

Reference 
(0%)        14% 22% 32% 46% 68% 100% Anaconda 

Soil              WB Soil WB Soil WB Soil WB Soil WB Soil WB Soil WB Soil WB

As 1.64 82.0 
(34.5) 100 85 

(24) 139 82 
(15) 209 149 

(20) 306 129 
(35) 435  

  

  

na1 703 na1 446 92 
(10) 

Cd nd2 17.0 
(2.5) 3.0 46 

(8.4) 3.9 84 
(11) 5.6 157 

(57) 7.9 193 
(14) 11.1 na1 17.1 na1 8.9 467 

(104) 

Cu 8.2 10.0 
(2.2) 159 14 

(0.6) 224 17 
(3) 349 29 

(4) 490 28 
(9) 718 na1 1100 na1 761 42 

(4) 

Pb 13.5 174 
(39) 76.1 414 

(89) 103 429 
(108) 152 1153 

(232) 219 897 
(329) 308 na1 451 na1 181 1730 

(199) 

Zn 50.6 232 
(20) 145 240 

(24) 199 264 
(25) 294 279 

(27) 418 314 
(43) 592 na1 898 na1 395 249 

(19) 

1na= not available due to 100% mortality 
2nd= non detect value 
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1Water extracted soil pH versus buffer extracted pH

Table 3.2.   Selected physiochemical characteristics of the two treatment soils 
(spiked and Anaconda Smelter site).  The spiked soil is denoted as “Spiked soil” and 
the field collected soil is denoted as “Anaconda soil”. 

Soil Soil Texture (%) 

 pH1

water buffer 
Organic 

Matter (%)
CEC2 

(meq/100g) 
Ca++ 

(mg/kg) 
Sand Silt Clay

Spiked 8.1 7.8 0.95 35.0 11,131 70 13 17 

Anaconda 5.6 7.1 5.37 22.7 5,465 49 24 27 

2CEC denotes Cation Exchange Capacity 
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Table 3.3.  Mean (± SE) response for body mass and behavioral endpoints assessed in Bufo cognatus 
metamorphs exposed to varying concentrations of metals (As, Cd, Cu, Pb, Zn) in spiked soil and Anaconda 
Smelter site soil.  See methods for description of the spiked soil preparation. 

  Treatment

 
Reference 

(0%) 14%     22% 32% 46% 68% 100% Anaconda

n         6 8 9 8 3 0 0 12

Change in Mass (%) -7.1 (1.6)       -0.8 (1.3) -6.0 (0.9) -6.1 (1.6) -5.1 (1.6) na1 na -15.4 (1.1)

Time to Right (sec) 0.6 (0.06) 0.8 (0.05) 0.6 (0.04) 0.8 (0.05) 0.9 (0.19) na na 1.4 (0.17) 

Mean Hop Length (cm) 6.7 (0.5) 6.4 (0.2) 5.6 (0.2) 5.0 (0.1) 6.2 (0.5) na na 5.3 (0.1) 

Prey orientations 
(change)2 -2.8 (1.1) -0.3 (1.4) -5.5 (0.5) -8.7 (1.3) -6.0 (1.2) na na -5.6 (0.6) 

1 na due to 100% mortality 

2 change = (number orientations in 1st min - number orientations in last min). 
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Figure 3.1.  Whole body concentrations of Cd (A), Cu (B), Pb (C), and Zn (D) in 
Bufo cognatus housed on metal contaminated soils for 28 days.  Uptake in toads 
exposed to spiked soils are shown (solid circles) and compared to toads exposed 
to Anaconda Smelter site soil (hollow triangles). The regression was developed 
using the data from the individuals exposed to the spiked soil.  Surrounding the 
regression equation are the 95% confidence interval (inner bounds) and the 95% 
prediction interval (outer bounds).  Individuals from the Anaconda Smelter site 
soil are displayed with the mean (“X”) and 95% confidence interval.  These 
figures show the metal uptake for each of the metals separately, however the 
exposure consisted of a metal mixture.   
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Figure 3.2.  Survival of Bufo cognatus following exposure to spiked and 
Anaconda Smelter site treatments for 28 days.  The spiked soils (clean soil 
spiked with As , Cd, Cu, Pb, and Zn salts; see methods) are shown in circles and 
the Anaconda Smelter site soil treatment is represented by a triangle.  The 100% 
treatment corresponds to 100% stock soil and contains the highest levels of 
metals of all the treatments (see methods).  The logistic equation is fit to the 
spiked soils only.   Each spiked soil  treatment started with 10 toads and the 
Anaconda soil treatment started with 15 toads. 
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Figure 3.3.  Response of ALAD activity in Bufo cognatus to increasing 
concentrations of a mixture of metals (As, Cd, Cu, Pb, and Zn) spiked into clean 
soil (circles) and soil from the Anaconda Smelter (triangle) (see methods for 
details).  Regression line is fit to the points representing the spiked soil only.  
Data are graphed as percent ALAD activity based on setting the reference 
sample as 100%, the measured value for the reference sample was 50.19 nmols 
ALA ml*min RBC.  The highest two spiked treatments (68 and 100%) are not 
shown because they experienced 100% mortality.
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Chapter IV 

A time course of bioaccumulation and effects from a metal contaminated soil on 

Great Plains toads, Bufo cognatus. 

ABSTRACT 

 The exposure-effect time course is an important aspect in understanding 

the accumulation of contaminants and their potential effects.  Following previous 

experimental work demonstrating the ability for Great Plains toads (Bufo 

cognatus) to effectively accumulate metals dermally from soil, I exposed toads to 

metal contaminated soil (collected from the Anaconda Smelter Superfund Site in 

Anaconda, Montana) for five time periods ranging from 2-42 days.  For reference, 

I also collected and processed toads at experimental day 0.  Several endpoints 

were evaluated, including metal accumulation in selected tissues, and selected 

morphometric, physiologic, and behavioral endpoints.  All metals (Cd, As, Pb, Zn, 

and Cu) accumulated although at different rates and times required for maximal 

uptake within a specific tissue.  Each of the tissue compartments responded to 

metal exposure uniquely.  Metal uptake by liver and kidney was greater than in 

bone and skin which generally had low metal concentrations even after 6 weeks.  

Hop length, righting ability, and prey orientation behaviors declined with 

increased duration of exposure.  Urine specific gravity increased with continued 

metal exposure.  Delta-aminolevulinic acid dehydratase (ALAD) activity 

decreased as metal exposure duration increased.  ALAD inhibition reached the 

EC50 by 8 days and was 90% inhibited by 21 days.   In conclusion, it appears 

metal contaminated sites rapidly pose a hazard to trespassing amphibians both 

in terms of potential metal uptake and effects. 
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INTRODUCTION 

Soils surrounding mining and smelting operations are frequently 

contaminated with a complex suite of metals and are known to be harmful to 

humans and wildlife.  Globally declining amphibian populations have prompted 

an increased focus towards protecting sensitive species from anthropogenic 

stress, and due to their unique life history characteristics, amphibians may be 

particularly sensitive to metal contamination in soils (Sparling et al. 2003).  

Nevertheless, studies characterizing the effects of metal exposure on amphibians 

have focused predominately on larval stage and aquatic species, and our insight 

into the effects of metal contaminants on terrestrial amphibians remains limited 

(Sparling et al. 2000).   

This bias in the literature may be attributed to the relatively low 

bioavailability of metals in most soils.  While larval stage amphibians may be 

exposed to highly bioavailable metals in aquatic environments, terrestrial stage 

amphibians are thought to have little interaction with freely available metal in 

soils.  Bioavailability of metals in soil is governed by the physiochemical 

properties of the soil (i.e., organic matter, calcium, pH, and cation exchange 

capacity; Sauvé 2002). These physiochemical properties can vary between soil 

types and can act alone or in concert to significantly modify the degree of metal 

exposure to terrestrial organisms.  Because of low bioavailability of metals in 

most soils, terrestrial amphibians are thought to accumulate metals primarily 

through:  ingestion of contaminated food items; accidental ingestion of soil while 

feeding; or inhalation volatile metals (Sparling et al. 2000).  Terrestrial 

amphibians were not historically thought to absorb metals from surrounding soils 

through their skin, and thus assumed to be insensitive to metals in soils.  

However, it has been shown that dermal absorption of soil metals can contribute 

significantly to total body burden (James et al., 2004a).  In two separate studies, 

James et al. (2004a, 2004b) reported significant increases in cadmium body 

burden in toads (Bufo americanus) housed over-winter on cadmium chloride-

spiked soil.  Likewise, Bufo cognatus housed for 28 days on field-contaminated 

soil and on soil artificially contaminated with metal salts were shown to 
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accumulate cadmium, copper, zinc, and lead (Bryer, Ch III).  These studies have 

prompted an increased effort into characterizing not only the potential for 

terrestrial amphibians to bioaccumulate metals from soils, but also to delineate 

the dose-response relationship between levels of soil metal contamination and 

adverse behavioral and biological effects.   
Toads buried in the soil may accumulate metals differently than mice 

inhabiting the same area.  Typical metal exposures by terrestrial organisms are 

expected to be punctuated exposures with metal uptake occurring mainly as 

boluses of ingested contaminants.  Toads on the other hand would be 

accumulating their metal body burden continuously.  The difference in the 

amount of damage to the organism could be dramatic between these two 

exposure regimes.  The repair abilities of organs can be lethally overwhelmed or 

severely damaged by large punctuated exposures that may not be as harmful 

when dispersed over time.  However, the constant exposure received by buried 

toads may erode the kidneys ability to maintain homeostasis. 

Metal uptake into soil organisms is a highly dynamic and iterative process.  

Different metals vary in their physiochemical properties, and their relative uptake 

from soil may also vary by soil type, soil pH, metal speciation, and the animal 

species.  This variability makes it difficult to predict the time required to reach 

equilibrium (i.e., metal uptake from soils equal to metal loss in amphibians).  This 

study was designed to address these gaps in the knowledge and further our 

understanding of the potential negative effects of metal contamination on 

terrestrial stage amphibians.  Toads (B. cognatus) were housed on metal 

contaminated soil (Anaconda Smelter Superfund site in Anaconda, Montana) for 

six time periods ranging from 0 to 42 days.  Using this experimental design, I 

attempted to 1) establish an equilibrium between the hibernating toads and the 

metal contaminated soil;   2) describe the exposure-effect time course; and 3) 

characterize the biological and behavioral effects associated with short and long 

duration metal exposures.  In addition to hypothesizing that increased exposure 

duration would lead to increased metal body burden, I hypothesized that 

increased duration of exposure would be associated with decreased packed cell 
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volume values, hopping, and righting abilities, increased mortality and mass loss, 

altered morphometric ratios between liver, kidney, spleen, gonad and the carcass 

size,  and inhibited ALAD enzyme activity.   From this study a better 

understanding of metal uptake and effects from Anaconda Smelter soils in an 

terrestrial toad will be achieved, which may aid in more realistic assessments in 

metals-contaminated contaminated sites. 
   

 

MATERIALS AND METHODS 

Toad and Soil Collection 

 Great Plains Toads (Bufo cognatus, 65.1g ± 2.8g) were taken from a 

laboratory stock of animals collected opportunistically in 2005 and 2006 from 

Floyd and Brisco Counties, Texas, USA.  Toads were housed in large outdoor 

tanks during spring, summer, and autumn, and in glass tanks indoors in winter.  

All tanks contained organic potting soil deep enough for the toads to bury 

completely and a source of water (well or aged tap) at all times.  Toads were fed 

several times weekly ad libitum a combination of crickets (Acheta domesticus) 

and superworms (Zophobas morio) which had been gut loaded on Fluker’s 

Orange Cube Complete Cricket Diet (Fluker Farms, Port Allen, LA, USA).  In 

winter, toads were offered food weekly, however, most toads did not eat or ate 

very little. 

 Soil contaminated with heavy metals was collected in September 2005 

from the Anaconda Smelter Superfund Site, Deer Lodge County, Montana.  The 

sampling location (High 1) was chosen based on previous known concentrations 

of metals from studies conducted at this site; the primary metals of concern being 

arsenic (As), cadmium (Cd), copper (Cu), lead (Pb), and zinc (Zn) (Reynolds 

2004; Hooper et al. 2002).  We collected soil from an area approximately 1.5 X 

1.5m.  The top 40 cm of the soil was collected after removing course vegetation.  

The remaining soil was then sifted through a 2-mm stainless-steel sieve to 

remove rocks and remaining vegetation.  A composited subsample (equal 

amounts were collected from each of the shifted soil containers) were digested 
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following EPA Method 3050B, and soil metals were quantified via inductively 

coupled plasma with atomic emission detection (ICP-AED) using solid waste 

Method 6010B.  The physiochemical properties of the Anaconda Smelter soil 

used in this study has been characterized previously (Bryer Ch III; Table 1).   

 

Experimental Design  

Toads were exposed to metal contaminated soil in waxed cardboard 

containers for 0 (n=6), 2.5 (n=3), 7 (n=10), 14 (n=10), 28 (n=10), or 42 (n=10) 

days in August to September 2006.  Each container contained 450 g of 

Anaconda soil (except day 0 which received the same soil used in the toad 

housing system) hydrated with 18mΩ H2O at 20% of the soil weight.  Soil was 

hydrated for a minimum of one week before adding the toads.  Soil was weighed 

each week to monitor water loss and rehydrated as needed to maintain a 

constant moisture level.  Room temperature was approximately 23ºC.  Toads 

typically remained buried, or partially buried in the soil throughout the exposure.   

 No reference soil was available due to the difficulty finding clean soil with 

the same physiochemical properties as the Anaconda Smelter site soil.  

Therefore, one group of toads never exposed to the Anaconda soil were included 

as the day 0 treatment group.  To account for the stress of handling and 

processing, the day 0 toads were handled similarly as the day 2.5 toads, that is, 

they were placed into containers (holding home tank soil) on the same day as the 

2.5 day treatment toads and processed when the 2.5 day treatment toads were 

processed.  Individual treatments’ starting times were arranged such that the end 

processing days for each treatment group would occur over a two-week interval, 

in order to account for the passage of time on the effect endpoints measured.  All 

toads were measured (snout-vent length (SVL), ± 1 mm) and weighed (±0.01g) 

prior to exposure. 

 
Post-Treatment Procedures and Behavioral Measures 

 Following the exposure, toads were washed with room temperature 

amphibian Ringers solution (Humason 1979), gently blotted dry, and weighed 
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(±0.01g).  Prey orientation behavior was assessed for each toad, using Ewert’s 

(1980) prey-orientation assay modified for B. cognatus.  Briefly, toads were 

placed in an apparatus that rotated a model prey item (2 mm x 10 mm worm) 

around the toad at 20º per second at a distance of 7 cm.  Prey-orientation 

behavior was videotaped and the number of orientation movements (per minute) 

made by each toad were recorded, for a total of 20 minutes.  

 Next, toads were measured (SVL, ±1 mm) and righting time was 

measured as the amount of time (±0.01 s) taken for toads to right themselves 

after being placed on their back.  This was repeated three times for each toad 

and the results averaged.  Hop length (± 1 mm) was assessed by placing the 

toad’s posterior in food coloring, setting the toad on paper, and gently prodding 

the toad to hop.  The length of the first four hops were recorded and averaged. 

 Toads were anesthetized in MS-222 (ethyl 3-aminobenzoate 

methanesulfonate salt, Sigma-Aldrich, St. Louis MO, USA), decapitated and 

trunk blood collected with heparinized Caraway tubes.  A small amount of whole 

blood was used immediately to determine packed cell volume.  The remaining 

whole blood was centrifuged at 3000 rpm for 10 min to separate plasma and cells 

which were stored at -20ºC.  Urine was collected directly from the bladder and its 

specific gravity (±0.001) analyzed immediately using a Reichert HP Handheld 

refractometer (Reichert Analytical Instruments, Depew, NY, USA).  Liver, kidney, 

spleen, and gonads were excised and weighed (± 0.1 mg), following which the 

spleen and gonads were returned to the body cavity.  The digestive tract was 

removed to eliminate the potential of ingested soil from contaminating carcass 

metal concentrations.  Toad carcasses were skinned and the left femur removed 

after brief storage in the freezer.  All tissues were frozen and stored at -80°C.   

Delta-aminolevulinic acid dehydratase (ALAD) activity (nmols ALA ml*min 

RBC) was measured for individual toads according to procedures outlined in 

McBride (2008; McBride et al. 2004).  Briefly, 25 µl of toad whole blood cells 

(separated from plasma) were lysed in 1.25ml 18mΩ H2O, provided ALA 

substrate in a pH 6.4 buffer solution (optimized for B. cognatus to account for 

interspecific differences in blood pH) and incubated at 38°C for one hour.  The 
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reaction was stopped with trichloroacetic acid, colorized with Erhlich's solution, 

and immediately read at 555nm on a spectrophotometer (Molecular Devices, 

SPECTROmax).  The assay was run on triplicate samples of the whole blood 

cells which were averaged.  Each batch of samples was run with a pig (Sus 

scrofa) blood standard of known activity, to assess the performance of the assay.  

The values were acceptable if the pig blood standard values fell within 10% of 

the running mean of the prior runs.  

 

Tissue Metal Analysis 

 Liver, kidney, skin, left femur, and carcass (all remaining tissue minus the 

digestive tract) were analyzed for each of the five metals of concern (arsenic, 

cadmium, copper, lead, and zinc) present in the Anaconda Smelter site soil.  All 

tissues were lyphophilized (FreeZone, Cole-Parmer, Vernon Hills IL) while still 

frozen (-80°C) and then digested whole via modified EPA method 5303.  Tissues 

were initially digested in cold nitric acid for several hours, then transferred to 

hotplates (95°C) and supplemented with H2O2.  The exception to this process 

was for carcasses, which were digested in aqua regia (nitric and hydrochloric 

acids) instead of nitric acid alone.  Final dilution volumes ranged from 5 to 100ml 

depending on tissue mass.  Digestates were analyzed on a Thermo Atomic 

Absorption Spectrometer (Thermo Electron Corp. Waltham, MA).  Arsenic, 

cadmium, and lead were analyzed by graphite furnace volatilization, while copper 

and zinc were analyzed by flame volatilization.  A method blank and standard 

reference material (TORT-2, lobster hepatopancreas, National Research Council 

Canada) was run for each batch of tissues.  All concentrations are reported on a 

dry weight basis (µg/kg or mg/kg). 

 

Statistical Methods   

 Bioaccumulation of metals in toads was monitored over the duration of the 

study and body burdens were analyzed for each metal using linear and non-

linear regression.  Reference toad whole body metal concentrations were not 

included in regression models.  Data that were heteroscedastic were transformed 
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using either log10 or square root transformations (Zar 1999).  Distribution of 

metals within the five body compartments was analyzed by comparison of the 

tissue-specific percentages.  Tissue specific partitioning of metals was 

standardized for each metal and day combination by setting each metal pooled 

across all tissues to 100% and examining the breakdown of that metal in each of 

the five tissues as percentages of the 100% total.  This method allows for easy 

comparison of how metals in individual tissues changed over time without being 

influenced by the numeric increases occurring over exposure duration.   Non-

metric multidimensional scaling (NMDS) analysis was used to characterize the 

variation in metal uptake into each tissue (liver, kidney, spleen, carcass, and 

skin) and analysis of similarity (ANOSIM) was used to detect differences in tissue 

accumulation over time (Clark 1993).  Ellipses represent the standard error of the 

multivariate mean metal accumulation in each tissue and were used to visualize 

metal uptake over time.  Vectors were fit to the ordination diagram to show the 

correlation between each metal and the NMDS axes.   

ANCOVAs were used to determine the treatment differences in organ 

weight (dependent variable), where exposure duration was the independent 

variable and body size (SVL) was the covariate.  The exception to this was 

spleen mass which was analyzed with Kruskal-Wallis, as these data were non-

normal and heteroscedastic that did not meet the assumptions of the ANCOVA 

even after transformations (Zar 1999).  One outlier in the spleen data set was 

removed from the 28 day treatment group following the 1.5 times the interquartile 

range definition of an outlier (Simmons 2006).  Packed cell volume and urine 

specific gravity were analyzed using one-way ANOVA with exposure duration as 

the independent variable (Zar 1999).  ALAD enzyme activity data were analyzed 

with 3-parameter logistic regression after converting the measured units into 

percentages using the reference individuals (day 0) as 100%.  The data were 

Box-Cox transformed, which improved the model fit as measured via a reduction 

in AIC from 368.3 to 109.6.  Due to low sample size and variable data, Kruskal-

Wallis was used to evaluate treatment differences in prey orientation data (total 

number of orientation movements in 10 minutes and the number of orientation 
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movements made in the 1st minute).  Treatment differences in the righting assay 

were analyzed by ANOVA, with exposure duration as the independent variable 

and mean time to right as the dependent variable (Zar 1999).  In this test, two 

toads from the day 42 treatment group failed to right themselves and were 

assigned a score of 5 min.   ANCOVA was used to analyze the treatment 

differences in hop length, where exposure duration was the independent 

variable, toad mean hop length was the dependent variable, and body size (SVL) 

was the covariate (Zar 1999).  In this test, two toads from the day 42 treatment 

group did not hop at all and were assigned a value of 0 cm.  Where their use was 

indicated, Bonferroni pairwise comparisons for all possible comparisons were 

conducted (Zar 1999).  Statistical analyses were performed using ‘R’ statistical 

software program (R Core Development Team 2004) except for the regressions 

which were generated in SigmaPlot (Systat Software Inc., San Jose, CA, USA). 

 

 

RESULTS 

Metal Uptake 

Both non-essential metals (arsenic, cadmium, and lead) and essential 

metals (copper and zinc) accumulated in toads over the 42 day exposure period.  

Total body burdens of arsenic, cadmium, copper and zinc concentrations 

increased with exposure duration (As increased by approximately 5X: logistic 

F(3,34)= 8.99, p= 0.002; Cd increased by approximately 4X: logistic F(3,34)= 

3.18, p= 0.038; Cu increased by approximately 6X: sigmoidal F(3,34)= 7.73, p= 

0.002; Zn increased by approximately 2.5X: logistic F(3,34)= 3.76, p= 0.021; 

Figure 4.1).  Total body lead concentrations showed an increasing trend for 

higher lead concentrations (increased by approximately 2.5X) as exposure 

duration increased (linear regression F(1,34)= 3.11, p= 0.087; Figure 4.1).  

 Metal distribution within the five body compartments was highly variable, 

and different patterns of distribution and uptake were found depending on the 

duration of exposure and the metal (Figure 4.2).  In short duration exposures, 

arsenic was observed to accumulate predominantly in the kidney; however, by 
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day 42 over 70% of the arsenic was compartmentalized in the liver (Figure 4.2a).  

Cadmium accumulated predominantly in the kidneys (80%) and liver (about 10%) 

throughout the 42 day incubation (Figure 4.2b).  Lead uptake into the body 

compartments did not vary significantly over the course of the study and was 

predominantly found in the kidney (45%), and liver (20%) (Figure 4.2c).  The 

majority of copper (about 75%) was found in the liver throughout the 42 day 

incubation (Figure 4.2d). Of all the elements, zinc was most uniformly distributed 

throughout the body compartments.  Approximately 45% of the zinc in the body 

was found in the skin, while the remaining 55% was evenly distributed amongst 

the liver, kidney, carcass and bone (Figure 4.2e).  With the exception of zinc and 

lead, both bone and carcass accumulated relatively low levels of metals (Figures 

4.2c and 4.2e).   

As seen by the proximity of ellipses in 2-dimensional space, which 

represent the standard error of the multivariate mean metal concentrations in 

each tissue, bone and carcass were similar in terms of their accumulated metal 

profiles (Figure 4.3).  On the other hand, liver, kidney, and skin were each unique 

in terms of their total accumulated metal profiles.  While skin accumulated large 

amounts of zinc throughout the duration of the study, liver accumulated 

predominantly arsenic and cadmium, and kidney accumulated primarily lead and 

copper.  The observed patterns of metal uptake by tissues were consistent and 

the total concentrations increased over the duration of the exposure, as seen by 

the proximity of ellipses to one another in two-dimensional space (Figure 4.4). 

 

Effects Endpoints 

No mortality was observed through day 14. However, 20% and 40% of the 

toads died following 28 and 42 days of exposure, respectively (Table 4.2).  The 

true date of death is unknown, as some toads died while buried.  In addition to 

increased toad mortality over time, there was a significant change in percent 

body mass over the course of the exposure (F(4,27)= 5.64, p< 0.001, Table 4.2).  

The median percent change in body weight in toads exposed for 42 days was 

significantly decreased (by 10%), relative to toads exposed for 7 days (t(27)= -

 72



Texas Tech University, Pamela J. Bryer, August 2008 

3.3, p< 0.003 (Table 4.2).  These statistics were based on change in mass from 

toads in the day 7 through day 42 treatments, due to a lack of pre-exposure 

weight data in the day 0 and day 2 ½ toads.    

Liver mass was not affected by exposure duration (F(6,34)= 0.9, p= 0.47; 

Table 4.2).   Spleen mass was also not observed to change in response to 

exposure duration (KW(5)= 6.3, p= 0.28, Table 4.2).  Likewise, kidney mass 

remained constant throughout the duration of the study (F(6,33)= 1.3, p= 0.28, 

Table 4.2).  Male gonad size was not affected by exposure duration (F(6,13)= 

1.1, p= 0.39, Table 4.2), however female gonad size increased as exposure 

duration increased (F(6,14)=2.9, p<0.04, Table 4.2).  On one occasion, it was 

noted that many ova appeared swollen, it appeared as though the vitelline space 

had filled with clear fluid.  

Urine specific gravity, used as a surrogate for osmolarity, increased as 

exposure duration increased (F (5,26)= 6.3, p< 0.001, Figure 4.5).  Reference 

toads had significantly lower specific gravity than the toads exposed for 42 days 

(p < 0.001).  Packed cell volume ranged from 15 to 45%; however, there was no 

difference in packed cell values between treatment groups, F(5,33)= 0.3, p= 0.92 

(Table 4.2).  ALAD activity was inhibited in toads exposed to Anaconda Smelter 

soils (F(1,38)= 45.6, p< 0.001), toads exposed for 3 days experienced 10% 

inhibition, toads exposed for 8 days experienced 50% inhibition, and toads 

exposed for 21 days experienced 90% inhibition (Figure 4.6).   

 

Behavioral Measures 

Time to right increased as exposure duration increased (KW(5)= 17.8, p< 

0.003, Figure 4.7).  Compared to day 0 toads, toads exposed for 14 and 42 days 

exhibited longer righting times.  Hop length decreased as exposure duration 

increased (F (6,29)= 3.6, p< 0.009).  Toads exposed for 7, 14, 28, and 42 days 

all had decreased hop lengths relative to day 0 toads (Figure 4.8).  

 Prey orientation movements decreased with longer exposures to 

Anaconda soil.  During the first minute of the assay, toads exposed for 42 days 

had lower activity (0-13 moves), relative to reference toads (18-55 moves) 
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(KW(2)= 7.4, p< 0.03, Figure 4.9).  However, when analyzing toad movements 

based on the number of orientation movements in the first 10 minutes, there was 

no difference between exposure groups (KW(2)= 2.1, p= 0.35).  Over the 10 

minute test the median number of movements for the day 42 treatment group 

was approximately 25 moves compared to 160 and 130 for the day 0 and the day 

28 treatment groups, respectively.  Due to equipment failure, only treatment days 

0, 28, and 42 were evaluated.  

 

 

DISCUSSION 

Toads and amphibians are frequently exposed to metal contaminated soil 

during terrestrial life stages; however, few studies have characterized the 

bioaccumulation or effects of soil metals on during this stage. This bias is largely 

a function of our lack of understanding of the factors that govern metal 

bioavailability in soils.  Based on the Free Ion Activity Model (FIAM), the free 

metal ion is responsible for the effects of metals on living organisms (Sauvé 

2002).  For aquatic systems there exist several models for predicting the amount 

of available free metal ion, but there exist no similar models for soil systems.  

Exposure to metals in soil likely occurs via soil porewater (Lock and Janssen 

2001, Luoma 1983); however, there are no well documented methods for 

predicting the concentration of free metal ion in soil porewater (Sauvé 2002).  

Our lack of understanding of soil metal bioavailability inhibits our ability to predict 

the potential risks associated with metal uptake by amphibians.  The present 

study was designed in part to characterize the degree to which toads, when 

exposed to metal contaminated soil for increasing durations, bioaccumulate 

metals from soils and compartmentalize metals within tissues.  Additionally, 

several behavioral and physiologic effects endpoints were used to examine the 

effects of metal exposure following increasing exposure durations.      

 Toads hibernating on the Anaconda Smelter soil accumulated metals and 

the degree of uptake from soil was proportional to exposure duration.  Results 

from this study represent some of the first data characterizing terrestrial 
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amphibian uptake of metals from field-collected soils, as relatively little data 

exists on body burdens from similar life stages and exposure routes.  

Comparisons to the existing literature are difficult due to the complexity of the 

exposure scenario.  Gaps in our knowledge exist pertaining to metal 

bioavailability, factors regulating uptake into terrestrial amphibians, and time 

required for equilibrium.  In the present study, toads exposed to metal 

contaminated soils for 42 days accumulated approximately 500ppb of arsenic, 

13-33ppm copper and 250ppb lead.  These levels of arsenic and lead uptake are 

lower ( ½  to ¼ lower, respectively) than was reported previously in free-ranging 

Bufo terrestris inhabiting a coal fly ash contaminated site (containing 140ppm 

arsenic, 80ppm copper, 16ppm lead and other metals); however, the higher 

levels of arsenic, copper and lead observed to accumulate in free-ranging toads 

may have been a result of both the ingestion of contaminated prey items and a 

lifetime-long exposure period, illustrating the difficulty in comparisons between 

different studies (Roe et al., 2005).  Additionally, in contrast to copper, arsenic 

and lead, the levels of cadmium accumulation by toads inhabiting the Anaconda 

Smelter soil were relatively high i.e., a bioconcentration factor (BCF) of 0.044 

(400ppb mean total body cadmium/9 ppm soil cadmium), when compared to the 

BCFs found in Bufo americanus in a similar study (BCFs: 0.018-0.035 in toads 

exposed to 16-120ppm cadmium) (James et al., 2004a).  This higher BCF 

occurred within a 6 week exposure compared to the over winter exposure by B. 

americanus.   While these levels of cadmium accumulation appear quite different, 

they can be explained by taking into account several experimental differences.  

First, soil physiochemical characteristics (e.g., soil texture, Ca2+, pH, etc) differed 

between the two studies.  Secondly, the lower Cd concentration in the Anaconda 

Smelter soil may have, in fact, facilitated greater uptake.  Metals like cadmium, 

whose ionic charge allows them to mimic essential nutrients, tend to have higher 

uptake when they are present at low concentrations and decreased uptake when 

present at high concentrations in soils (McGeer et al. 2003).  Furthermore, when 

toxic metals like cadmium are present in high concentrations, as they were in the 

James et al. (2004a) study, they negatively affect the organisms’ health and 
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inhibit normal uptake mechanisms for these essential nutrients and/or metals 

(McGeer et al. 2003, Janssen et al. 1997).   

The patterns of metal uptake and the compartmentalization of metals into 

the different tissues correspond to what would be expected based on literature 

values.  For instance, in this study, toad kidneys accumulated a high proportion 

of the cadmium and lead, which may be due in part to metallothionines in the 

kidney, which sequester both cadmium and lead (Squibb 1996).  Likewise, bone, 

a well-known repository for lead and cadmium (Bhattacharyya et al. 1996), 

accumulated high lead levels.  And liver, which supports many copper-containing 

enzymes (e.g., cytochrome oxidase and superoxide dimutase (Kodama 1996)), 

accumulated a high concentrations of copper.  Because both copper and zinc are 

essential trace elements, organisms have well-regulated uptake and excretion 

pathways for these metals (Suzuki and Suzuki 1996).  Copper levels are 

regulated tightly in mammals with the undesirable effects occurring at 

concentrations within one order of magnitude (Suzuki and Suzuki 1996).  For 

instance, mammalian species have been shown to regulate internal Cu and Zn 

concentrations despite being exposed to high environmental exposure conditions 

(McBride 2007).  Toads in this study accumulated copper despite established 

excretion pathways, and as copper is a well-known embryonic and larval 

amphibian toxicant, this high copper accumulation may have contributed to toad 

mortality in this study.   

 The accumulation of metals was accompanied by multiple behavioral and 

physiologic effects, and the Anaconda Smelter soil used in this study clearly 

poses a detrimental health risk to terrestrial amphibians.  Toads exposed to 

Anaconda Smelter soil for increased durations exhibited increased mortality, 

inhibited ALAD enzyme activity, altered urine osmolarity, as well as poor righting, 

hopping, and prey-orientation performance.   A current federal wildlife statute 

asserts that 50% inhibition of ALAD enzyme activity is evidence of harm to 

wildlife populations (NRDA regulation 43 CFR 11.62).  ALAD was the most 

sensitive endpoint in this study, 50% ALAD inhibition was experienced in toads 

exposed to Anaconda Smelter soil for only 8 days.  ALAD enzyme activity is 
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known to be inhibited by Pb in toads.  Arrieta et al. (2000) demonstrated 

significant ALAD inhibition in adult B. arenarum following single injections of lead 

at 10% of the 120 hr LD50.  Mammalian studies have shown the effect of lead to 

be partially ameliorated by Zn and Cu (McFarland 2006, McBride 2007).  For 

instance, increased zinc protects the ALAD enzyme by preventing lead from 

binding to the enzyme (Goyer and Clarkson 2001).  Additionally, Zn and Cu are 

known to interfere with Pb uptake in rodents, which would further reduce the 

inhibitory effect of lead on ALAD enzyme (McBride 2007).  However, ALAD 

inhibition was severe in toads exposed to this field collected soil despite the co-

occurrence and uptake of Zn, Cu and Pb.   

Organ morphometrics have been used in previous studies to characterize 

organ-level responses to metal stress.  One response at the organ level is 

hypertrophy, an increase in size, due to the organ’s “attempt” to compensate for 

reduced functionality.  For example, Arrieta et al. (2004) documented increased 

liver weights in adult B. arenarum following a sublethal lead dose equivalent to 

5% of the 120hr-LD50.  On the other hand, organ hypotrophy (i.e., decreased 

organ size) may occur when organs are metabolized to scavenge nutrients and 

conserve energy.  In the present study, we found that spleen, kidney, and liver 

did not show a statistically significant change in mass, however all tissues 

showed considerable variability.   

 Urine specific gravity (used as a surrogate for osmolarity) increased as 

exposure duration increased, which suggests a disruption to water balance 

homeostasis.  Maintaining the proper hydration state is essential for buried toads 

throughout the year.  Arid adapted toads such as B. cognatus are very adept at 

acquiring water from the substrate (Hillyard 1976).  In response to reduced water 

access, the tissue, blood, and urine osmolarity changes in order to create 

positive water flow from the soil into the toad. The increase in specific gravity 

observed in this study may be due to the direct effects of metals, specifically Cd 

and Pb, on kidney function (Goyer and Clarkson 2001).  

Each of these soil-induced responses probably reflects generalized toad 

health rather than a specific metal-by-metal response.  Clearly exposure to 
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Anaconda soil is hazardous to the health of toads.  Soil porewater appears to 

effectively carry bioavailable metals to toads for uptake.  Within a relatively short 

time the negative effects of metal exposure become evident with decreases in 

ALAD activity and hop length.  The combinations of effects from each of the 

endpoints seen may show how toads in the wild may suffer fitness consequences 

before direct mortality occurs.  Early in the exposure-effects time course ALAD 

activity decreases resulting in decreased oxygen delivery to tissues.  Then hop 

length decreases and motivation to chase prey drops.  Dehydration (specific 

gravity) increases compounding the mass loss that has been occurring.  At this 

point the toad, which still alert and mobile is impaired and may easily succumb to 

predators.  In the present study, predators were obviously not an issue but still 

the toads still died fairly rapidly.  There was 40% mortality in 6 weeks and 2 of 

the remaining toads were moribund (failed to right themselves or hop).  The 

exact cause of death is uncertain, however, the change in specific gravity may be 

an indication.  Specific gravity increases as solutes in the urine increase, while 

this can occur in situations of low water intake it could also occur when the 

kidney is malfunctioning.  Each one of the metals present, when found in high 

concentrations, has the potential to damage organs due to oxidative stress, 

especially to kidneys and liver (Britton 1996, Valko et al. 2005).  Free radicals 

generated from metal exposure can damage cell membranes, which require 

energy to repair (Ercal et al. 2001).  Without directly testing kidney function death 

by organ failure remains a suggestion. The toxicity of metals is often brought 

about by multiple minor effects that accumulate to the detriment of the organism 

(Keogh and Siegers 1996).   By 6 weeks there was also a significant change in 

mass indicating other energetic demands that may have also played a role in the 

observed mortality. 

Despite the lack of information pertaining to the mechanism of metal 

uptake from soils, the current study provides evidence that toads can accumulate 

significant concentrations of metals from a soil-only exposure.  This is contrary to 

the modes of metal accumulation previously outlined (Linder and Grillitsch. 

2000), which include contaminated prey, accidental ingestion, and volatilization 
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as pathways for metal accumulation in terrestrial amphibians.  Because toads in 

the present study were not fed metal-contaminated prey, a source of the metal 

uptake was eliminated.  Instead, this study focused on the bioaccumulation of 

metals possibly via transdermal absorption of soil metals.  Exposure to metals in 

soil porewater has been shown to lead to metal uptake in soil invertebrates, and 

contribute more to total body burden than through the ingestion of contaminated 

prey (Peijnenburg 2002).  Uptake observed in soil invertebrates occurred directly 

from the soil porewater through the integument (Peijnenburg 2002).  Amphibians 

are unique in that their bodies are covered with a relatively thin epithelium that 

allows for limited transfer of water and molecules (Duellman and Trueb 1986).  

Although transdermal uptake is the hypothesized mechanism through which 

toads in this study are accumulating metals, this mechanism was not tested 

directly.   

It is possible that some of the metal bioaccumulation observed in 

amphibians in this study could be from ingestion of their molted skin.  The 

frequency of molting varies greatly, depending on species and hormonal state 

(Duellman and Trueb 1986); however, molting was observed throughout the 

duration of this study.  Additional studies investigating whether amphibians 

increase exposure through the molting and ingestion of their skin would be 

germane, and establishing a rate of molt and the ingested soil quantity for each 

molt may help explain the observed body burdens.   

The present study attempted to determine metal uptake patterns for toads 

exposed to contaminated soils by sampling toads over time.  It is expected that 

metal uptake plateaus at some concentration for each tissue; however this is the 

first study in B. cognatus to attempt to delineate a soil metal equilibrium.  Within 

the 42 days of this study each of the metals, except lead, appeared to plateau.  

Estimating how long it takes to achieve a toxic body burden is important in trying 

to understand how metal exposures affect free-ranging toads.   
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Conclusions 

In the ecotoxicology literature, there is a great deal of information 

regarding the effects of each of these elements on amphibian health (reviewed in 

Linder and Grillitsch 2000).  In the present study, we demonstrate the importance 

of a different route of administration and verify that this exposure can lead to 

negative effects.  There were clear increases in metal body burden as the length 

of a soil exposure increased.  As might be expected, each of the five metals 

studied partitioned differently within the different toad tissues.  There were also 

clearly harmful effects of this soil on the health of the toads as the exposure 

duration increased.  Because the soil used in the present study was a field-

collected soil these uptake phenomena should be realistic to exposure on the 

Anaconda Smelter Superfund site.  While the bioaccumulation patterns may be 

specific to this particular Superfund site, these patterns can be approached with 

certainty because these data are not the product of a bioavailability artifact due to 

a laboratory-created soil.  Risk assessment procedures ought to account for the 

bioaccumulation potential of terrestrial amphibians exposed to metal 

contaminated soil.  Amphibians serve as an important prey items for a variety of 

predators and can contribute to the dietary metal uptake of predators. 
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1Water extracted soil pH and buffer extracted pH 

2CEC denotes Cation Exchange Capacity 

Table 4.1.   Selected physiochemical characteristics of the 
treatment soils, Anaconda Smelter site soil was collected in 2005 
at the Anaconda Smelter Superfund Site, Deer Lodge County 
Montana. 

Metal (mg/kg)  

As 446 

Cd 8.89 

Cu 761 

Pb 181 

Zn 395 

pH1 
 

water 5.6 

buffer 7.1 

Organic Matter (%) 5.37 

CEC2 (meq/100g) 22.7 

Ca++ (mg/kg) 5,465 

Soil Texture  
 Sand 49 
 Silt 24 
 Clay 27 
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         1 values not available due to lack of pre-exposure mass data

Table 4.2.  Mean (± SE) response for physiological and behavioral endpoints assessed in Bufo cognatus adults exposed 
for varying durations to soil taken from the Anaconda Smelter site.  

  Exposure duration in days 
            0  2 1/2 7 14 28 42

Mortality 
(dead/total) 0/6            0/3 0/8 0/10 2/10 4/10

  

           

          

           

           

            

            

             

            

             

            

Mean n±SE Mean ±SE  Meann ±SE  Mean n ±SE n Mean ±SE n Mean ±SE n 

SVL (mm) 67.6 1.6 6 74.6 0.8 3 74.7 2.1 8 76.9 1.7 10 73.5 2.3 10 75.6 3.7 10

Initial Mass (g) na1 na1 0 na1 na1 0 66.3 4.8 8 61.3 4.2 10 62.4 6.5 10 70.8 6.4 10

Final Mass (g) 45.3 3.9 0 64.1 3.9 0 64.8 5.1 8 64.3 6.0 10 53.5 5.0 8 55.5 8.7 6

% Change in 
Mass na1 na1 0 na1 na1 0 -35.2 5.1 8 -35.7 6.0 10 -46.5 5.0 8 -44.5 8.7 6

Packed cell 
volume (%) 29 3 6 30 7 3 31 4 8 30 3 10 33 2 8 34 3 4

Kidney (mg) 138.0 10 6 169.3 20 3 164.7 10 8 171.8 20 10 198.0 30 8 185.6 30 6

Liver (g) 0.843 0.10 6 1.009 0.06 3 1.143 0.18 8 6.717 2.47 10 1.272 0.16 8 1.297 0.33 6

Spleen (mg) 20.6 4 6 20.3 1 3 19.6 2 8 30.4 7 10 41.7 21 8 10.8 3 6

Female Gonad 
(g) 3.79 2.36 3 3.53 1.15 2 3.52 1.44 4 2.70 0.67 6 9.88 2.04 3 6.14 1.81 3

Male Gonad 
(mg) 93.9 23 3 90.3 na 1 145.5 29 4 151.8 39 4 129.2 21 5 62.2 23 3
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Figure 4.1.  Whole body metal concentrations (excluding the GI tract) over a 42 day exposure period for Bufo cognatus 
housed on soil from the Anaconda Smelter site.  All values are reported on a dry weight basis.  Gray squares represent 
unexposed reference toad body burden. 

Figure 4.1.  Whole body metal concentrations (excluding the GI tract) over a 42 day exposure period for Bufo cognatus 
housed on soil from the Anaconda Smelter site.  All values are reported on a dry weight basis.  Gray squares represent 
unexposed reference toad body burden. 
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Figure 4.2.  Mean (±SE) total body burden and individual tissue arsenic 
concentrations in Bufo cognatus housed on soil collected from the Anaconda 
Smelter site, Montana USA.  All values are reported on a dry weight basis. 
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Figure 4.3.  Mean (±SE) total body burden and individual tissue cadmium 
concentrations in Bufo cognatus housed on soil collected from the Anaconda 
Smelter site, Montana USA.  All values are reported on a dry weight basis. 
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Figure 4.4.  Mean (±SE) total body burden and individual tissue copper 
concentrations in Bufo cognatus housed on soil collected from the Anaconda 
Smelter site, Montana USA.  All values are reported on a dry weight basis. 
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Figure 4.5.  Mean (±SE) total body burden and individual tissue lead 
concentrations in Bufo cognatus housed on soil collected from the Anaconda 
Smelter site, Montana USA.  All values are reported on a dry weight basis. 
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Figure 4.6.  Mean (±SE) total body burden and individual tissue zinc 
concentrations in Bufo cognatus housed on soil collected from the Anaconda 
Smelter site, Montana USA.  All values are reported on a dry weight basis.
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 Figure 4.7.  Proportional concentrations of metals in tissues of B. cognatus  exposed to soil from the Anaconda 

Smelter site over a 42 day exposure period.   
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Figure 4.8. Metal uptake in B. cognatus exposed to soil from the Anaconda Smelter site for each tissue compartment 
separated individually by time. Each ellipse describes the standard error around the multivariate mean for each tissue.  
Overlapping circles indicate no significant differences.  

Figure 4.8. Metal uptake in B. cognatus exposed to soil from the Anaconda Smelter site for each tissue compartment 
separated individually by time. Each ellipse describes the standard error around the multivariate mean for each tissue.  
Overlapping circles indicate no significant differences.  
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Figure 4.9. Metal concentration in B. cognatus exposed to soil from the Anaconda Smelter site for each tissue by time 
combination.  Each ellipse describes the standard error of the multivariate mean in tissue for each of the sample times.  
Overlapping circles indicate no significant differences.  Tissue is coded by color, e.g. there are 5 red-like colored circles, 
which represent the composition of the metals in the liver samples for each of the 5 time points.  Circles that align with the 
direction of the arrows indicate the importance of that factor, e.g. the five red circles follow the cadmium arrow out 
indicating increasing cadmium concentrations and simultaneously decreasing zinc concentrations, while only marginal 
changes in copper and lead.

Figure 4.9. Metal concentration in B. cognatus exposed to soil from the Anaconda Smelter site for each tissue by time 
combination.  Each ellipse describes the standard error of the multivariate mean in tissue for each of the sample times.  
Overlapping circles indicate no significant differences.  Tissue is coded by color, e.g. there are 5 red-like colored circles, 
which represent the composition of the metals in the liver samples for each of the 5 time points.  Circles that align with the 
direction of the arrows indicate the importance of that factor, e.g. the five red circles follow the cadmium arrow out 
indicating increasing cadmium concentrations and simultaneously decreasing zinc concentrations, while only marginal 
changes in copper and lead.
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Figure 4.10.  Mean (±SE) specific gravity of urine from Bufo cognatus exposed to 
metal contaminated soil from the Anaconda Smelter site over time.  Asterisks 
indicate differences from Day 0 (P < 0.001).  Sample sizes are indicated in 
parentheses. 
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Figure 4.11.  ALAD activity in B. cognatus to increasing duration of exposure to 
metal contaminated soil from the Anaconda Smelter site.  Data are graphed as 
percent of the Day 0 sample.  The mean value for the Day 0 sample was 41.1 
nmols ALA ml*min RBC.  Soil lead concentration explained 54.5% of the 
variation in ALAD inhibition (R2 = 0.55). 
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Figure 4.12.  ALAD activity to increasing kidney lead concentration in B. 
cognatus housed on soil from the Anaconda Smelter site.  Data are graphed as 
percent of the Day 0 mean sample.  The mean value for the Day 0 sample was 
41.1 nmols ALA ml*min RBC.  Kidney lead concentration explained 58% of the 
variation in ALAD inhibition (R2 = 0.58). 
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Figure 4.13.  Mean (±SE) righting time in Bufo cognatus in response to metal 
contaminated soil from the Anaconda Smelter site over increasing time.  
Asterisks indicate differences from Day 0 (P < 0.05).  Two animals from the day 
42 treatment failed to right themselves and were not included in this graph.  
Sample sizes are indicated in parentheses. 
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Figure 4.14. Mean (±SE) hop length response in Bufo cognatus in response to 
metal contaminated soil from the Anaconda Smelter site over increasing time.  
Individual toad’s first four hops were averaged and then pooled by treatment.  
Asterisks indicate differences from Day 0 (P < 0.05).  Two animals from the day 
42 treatment failed to hop and were not included in this graph. Sample sizes are 
indicated in parentheses. (*) represents p<0.05; (†) represents p<0.01; (‡) 
represents p<0.01. 
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Figure 4.15.  Mean (±SE) prey orientation movements in Bufo cognatus in 
response to metal contaminated soil from the Anaconda Smelter site over 
increasing time.  Black bars represent total movement in the 1st minute and white 
bars represent total movement in 10 minutes.  Asterisks indicate differences from 
reference (P < 0.05) within either the 1-minute or 10-minute data series.  Day 0: 
n= 6; Day 28: n= 6; Day 42: n=4. 
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