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A MULTISCALE INVESTIGATION OF ECOLOGICALLY RELEVANT EFFECTS 
OF AGRICULTURAL RUNOFF ON AMPHIBIANS 

 
Bethany K. Williams 

 
Dr. Raymond D. Semlitsch, Dissertation Supervisor 

 
ABSTRACT 

 
Modification of landscapes for agricultural production can result in many 

alterations to aquatic habitats, including increased sedimentation and increased inputs of 

agrochemicals via agricultural runoff. These alterations degrade habitats used by many 

amphibians for breeding and larval development. For example, agricultural pesticides can 

be detected over 90% of the time in streams nationwide and can persist at low 

concentrations throughout the year. Although many ecotoxicological studies have shown 

that contaminants commonly present in agricultural runoff have the potential to cause 

mortality, immunosuppression, or reproductive abnormalities in amphibians, we have a 

very poor understanding of how exposure to agricultural runoff may affect amphibian 

population persistence when exposures occur in realistic contexts. 

I investigated amphibian responses to runoff at several levels—in laboratory 

studies, in field studies, and in landscape level surveys. In order to establish whether 

agricultural herbicides common in runoff have the potential to reduce larval amphibian 

performance at environmentally realistic levels, I chronically exposed larvae of three 

species (American toads [Bufo americanus], western chorus frogs [Pseudacris triseriata], 

and gray treefrogs [Hyla versicolor]) to end-use herbicide formulations of atrazine, S-

metolachlor, and glyphosate in the laboratory. Western chorus frog tadpoles exposed to 

the glyphosate formulation Roundup WeatherMax® at 572 ppb a.e. (the EPA drinking 
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water standard) showed 80% mortality. In addition, development of American toads was 

slowed by exposure to Roundup WeatherMax® or Original Max® at 572 ppb a.e.  

I then exposed tadpoles to water from agriculturally influenced and reference 

condition streams in northern Missouri—both in the laboratory and using in situ field 

enclosures. Under laboratory conditions, exposure to any stream water treatment 

increased growth and development rates relative to control water. In field enclosures, 

however, streams with greater agricultural influence offered less consistent larval habitat 

quality, based on patterns of larval performance. In particular, 70% of tadpoles from one 

agricultural site died in a pulse of post-exposure mortality. Measured concentrations of 

herbicides were not tightly correlated with agricultural land use, however. 

Lastly, I documented amphibian use of stream habitats in agricultural areas as 

sites for breeding call activity and reproduction. Based on acoustic call surveys at 41 

sites, eight of nine anuran species present in the north-central Missouri assemblage call 

from riparian corridors. Evidence of reproductive success was detected for five of these 

species in in-stream surveys at a subset of 26 sites. In occupancy and capture rate models, 

watershed or local (within 300 m) patterns of land use were generally poor predictors of 

both calling activity and reproductive success. Several physical habitat characteristics of 

stream sites, however, were closely related to capture rates of Rana catesbeiana and 

Rana blairi tadpoles and metamorphs.  

Overall, these studies indicate that amphibians use riparian habitats to a great 

degree in agricultural landscapes. Resulting exposures to agricultural contaminants have 
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the potential to result in reduced survival or fitness, although physical habitat quality at 

individual sites may be more important for encouraging population persistence. 
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Chapter 1 

INTRODUCTION 

Bethany K. Williams 

 

One of the most pervasive pressures of human populations on natural ecosystems 

has been agricultural production. Although the amount of agricultural acreage in the U.S. 

has decreased in the past 50 years, over 933 million acres remained in 2005—just under 

half of the land area of the lower 48 states (AREI 2006). While agricultural lands cover 

vast expanses of available wildlife habitat, their potential conservation value for wildlife 

populations is almost entirely overlooked. This oversight is unfortunate, given that many 

agricultural lands are less heavily modified than urban or suburban areas (Gagne and 

Fahrig 2006), and with proper management could function as refuges for some types of 

wildlife. 

Amphibians have received focused attention in the past two decades as a taxon 

showing alarming patterns of decline. Although amphibian declines are symptomatic of a 

broader biodiversity crisis, amphibians are one of the most threatened vertebrate groups 

investigated, with almost one-third (1,856) of global species classified as threatened 

under IUCN Red List criteria (Stuart et al. 2004). Putative causes of these declines 

include habitat loss and fragmentation (Cushman 2006) and pesticide exposure (Boone 

and Bridges 2003), both of which may directly result from agricultural production. Not 

surprisingly, amphibian distributions can be negatively associated with both current (Joly 

et al. 2001, Beja and Alcazar 2003, Piha et al. 2007) and historic arable land cover (Piha 
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et al. 2007), although populations of some amphibian species do persist in agricultural 

landscapes (Knutson et al. 2004). 

 Agricultural practices alter both terrestrial and aquatic amphibian habitats. In 

aquatic habitats specifically, agriculture has resulted in drainage of wetlands and 

channelization of streams (Prince 1997), increased sedimentation (Duda 1985, Richter et 

al. 1997), and increased inputs of agrochemicals (Battaglin et al. 2003; Scribner et al. 

2003) via agricultural runoff. These alterations degrade habitats used by amphibians for 

breeding and larval development. For example, agricultural pesticides can be detected 

over 90% of the time in streams nationwide (Gilliom et al. 2006), persisting at low 

concentrations throughout the year (Donald et al. 1998, Kolpin et al. 2002). Many 

ecotoxicological studies have shown that contaminants commonly present in agricultural 

runoff have the potential to cause mortality, result in immunosuppression and alter 

reproductive development of amphibians (e.g., Relyea 2005; Rohr et al. 2008; Fournier et 

al. 2005; Hayes et al. 2003, 2005) both during exposures and for months afterward 

through carryover effects (Rohr et al. 2006). Clearly, exposure to agricultural runoff is a 

widespread and potentially serious issue for amphibian populations in the Midwest, 

although our understanding of contaminant effects within natural contexts is poor. 

 The lack of understanding regarding amphibian response to agricultural 

contaminants is often compounded by a lack of knowledge regarding amphibian habitat 

use in modified landscapes. In the U.S., approximately 90% of anurans are classified as 

pond-breeders (i.e., those that oviposit in permanent or temporary standing water; 

Reproductive Mode 1, Wells 2007). This designation, however, belies the complexity 



 

3 
 

found within the group. In northern Missouri, pond-breeding species frequently oviposit 

in temporary pools in fields, ditches, small borrow pits adjacent to roads, permanent farm 

ponds and slow-moving areas of streams (B. Williams, pers. observation). The use of 

streams as breeding and larval habitat by amphibians in agricultural areas has been 

largely unexplored, despite the fact that, at a scale relevant to amphibians, many of the 

habitats contained in riparian complexes likely function as lentic environments. 

Furthermore, these stream corridors may offer aquatic habitats not available elsewhere in 

agricultural landscapes. In Missouri, for example, 87% of the estimated 4.8 million acres 

of wetlands present in the state in the 1780’s had been lost by the 1980’s (Dahl 1990). 

While the construction of farm ponds could have offset these losses in some areas of the 

state (OTA 1984), many of these ponds are unsuitable for amphibian reproduction due to 

stocking with fish. Therefore, agricultural conversion likely resulted in a net loss of 

breeding habitat and created a landscape in which amphibians are more likely to use 

riparian corridors for breeding. Due to widespread contamination of streams in 

agricultural areas, the degree of riparian habitat use will influence amphibian exposure to 

contaminants and must be considered in an evaluation of ecologically relevant effects of 

runoff. 

While many authors have stated ecological relevance as a goal in their studies, 

few have provided an explicit definition for the term. Different authors have defined 

ecologically relevant studies as those using an “indigenous species approach” (Kennedy 

et al. 2004), incorporating different lines of evidence in a “holistic and integrated” 

fashion (Smolders et al. 2004), and addressing “significant ecological impacts” (Zhang 
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and Doll 2008). Specifically within an ecotoxicology framework, Unrine et al. (2004) 

advocated realistic contaminant concentrations and exposure modes, Guillette and 

Edwards (2005) called for studies addressing both organizational and activational roles of 

widespread pollutants, and Clements (2000) recommended endpoints including (or 

predictive of) population and community responses. Some authors have assigned 

ecological relevance to a design that simply uses treatment concentrations that are 

representative of expected environmental concentrations (EECs). While this approach 

may increase the environmental relevance of a study, it is inadequate to capture the 

complexity implied by ecological relevance. The three themes that seem to be central to 

most definitions of ecological relevance in ecotoxicology include: 1) environmentally 

realistic choice of study organism, contaminant, and exposure levels, 2) the incorporation 

of as much biotic and abiotic complexity as possible within the constraints of the 

experimental design, and 3) endpoints that have direct or indirect effects on population-

level responses. 

 The objective of this project was to use a multi-scale approach to investigate 

ecologically relevant effects of agricultural runoff on amphibians. This multi-scale 

approach incorporated all three previously-defined criteria for ecological realism. All 

tests used widely distributed Midwestern anuran species that are known to oviposit in 

surface water in agricultural areas. In laboratory tests, these species were exposed to 

several of the most commonly detected individual contaminants from agricultural stream 

water—atrazine, glyphosate, and metolachlor—at levels based on stream water quality 

monitoring data. The next tier of tests increased biotic and abiotic complexity by 
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exposing animals to contaminant mixtures in stream water using in situ tadpole 

enclosures. These exposures incorporated fluctuations in temperature and other water 

quality parameters, as well as differences in naturally occurring algal resources. The  

 endpoints examined in laboratory and field studies (e.g., survival, mass at 

metamorphosis, time to metamorphosis) are important measurements of larval 

performance and can translate into population-level responses through effects on adult 

fitness (Smith 1983, 1987; Semlitsch et al. 1988). Potential longer-term population 

responses (as evidenced by site occupancy and abundance of particular species) were 

quantified in landscape-level studies.  
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Chapter 2 

LARVAL RESPONSES OF THREE MIDWESTERN ANURANS TO CHRONIC, 

LOW-DOSE EXPOSURES OF FOUR HERBICIDES 

Bethany K. Williams and Raymond D. Semlitsch 

 

ABSTRACT 

 Low levels of agricultural herbicides often contaminate surface water and may 

persist throughout the growing season, potentially acting as stressors on aquatic 

organisms. Although low-dose, chronic exposures to agrochemicals are likely common 

for many non-target organisms, studies addressing these effects using end-use herbicide 

formulations are rare. We exposed three common species of tadpoles to conservative 

levels of atrazine, S-metolachlor, and glyphosate end-use herbicide formulations 

throughout the larval period to test for survival differences or life history trait alterations. 

Exposure to the glyphosate product Roundup WeatherMax® at 572 ppb glyphosate acid 

equivalents (a.e.) resulted in 80% mortality of western chorus frog tadpoles, likely as a 

result of a unique surfactant formulation. Exposure to WeatherMax® or Roundup 

Original Max® at 572 ppb a.e. also lengthened the larval period for American toads. 

Chronic atrazine and S-metolachlor exposures induced no significant negative effects on 

survival, mass at metamorphosis or larval period length at the levels tested. These results 

highlight the importance of explicitly tying chronic tests to the natural environment and 

considering contributions of surfactant/adjuvant components to end-use formulation 

toxicities, even between very similar products. 
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INTRODUCTION 

In agricultural areas such as the midwestern United States, herbicides may 

contaminate water resources and pose a threat to both human and wildlife health.  Surface 

water in particular is vulnerable to contamination—agriculture is listed as a leading 

source of impairment for approximately 48% of 303(d) rivers and streams in the United 

States (EPA 2002). Furthermore, agricultural herbicides can be detected over 90% of the 

time in streams nationwide (Gilliom et al. 2006). Concern over the effects of herbicide 

contamination has sparked many toxicological studies, usually focused on the effects of 

pulsed, high-dose exposures, which are assumed to have the greatest potential for 

negative effects. However, water quality monitoring data indicate that contaminants are 

often present at low concentrations throughout the year (Donald et al. 1998; Kolpin et al. 

2002; Gilliom et al. 2006). The effects on aquatic wildlife of this low-dose, chronic 

exposure have been relatively unexplored until recently, despite the fact that 

understanding these effects is one of the primary challenges facing the field of 

ecotoxicology (Eggen et al. 2004). Our objective was to evaluate the impacts of low-

dose, chronic exposures to common herbicides on three species of amphibian larvae. 

 Atrazine, glyphosate, and S-metolachlor are three of the most-heavily used 

herbicides in the United States. In 2005, atrazine [2-chloro-4 ethylamino-6-

isopropylamino-s-triazine] was applied to 66% of corn acreage in the U.S., for a total 

application of over 57 million pounds active ingredient (a.i., USDA 2006). Atrazine has 

seen widespread and fairly stable use over the past fifteen years; during that same period, 
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glyphosate [N-(phosphonomethyl)glycine] application has increased more than six-fold 

(Gianessi and Reigner 2006). Since the introduction of glyphosate-tolerant soybeans, 

cotton, and corn, glyphosate has surpassed atrazine as the most popular herbicide in the 

United States, with 2005 applications of over 100 million lb a.i. (USDA 2006). 

Applications of metolachlor [2-Chloro-N-(2-ethyl-6-methylphenyl)-N-(-2-methoxy-1-

methylethyl)acetamide] rivaled those of atrazine in the 1990s (Gianessi and Reigner 

2006). Even after metolachlor’s voluntary withdrawal and replacement by S-metolachlor 

[2-Chloro-N-(2-ethyl-6-methylphenyl)-N-[(1S)-2-methoxy-1-methylethyl]acetamide], a 

compound effective at application rates 35% lower than traditional metolachlor, 

applications in 2005 totaled over 24 million pounds a.i. (USDA 2006). Not surprisingly, 

atrazine, glyphosate, and metolachlor are among the most frequently detected 

agrochemicals in both agricultural (Senseman et al. 1997; Kolpin et al. 2002; Lerch and 

Blanchard 2003; Scribner et al. 2003; Gilliom et al. 2006; Huang et al. 2008) and urban 

streams (Hoffman et al. 2000; Gilliom et al. 2006).      

Treatment concentrations in toxicological studies of these herbicides are often 

intended to bracket potential environmental exposures (i.e., from “no exposure” to 

“worst-case scenario”). However, the selected concentrations often have no explicit 

connection with the environmental levels they are intended to represent. Our study was 

designed to take advantage of controlled laboratory conditions, while drawing exposure 

levels directly from water quality monitoring data from streams in agricultural areas of 

the Midwest. We tested the effects of these environmentally relevant exposure levels on 

tadpoles of three common amphibian species—American toads (Bufo americanus), 
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western chorus frogs (Pseudacris triseriata), and gray treefrogs (Hyla versicolor). These 

species represent a variety of life history strategies and breeding phenologies, but all 

frequently oviposit in surface water in agricultural areas and are likely to be exposed to 

low levels of agrochemicals. 

METHODS 

Animal collection 

Multiple partial egg strings (B. americanus) or masses (P. triseriata) were collected 

from two wetlands in Union Ridge Conservation Area (Sullivan and Adair County, MO, 

USA) on April 16, 2005.  Hyla versicolor were collected on June 14, 2005 as four 

amplexed pairs from a pond in the Thomas S. Baskett Wildlife Research and Education 

Area (Boone County, MO, USA), and allowed to oviposit in the laboratory. Both collection 

sites are protected areas with low impact from agricultural activities. All eggs were 

maintained at 25°C through hatching until experiments began. At Stage 25 (Gosner 1960), 

tadpoles were thoroughly mixed within species in order to homogenize variation among 

clutches and then randomly assigned to an individual glass jar. Any unused tadpoles were 

returned to the original collection site. Following the natural breeding phenology of the 

species, experiments with B. americanus and P. triseriata began on April 25, 2005 and the 

H. versicolor experiment began on June 23, 2005.   

Experimental design 

Tadpoles were exposed to four commercially available herbicide products, which 

are among the most common agricultural contaminants found in Midwestern streams 

(Kolpin et al. 2002; Scribner et al. 2003; Huang et al. 2008)—atrazine, S-metolachlor, and 
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two formulations containing glyphosate potassium salts. End-use herbicide formulations 

were used because these are the forms to which organisms in the field would be exposed. 

Additionally, other components of end-use products (e.g., surfactants, adjuvants) may 

contribute a significant portion of the toxicity to amphibians (Mann and Bidwell 1999; 

Giesy et al. 2000; Perkins et al. 2000; Howe et al. 2004). Tadpoles were raised individually 

in 1L glass jars and were randomly assigned to a single herbicide treatment—atrazine 

(nominal concentration of 0.2 or 3 ppb active ingredient), S-metolachlor (0.2 or 10 ppb 

a.i.), or glyphosate (0.6 ppb or 700 ppb a.i. for each of the two formulations), with 10 

replicates per treatment. Treatment concentrations for each herbicide were drawn directly 

from stream water quality monitoring averages and from drinking water standards (Table 

1). Although source data for treatment levels were listed in active ingredient 

concentrations, glyphosate concentrations are usually expressed in glyphosate acid 

equivalents (a.e.) to facilitate comparison between formulations with different glyphosate 

salts. For both glyphosate formulations of interest, active ingredient concentrations are 

multiplied by 0.81 to yield acid equivalent concentrations; hence, treatment concentrations 

were 0.5 ppb and 572 ppb a.e. Hereafter all glyphosate concentrations will be reported in 

acid equivalents. 

A stock solution for each chemical treatment was created by mixing end-use 

herbicide products with reagent-quality distilled water.  All stock solutions were stored at 

3°C in a foil-covered glass jar. At each renewal, 0.1 ml of stock solution was pipetted into 

each jar to yield the desired final concentration of active ingredient. Atrazine was added as 

Atrazine 4L (40.8% atrazine, Drexel Chemical Company, Memphis, TN, USA). S-
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metolachlor was added as Dual II Magnum® (82.4% S-metolachlor, Syngenta Crop 

Protection, Greensboro, NC, USA), and glyphosate was added as Roundup Original Max® 

(48.7% glyphosate potassium salt) or Roundup WeatherMax® (48.8% glyphosate 

potassium salt, Monsanto, St. Louis, MO, USA). Herbicide treatments were compared to 

controls of UV-disinfected, carbon-filtered water. Because of slight vertical gradients in 

temperature, jars were arranged in blocks according to shelf height. Water in jars was 

changed and chemical treatments were renewed every three days. Tadpoles were fed a 

50/50 mixture of ground Tetramin® fish flakes and ground commercial rabbit chow (B. 

americanus and P. triseriata) or 100% ground fish flakes (H. versicolor) after each water 

change, beginning at 4.5 mg/tadpole and increasing periodically as animals grew. 

Response variables and statistical analyses 

We measured survival, mass at metamorphosis, and length of the larval period to 

assay the response of tadpoles to experimental treatments (methods after Fioramonti et al. 

1997; Bridges 2000), as each of these traits can influence adult fitness in amphibians (e.g., 

Semlitsch et al. 1988). Survival was calculated by dividing the number of surviving 

tadpoles and metamorphs by the number of tadpoles initially added. All B. americanus and 

P. triseriata survivors metamorphosed, while 26% of initial H. versicolor tadpoles had not 

metamorphosed by the termination of the experiment. Metamorphosis was defined as 

emergence of at least one forelimb (stage 42; Gosner 1960). Each metamorph was held in 

an individual plastic container until tail resorption was complete (mean=3 days), and then 

blotted dry and weighed to the nearest 0.1 mg. Survival in each species was analyzed with 

logistic regression to detect differences among treatments.  Mass at metamorphosis and 
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time to metamorphosis were evaluated using univariate analyses of variance with α=0.05. 

In the case of a significant treatment effect, treatment means were compared using a 

Tukey-Kramer adjustment for multiple comparisons.  All analyses were conducted using 

SAS (version 9.1, SAS Institute, Cary, NC, USA).  Power analyses were performed a 

posteriori for mass at metamorphosis and time to metamorphosis. Block effects were not 

significant in any test, with the exception of larval period length for B. americanus.  In this 

case, block was included as a treatment in the analysis of treatment effects. 

RESULTS 

Exposure of P. triseriata tadpoles to 572 ppb a.e. glyphosate in the form of 

Roundup WeatherMax® resulted in high mortality, with only 20% of exposed animals 

surviving through metamorphosis (Figure 1). This value was considerably lower than 

survival in all other treatments (range: 70-90%) and was significantly different from the 

control treatment (P=0.0131). Survival of B. americanus and H. versicolor tadpoles was 

unaffected by herbicide exposure. 

 Exposure to two of the herbicide treatments lengthened the larval period for B. 

americanus tadpoles (F8,75=8.87, P<0.0001; Figure 2). Tadpoles metamorphosed 14% 

later when exposed to 572 ppb a.e. glyphosate as Roundup WeatherMax® (27.8 + 0.4 

days) or 8% later with Roundup Original Max® (26.2 + 0.6 days), when compared to 

control animals (24.3 + 0.3 days).  Herbicide treatment had a marginally significant effect 

on time to metamorphosis in P. triseriata (F8,54=2.11, P=0.0504; Figure 2). The mean 

larval period of P. triseriata tadpoles exposed to 572 ppb a.e. glyphosate as Roundup 

WeatherMax® was 13% longer (32.0 + 1.0 days) than that of control animals (28.3 + 0.7 
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days). However, this result should be viewed with caution, considering that high 

mortality in the WeatherMAX® treatment left only two animals for the larval period 

length calculation.  Larval periods for H. versicolor tadpoles were not affected by 

herbicide treatment (P=0.3711).  Power analyses indicated that power to detect 

significant differences among larval period lengths was high for B. americanus and P. 

triseriata (power=0.981 and 0.998, respectively) and moderate for H. versicolor 

(power=0.536). 

 Mass at metamorphosis did not differ with herbicide treatment for any of the three 

species tested (B. americanus, P=0.8530; P. triseriata, P=0.6863; H. versicolor, 

P=0.6100), although power was relatively low (power=0.152, 0.202, and 0.345, 

respectively). 

DISCUSSION 

 These results indicate that herbicide products commonly detected in stream water 

have the potential to cause mortality and alter life history traits in larval anurans, even at 

levels as low as EPA drinking water standards. At a level of glyphosate intended to be 

protective of human health (700 ppb a.i., 572 ppb a.e.), exposure to the glyphosate 

formulation Roundup WeatherMax® resulted in 80% mortality of chorus frog tadpoles. 

Several lines of evidence indicate that this mortality was associated with the 

surfactant/adjuvant component rather than the active ingredient of the end-use 

formulation: (1) comparable mortality was not seen in the Roundup Original Max® 

treatment, although both formulations contained the same level of glyphosate acid (572 

ppb acid equivalents, a.e.), (2) glyphosate itself is considered practically nontoxic to 
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slightly toxic to amphibians (Giesy et al. 2000), with LC50 values >343 mg a.e./l for 

several species of tadpoles exposed to glyphosate isopropylamine salt alone (Mann and 

Bidwell 1999), and (3) surfactant systems can alter gill morphology and function in a 

variety of aquatic organisms (e.g., Partearroyo et al. 1991). 

Although the exact surfactant composition in Roundup WeatherMax® is 

proprietary, most surfactants in use with glyphosate products are from the alkoxylated 

alkyl amine family (pers. comm. J. Honegger, Monsanto). Polyethoxylated tallowamine 

(POEA) surfactant systems can exhibit greater toxicity than either the glyphosate active 

ingredient or active ingredient/surfactant combinations (Giesy et al. 2000; Perkins et al. 

2000; Tsui and Chu 2003; Howe et al. 2004), and are likely to be the causative agent in 

tadpole mortality in studies of end-use formulations (e.g., Edginton et al. 2004; Relyea 

2005a,b). Mortality in the current study appears to be associated with a 

surfactant/adjuvant component present in Roundup WeatherMax® but absent from the 

Roundup Original Max® formulation. 

 Treatment concentrations in our study were intended to elicit sublethal effects; 

therefore, the chorus frog mortality was unexpected. The higher of the two glyphosate 

treatment concentrations, 572 ppb a.e., is below the amphibian chronic toxicity reference 

value (TRV) of 740 ppb a.e. calculated for glyphosate by Giesy et al. (2000). Although 

this TRV represents the level of chronic exposure expected to result in no deleterious 

effects to amphibians, mortality at comparable levels is not entirely unprecedented. In a 

previous study with chorus frogs, Smith (2001) reported 55% mortality of early stage 

tadpoles when exposed to an end-use glyphosate formulation at 560 ppb a.e. For our 
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other two test species, Bufo americanus and Hyla versicolor, Relyea (2005c) calculated 

16-day LC50 values of 1860 and 1000 ppb a.e., respectively, for Roundup Weed and 

Grass Killer.  In a subsequent study (Relyea et al. 2005), exposure to the same product at 

960 ppb a.e. under more realistic mesocosm conditions resulted in 71% mortality of  H. 

versicolor. Because low-dose chronic exposure to Roundup WeatherMax® can cause P. 

triseriata mortality in the laboratory and there is evidence to suggest that including 

community context in exposures can increase its toxicity for other species, repeating our 

exposures to Roundup WeatherMax® under more realistic conditions is an important 

next step.  

Chronic, low-dose exposures to atrazine and S-metolachlor in our study did not 

result in significant mortality for any of the three test species. This result would generally 

be expected for atrazine, based on previous work (e.g., Howe et al. 1998), although some 

studies have shown decreased survival or post-exposure survival for amphibians exposed 

at levels near the EPA drinking water standard of 3 ppb (Storrs and Kiesecker 2004; Rohr 

et al. 2006). Surprisingly, despite the popularity of S-metolachlor and the frequency of its 

detection in surface water, very few studies have examined amphibians exposed to 

environmentally relevant levels of this herbicide. Our results are consistent with two 

recent studies that detected negative effects of S-metolachlor at levels comparable to 

those in our study only when exposure occurred concomitantly with other herbicides or 

insecticides (Mazanti et al. 2003; Hayes et al. 2006). 

In addition to chorus frog mortality, exposure to Roundup WeatherMax® and 

Roundup Original Max® at 572 ppb a.e. lengthened the larval period for American toad 
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tadpoles. Animals in these two treatments metamorphosed an average of 4 days (14%) 

and 2 days (8%) later, respectively, than control animals. These differences, although 

statistically significant, are of unknown biological importance. Relatively modest 

increases in time to metamorphosis may, however, have disproportionate consequences 

for species such as American toads that frequently oviposit in ephemeral aquatic habitats 

and risk reproductive failure if hydroperiods are inadequate for larval development.  

Based on current monitoring data, atrazine, metolachlor, glyphosate and their 

degradates are nearly ubiquitous in streams of the United States. Atrazine and 

metolachlor concentrations in surface water have been fairly well characterized. Data on 

glyphosate, however, are much more limited. This disparity is likely a reflection of both 

lower levels of contamination by glyphosate and logistical difficulty in analysis. 

Glyphosate’s strong binding with cations adsorbed to soils reduces the potential for 

runoff, limiting entrance into surface water (Carlisle and Trevors 1988). From an analysis 

perspective, many classes of agricultural contaminants (e.g., chloroacetanilides and 

triazines) can be screened in a single gas-chromatography/mass spectrometry (GCMS) 

analysis, while glyphosate requires analysis with high performance liquid 

chromatography (HPLC, Winfield et al. 1990). Therefore, glyphosate is often absent 

from large-scale pesticide screenings over multiple sites. Based on the few available 

studies (e.g., Scribner et al. 2003), the presence of glyphosate and degradation products 

may be quite widespread. In a study of pre-, post-emergence, and harvest season samples 

from 51 Midwestern streams, the parent herbicide glyphosate was detected in 36% of 

samples, and the glyphosate degradation product aminomethylphosphonic acid (AMPA) 
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was detected in 69% of samples (Scribner et al. 2003). Glyphosate and AMPA are also 

commonly detected in wastewater treatment plant effluent and waterways receiving this 

effluent (Kolpin et al. 2006). 

Determining environmentally realistic levels of glyphosate exposure to non-target 

organisms has been a contentious issue. In part because of the aforementioned lack of 

data, estimates of maximum exposure levels and subsequent effects have varied widely 

(discussed in Thompson et al. 2006; Relyea 2006). More definitive water quality data are 

needed, especially for amphibian breeding habitats, given that amphibians seem to show 

a sensitivity to the surfactants often used in glyphosate products (Mann and Bidwell 

1999; Giesy et al. 2000; Howe et al. 2004; Relyea 2005a,b; current study). As a 

simplified laboratory experiment, our study was not intended to predict exposure effects 

under more natural (i.e., physically and ecologically complex) conditions (techniques 

reviewed in Boone and James 2005). However, the simplified design was valuable for 

confirming that the observed tadpole responses were in fact direct effects of herbicide 

exposure, rather than indirect effects mediated through the food chain. The presence of 

these direct effects implies a need for more in-depth investigations of low-dose chronic 

effects of herbicide products (with associated surfactant/adjuvants) on non-target 

organisms such as amphibians. 

Using stream water quality monitoring data to set treatment levels is a useful way 

to explicitly connect chronic, low-dose exposure experiments to the natural environment. 

In our study, the lower exposure levels for each herbicide were based on concentrations 

detected in streams across the Midwest (glyphosate) or northern Missouri (atrazine and S-
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metolachlor). Because these concentrations were averaged both over time and over many 

sampling sites, the final treatment levels are extremely conservative estimates of non-

target aquatic organism exposure to herbicide products. Although our study focused on 

three widely distributed anurans, this approach could easily be tailored to evaluate 

contaminant effects on threatened or endangered species. Effective risk assessment for 

these species must account for the influence of differing life-history strategies on 

contaminant sensitivity (Stark et al. 2004), as well as spatial differences in exposure 

levels. Explicitly tying ecotoxicology studies to water quality monitoring data can 

address watershed-level differences in vulnerability to agrochemical runoff (Lerch and 

Blanchard 2003), which may be especially important to consider for species with limited 

distributions.  

Overall, our study demonstrates reduced survival and increased development time 

for some species of anuran larvae chronically exposed to common agricultural 

contaminants. Detrimental effects in tadpoles occurred at levels of active ingredient 

presumed safe for human consumption (EPA drinking water standards). Results also 

differed between formulations with the same concentration of herbicide active ingredient, 

highlighting the toxicological importance of relatively subtle differences in 

surfactant/adjuvant components. In addition, these tadpole responses were seen under 

very simplified laboratory exposure conditions. In the natural environment, any chronic 

low-dose effects could be compounded by periodic pulsed exposures associated with 

storm events. In essence, the results seen in the current study might be considered a 

“best-case scenario” for herbicide exposure to non-target amphibian populations. To gain 
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a realistic understanding of contaminant effects in the natural environment, future studies 

should address how these chronic, low-dose exposures interact with additional natural 

and anthropogenic stressors (e.g., Relyea and Mills 2001; Boone and James 2003) and 

herbicide pulses. 
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Table 1. Herbicide treatments and stream water quality source data   
Active 
ingredient 

Trt level 
(ppb a.i.) Source data type Treatment calculation Reference 

Atrazine 0.2 monthly samples 2003 average of 4 sites over 3 
months 

Huang et al. 2008 

 3.0 drinking water standard (MCL) na US EPA 2006a 
S-metolachlor 0.2 monthly samples 2003 average of 4 sites over 3 

months 
Huang et al. 2008 

 10.0 drinking water standard (guideline value) na World Health Organization 
2006b 

Glyphosate 0.6 pre-, post-emergence, and harvest season 
samples 

average over 51 sites when 
detected 

Scribner et al. 2003 

  700 drinking water standard (MCL) na US EPA 2006a 
aUS EPA 2006 drinking water standards and health advisories. EPA 822-R-06-013   
bWHO guidelines for drinking water quality--1st addendum to the 3rd edition, vol. 1   
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FIGURE CAPTIONS 
 
 

Figure 1. Survival of three species of anuran larvae exposed to common herbicide 

formulations (active ingredients in parentheses). One animal each from the H. versicolor 

control and 700 ppb glyphosate treatments was injured during the experiment and 

excluded from the analysis. For all other treatments, n=10. Error bars represent 95% 

confidence intervals. Asterisk indicates survival significantly different (P<0.05) from the 

control treatment. 

 

Figure 2. Time to metamorphosis for B. americanus and P. triseriata tadpoles exposed to 

common herbicide formulations (active ingredients in parentheses). Error bars are + 1 SE 

and asterisks indicate larval periods significantly different (P<0.05) from controls. 
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Chapter 3 

EVALUATION OF STREAM ENCLOSURE DESIGNS FOR IN SITU 

ECOTOXICOLOGY TESTS WITH AMPHIBIAN LARVAE 

Bethany K. Williams 

 

ABSTRACT 

 Although in situ enclosure experiments are a potentially powerful tool for 

ecotoxicological studies, relatively few studies have used in situ enclosures to address 

amphibian larval exposure to common agricultural contaminants, especially in lotic 

habitats. Because amphibians in modified agricultural landscapes are likely to use stream-

associated habitats for breeding, larval amphibians may be chronically exposed to 

mixtures of agricultural contaminants in stream water. I tested two designs for in situ 

enclosures with amphibian larvae. In a 34-day experiment, survival of Rana blairi 

tadpoles averaged 78% in floating plastic enclosures and only 12% in stainless steel mesh 

submerged enclosures deployed at five agricultural stream sites.  Survival in individual 

floating enclosures was up to 95% without addition of supplemental food. Differences in 

tadpole growth and development among sites indicated that these responses are sensitive 

endpoints for site-specific effects. Overall, floating plastic enclosures were an economical 

and effective means of raising tadpoles in agricultural streams and could be used for a 

variety of in situ ecotoxicological tests. 

 

 



 

 32  

INTRODUCTION 

As the discipline of aquatic ecotoxicology has developed, there has been a 

movement toward studies that demonstrate more realistic exposure conditions and more 

explicit connections with natural contexts. The desire for increased realism has led to an 

increase in outdoor mesocosm (i.e. cattle tank) studies and in situ enclosure experiments.  

Enclosure experiments offer a potentially valuable means for understanding the effects of 

contaminants in a near-natural context, as organisms are exposed to fluctuations in 

temperature, UV-radiation, and ambient contaminant concentrations. 

Studies with caged amphibian larvae have a fairly long history in lentic systems, 

and have been used to test hypotheses of intra- and interspecific competition and 

community structure (Wilbur 1972, 1976; Scott 1990), variation in larval performance 

among sibships (Travis 1983; Semlitsch et al. 2000), responses to canopy cover gradients 

(Werner and Glennemeier 1999; Skelly et al. 2002), and effects of a variety of different 

contaminants (e.g., Bishop et al. 1999; Richter and Richter 2002; Saura-Mas et al. 2002, 

see Boone and James 2005 for review).  In lotic systems, however, amphibian 

enclosure/exclosure studies have largely been limited to salamander larvae in small 

headwater streams (e.g., Beachy 1994, 1997) or tropical anuran species (Gascon 1995; 

Gillespie 2002; Ranvestel et al. 2004; but see Ralph and Petras 1998).  This lack of 

enclosure studies in lotic systems is partly due to the challenges associated with caging 

amphibian larvae in flowing waters.  Both the mechanical force of flow and potentially 

rapid changes in water level increase the likelihood of enclosure failure or test organism 

mortality. Stream enclosures and exclosures have been used successfully for decades, 

however, in investigations of fish and macroinvertebrate community structure (e.g., 
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Walde and Davies 1984; Power et al. 1985; Englund and Olsson 1996; Dahl and 

Greenberg 1997; Slack and O’Connell 1998). 

Lotic enclosure studies may also be lacking in amphibian ecotoxicology because 

relatively few North American species are classified as “stream-associated.”  However, in 

many cases amphibians that are not strictly associated with streams will use stream 

habitats for necessary life history functions, especially in the absence of nearby wetland 

habitats (B. Williams, pers. obs.; A. Brand, pers. communication). In highly modified 

landscapes, stream corridors may offer the only available refuge and breeding habitat, 

even for pond-breeding species. The consequences of being forced into potentially less-

than-ideal aquatic habitats are effectively unknown, and any negative effects may be 

compounded if the streams are contaminated. Therefore, the lack of in situ lotic enclosure 

studies represents a substantial gap in our understanding of how contaminant exposure 

may impact amphibian larvae under realistic conditions. 

 I tested two tadpole enclosure designs for stream systems.  One was a 

hemicylindrical steel mesh cage intended to rest on the stream bottom, originally 

designed by U.S. Geological Survey biologists for crayfish enclosure studies.  The other 

cage type was a floating, plastic enclosure after my own design.  I deployed these 

enclosures at five agriculturally impacted streams in northern Missouri to determine 1) if 

either design was effective for future in situ experiments with amphibian larvae in lotic 

systems, and 2) if plains leopard frog (Rana blairi) tadpoles showed differential survival, 

growth, or development in streams along a gradient of agricultural land use. This chapter 

focuses on the first objective, while ecotoxicological results (second objective) are 

discussed as part of Chapter 4. 
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METHODS 

Enclosure construction 

 Submerged steel mesh enclosures were designed and constructed at the USGS 

Columbia Environmental Research Center (Columbia, MO) from stainless steel wire 

cloth (0.7 mm wire diameter, 2.7 mm diagonal opening). Each enclosure consisted of a 

flat bottom (71 x 40 cm) and a curved upper panel (finished height 21 cm), secured to the 

edge of the bottom panel with stainless steel brads and reinforced with a frame of low-

density polyethylene strips (0.635 cm thick; Fig. 1a). One end was fixed to the frame and 

the other folded open as a door (secured with 6 mm diameter nylon shock cord when 

closed). A twist-off polyvinylchloride (PVC) cap covered a stocking port on the upper 

surface and a stainless steel eye-hook at the midpoint of one side provided a tether point. 

Finished enclosure volume was approximately 45 L. 

   Floating plastic enclosures were designed to be sturdy enough to withstand the 

flow of 3rd-4th order streams, easy to transport in field conditions, and economical to 

construct. A 55-L clear polypropylene storage box (approx. 51 cm x 35 cm x 31 cm 

LWH, Sterilite Corp., Townsend, MA, USA) served as the frame for each enclosure. To 

create a flow-through system, panels were cut from the sides (40 cm x 19 cm) and ends 

(23 cm x 19 cm) of each box, leaving at least 3.5 cm along all edges for strength. A 40 

cm x 24 cm panel was also cut from the white polypropylene lid of each box. All panels 

were replaced with plastic mesh (1 mm thickness, 1 mm diagonal opening; Aquatic Eco-

sytems, Inc., Apopka, FL, USA). Each mesh panel was attached along an overlapping 

edge to the inside surface of the box with low-temperature hot glue. One line of glue 

secured the mesh to the cut edge of the plastic, while another sealed the outer perimeter 
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of the mesh to the inside of the box, preventing small amphibian larvae from escaping or 

being trapped between the mesh and the plastic frame. 

 Six holes were drilled near the upper edge of each enclosure with a 0.635 cm 

bit—one at the midpoint of each side, and two in the front and back walls (Fig. 1b). UV-

resistant cable ties were passed through the holes on each side and through corresponding 

holes in the lid to secure lids to the enclosures upon deployment, with one cable tie 

attaching a laminated identification tag with the study name and contact information. One 

zinc-plated eye bolt (0.635 cm x 5.08 cm) and two 3.18 cm fender washers were attached 

in each hole in the front wall, while a cable tie formed a loop through the two holes in the 

back wall. A float (50 cm section of foam “pool noodle”) was held to the right and left 

sides of the enclosure by a 0.48 cm diameter nylon rope that circled the upper part of the 

enclosure, passing through the eye bolts, the floats, and the cable tie loop. An anchor line 

was attached to this rope at the front of the enclosure, between the two eye bolts. This 

system served to secure the floats in the proper position and provide a tether point, while 

minimizing stress on any one wall of the enclosure. When deployed, floating enclosures 

contained a volume of water approximately equal to submerged enclosures (45 L). 

Site description 

 Enclosures of both designs (submerged and floating) were tested in 4th and 5th 

order streams in the dissected till plain of north-central Missouri. The deep glacial 

topsoils in this region have given rise to fairly extensive row-crop agriculture, especially 

along creek and river bottoms. Streams are generally low-gradient, with silt, sand and 

gravel substrates (Pflieger 1997), and are the source of disproportionately large 

contributions to the herbicide load of the Missouri River (Lerch and Blanchard 2003). 
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Therefore, these streams are of interest in considering the effects of agricultural runoff on 

aquatic organisms. However, streams of the till plain also pose considerable challenges to 

in situ enclosure studies. Hydrologic conditions are usually flashy, with rain events 

resulting in large flow increases that scour the channel and wash debris downstream. 

Enclosures must be well-secured, but the unconsolidated nature of the stream substrates 

precludes using in-channel stakes as anchors. In addition, the generally turbid nature of 

the streams (Pflieger 1997) could deposit fine sediments in and around the enclosures, 

while high nutrient levels could stimulate algal growth and impede flow through the 

mesh. 

 I selected five stream sites along a rough gradient of agricultural intensity. Three 

of the sites (Intrepid, Coventry and EE) had between 48% and 79% cropland within a 

radius of 300 meters and between 6 and 36 upstream commercial swine operations (Table 

1). Although no streams in the study area were free from agricultural influence, two 

additional sites (Mendota and Powersville) drained watersheds with either one or zero 

commercial operations. At the watershed scale, percentages of row-crops tended to be 

similar among all five sites, but at the local scale (within a radius of 300 m), Mendota and 

Powersville had lower percentages of row-crop land-use and were surrounded by 

Conservation Reserve Program-enrolled land. Sites with varying degrees of agricultural 

influence were chosen to ensure that tests of enclosure designs would be applicable to a 

variety of stream habitats. 

Animal collection and stocking 

 Three plains leopard frog (Rana blairi) egg masses were collected from a shallow 

temporary wetland located on Conservation Reserve Program-enrolled land (Putnam 
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County, MO). Egg masses were maintained in the laboratory at approximately 25°C 

through hatching. At Gosner Stage 25, tadpoles from all three clutches were thoroughly 

mixed and haphazardly sorted into groups of 40, which were then randomly assigned to 

an enclosure type and stream site. Any unused tadpoles were returned to the collection 

site. Both submerged and floating enclosures were deployed in slow-moving areas of the 

stream at each of five study sites. Two sites were located on Little Medicine Creek (sites 

Coventry and Intrepid), one on West Locust Creek (site EE), and one each on the North 

Fork of Medicine Creek (site Powersville) and Little Shoal Creek (site Mendota). All 

sites were located in the Grand River basin, with the exception of Mendota, which was 

within the watershed of the neighboring Chariton River. Enclosure placement was 

constrained by the availability of locations with appropriate depth and anchoring points. 

Three submerged and three floating enclosures were placed in the stream at each site and 

anchored to shoreline trees. At site EE, appropriate locations were very limited; therefore, 

three submerged and two floating enclosures were deployed. In order to minimize spatial 

variability, enclosures were placed within a relatively homogenous 10-m section of each 

stream. Each enclosure was stocked with 40 R. blairi tadpoles on May 18, 2006. 

Tadpoles had access to seston (i.e., suspended particles) and periphyton colonizing the 

enclosures; no additional food was added. 

Experimental endpoints 

Enclosures remained in place for 34 days. Because development rates in 

amphibian larvae are strongly influenced by temperature (e.g., Smith-Gill and Berven 

1979, Alvarez and Nicieza 2002) and differences in ambient conditions between 

enclosure types could drive tadpole responses, temperatures at each enclosure were 
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recorded periodically throughout the experiment (n=7). Basic water quality 

measurements (pH, dissolved oxygen, and conductivity) were recorded at the initiation, 

midpoint, and termination to ensure that conditions remained within a suitable range for 

tadpoles. At the conclusion of the experiment, enclosures were retrieved in the same 

order they were deployed. 

I calculated percent survival as the number of tadpoles present at the conclusion 

of the experiment divided by the number initially added. Therefore, the mortality estimate 

included both tadpoles that died and those (if any) that escaped during the experimental 

period. Because one of my objectives was to determine the effectiveness of each 

enclosure design for in situ amphibian studies, I felt this measure of survival was 

appropriate. Surviving tadpoles in each enclosure were anesthetized in a solution of 

tricane methylsulfonate (MS-222) and preserved in 10% neutral-buffered formalin. I 

blotted tadpoles dry and recorded mass to the nearest 0.01 g and developmental stage 

(Gosner 1960). 

Survival differences between enclosure types were analyzed with a Kruskal-

Wallis test, as assumptions of normality and homoscedasticity were not met by the 

original or transformed data. Differences among stream sites in tadpole mass and 

developmental stage were analyzed with a multivariate one-way ANOVA for floating 

enclosures. Differences in tadpole responses between enclosure types were examined 

qualitatively, due to low survival in submerged enclosures. All analyses were completed 

in SAS (SAS Institute, version 9.1) with α=0.05. 
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RESULTS 

Tadpole responses  

I found substantial differences in survival of Rana blairi tadpoles in experimental 

stream enclosures, both between enclosure types and among stream sites. The mean rank 

of survival was significantly higher in floating enclosures than in submerged enclosures 

(H=18.89, df=1, P<0.0001)—a pattern that was consistent across all five stream sites 

(Fig. 2). Survival in each enclosure type did differ among sites, however.  Survival in 

floating enclosures (0.78 + 0.05) was lowest at Mendota (0.54 + 0.11) and highest at the 

Coventry site (0.96 + 0.02). In submerged enclosures, survival ranged from 0 (Mendota) 

to 0.27 + 0.14 (Intrepid), with an overall mean of 0.12 + 0.06. 

 Rana blairi growth and development (mass and Gosner stage at the end of the 

experiment) in floating enclosures differed among stream sites (Wilks’ λ=0.053, 

P=0.0007). Tadpoles from sites EE and Mendota were small (0.065 + 0.019 and 0.072 + 

0.003 g, respectively) and did not develop beyond Stage 25 during the experimental 

period (Fig. 3). In contrast, tadpoles at site Intrepid were both more developed and larger 

than animals at three of the four other sites, with a mean mass approximately four times 

larger than those at EE and Mendota (0.299 + 0.012). 

 Growth and development of tadpoles in submerged enclosures were reasonably 

consistent with results from floating enclosures for some sites (e.g., EE and Intrepid). 

Sites Coventry and Powersville, however, had much larger and developmentally 

advanced tadpoles in submerged enclosures, relative to floating ones (Fig. 3). This 

pattern is likely the result of very low survival (3% and 4%, respectively) leading to an 

abundance of resources for the few remaining tadpoles.  
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Environmental variables 

 Temperatures experienced by tadpoles in enclosures varied among stream sites 

(F4,19=249.46, P<0.0001) but not between submerged and floating enclosures (F1,19=0.58, 

P=0.4552). Mendota was significantly cooler than all other sites at five of seven sampling 

periods (Fig. 4), with an overall mean temperature approximately 4 C below the other 

four sites (18.3 C vs. 22-23 C). Dissolved oxygen (DO) levels were above 7.5 mg/L at 

every site at the initiation of the experiment and had dropped to a range of 3.98-7.97 

mg/L by the conclusion. Levels were generally appropriate for aquatic life, although DO 

at site Mendota dropped to 1.6 mg/L mid-experiment. Readings of pH at each site ranged 

from 7.65 to 8.57. Mean water quality characteristics from each site are presented in 

Table 2. 

DISCUSSION 

 Based on patterns of survival between enclosure types at individual sites, the 

floating enclosures were a more effective design for in situ tadpole studies in lotic 

systems. Survival averaged 78% in floating enclosures but only 12% in submerged 

enclosures. Even without the addition of supplemental food, up to 95% of Rana blairi 

tadpoles survived in individual floating enclosures. Therefore, I conclude that both the 

floating design and initial stocking densities (approx. 1 tadpole/L) were appropriate for a 

study of this type. 

 The floating enclosure design also met several of my other objectives, including 

economical construction, ease of transport, and resistance to damage. Including all 

necessary supplies except the anchor rope, each floating enclosure had a total cost of 

approximately U.S. $7.50—the bulk of which was associated with the original plastic 
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storage tub. All construction materials were readily available, with the possible exception 

of the plastic mesh. Although the particular mesh I used in construction has since been 

discontinued, a variety of plastic mesh types and sizes are available through commercial 

aquaculture suppliers. The design was also lightweight, which facilitated relatively easy 

transportation and deployment. Tubs with mesh panels in place but without floats and the 

associated hardware could be stacked inside each other for transport and then assembled 

on-site in approximately five minutes per enclosure.  No enclosures were washed out, 

vandalized, or otherwise damaged during the course of my 34-day experiment. 

Differences in survival between floating and submerged enclosures were 

pronounced and persisted despite the fact that tadpoles in both enclosure types were 

confined to nearly the same portion of the water column, due to the shallow nature of my 

stream sites. Some mortality in the submerged enclosures may be been the result of 

tadpoles’ inability to access the water surface. Gulping at the surface is a common 

response to low dissolved oxygen levels for those anurans that possess developed lungs 

as larvae, and experimentally limiting access to air significantly decreases stamina in at 

least one other ranid species (Wassersug and Feder 1983). Dissolved oxygen levels were 

generally adequate during sampling periods but did drop to 1.6 mg/L at Mendota, a site at 

which no tadpoles survived in submerged enclosures. 

 An additional explanation for the apparent low survival in submerged enclosures 

is escape of small larvae. Although the number of tadpoles remaining in submerged 

enclosures at the end of the experiment was generally very low, one submerged enclosure 

at site EE retained 77% of the original organisms. Therefore, under some conditions, 

tadpole survival for 34 days is possible while submerged. It is likely that a certain level of 
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trespass did occur in these enclosures—although care was taken to minimize escape, gaps 

sometimes formed between the polyethylene strips reinforcing the door and the wall of 

the submerged enclosures. The majority of submerged tadpoles appear to have died rather 

than escaped, however, as evidenced by the lack of gaps in most enclosures and the 

presence of dead tadpoles within submerged enclosures (personal observation). In 

floating enclosures, any gaps between the enclosure and lid were above the water’s 

surface and therefore unlikely to result in trespass. 

The streams selected for this experiment are characteristic of those in the Central 

Irregular Plains, and more broadly the Dissected Till Plains—low-gradient, with sandy 

substrates, elevated nutrient levels and low to moderate current velocities. The floating 

enclosures were an effective means to examine tadpole responses to differences in water 

quality in this system. They could be used in any stream system with adequate backwater 

or slow-moving areas and sufficient depth to maintain enclosure volumes. In systems 

similar to the streams of the Central Irregular Plains, enclosures would be most suitable 

for late-spring or early-summer breeding species, the larval periods of which would fall 

after early spring floods but before seasonal streams dry in late summer. The duration of 

the exposure period is limited primarily by local weather conditions and water levels. 

Monitoring of these conditions and the enclosures themselves is best accomplished by 

someone in close proximity to the stream sites, although the overall level of effort 

required to maintain the experiment is modest. Automated temperature loggers and water 

samplers could further reduce maintenance effort. 

Tadpoles in my experiment generally survived quite well in floating enclosures, 

although growth and development rates were slower than those of unenclosed ranid 
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tadpoles—a pattern that has also been seen in laboratory experiments (e.g., Fioramonti et 

al. 1997). This delay might be expected, given that any enclosure study by definition 

confines organisms to a prescribed area and limits selection of microhabitats. At the same 

time, however, enclosures performed two functions which may have substituted for 

tadpoles’ microhabitat selection—protection from predators and refuge from full-flow 

conditions (Slack and O’Connell 1998). Although I did not add food resources to my 

experimental enclosures, providing supplemental food in future experiments might 

increase growth and development rates. Alternatively, tadpole stocking rates could be 

reduced from the commonly used density of ~1/L (Gascon 1995, Harris et al. 2001, 

Richter and Richter 2002) in order to account for potentially limited resources in 

enclosures. 

Overall, these results demonstrate that the floating plastic enclosure design can be 

used successfully to evaluate the effects of stream water contaminants on tadpoles under 

quasi-natural conditions. These enclosures show promise for a wide variety of 

ecotoxicological studies, as long as the experimental design is well-grounded in 

knowledge of the biology of the target species and of the stream system of interest. 
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Table 1. Watershed and local (within 300m) characteristics of five sites at which tadpole enclosures were deployed. 
     Local land use (%) Watershed land use (%) 

Site Name Stream 
Shreve 

Link 
Watershed 
Size (m2) 

Upstream 
CAFOs Crop Grass Forest Crop Grass Forest 

Intrepid Little Medicine Creek 162 16023 36 78.6 9.9 2.2 22.4 59.4 16.8 
Coventry Little Medicine Creek 42 4278 6 66.6 18.8 6.4 22.0 64.0 8.9 
EE West Locust Creek 120 12320 10 48.1 31.3 14.6 15.9 73.1 10.5 
Powersville Medicine Creek 139 12335 0 31.7 29.8 11.7 20.1 68.0 11.3 
Mendota Little Shoal Creek 110 10676 1 1.0 35.3 35.9 14.7 69.5 14.1 
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Table 2. Water quality characteristics of five sites at which tadpole enclosures were deployed. Values are 
means (n=3 sampling periods) plus or minus one standard deviation. Turbidity values are for baseflow 
conditions. 

Site Name Stream 

Dissolved 
oxygen 
(mg/L) pH 

Conductivity 
(μS/cm) Turbidity (NTU) 

Intrepid Little Medicine Creek 8.47 + 0.91 8.21 + 0.31 1077 + 67 6.37 + 1.31 
Coventry  Little Medicine Creek 6.56 + 2.92 7.82 + 0.20 976 + 36 22.83 + 8.56 
EE West Locust Creek 6.45 + 1.01 8.17 + 0.15 1152 + 64 4.82 + 1.48 
Powersville Medicine Creek 7.26 + 3.30 8.07 + 0.33 1331 + 80 9.73 + 1.17 
Mendota Little Shoal Creek 5.23 + 4.11 7.90 + 0.29 1608 + 127 4.19 + 0.44 
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FIGURE CAPTIONS 

 

Figure 1. Schematic of design for submerged (a) and floating (b) enclosures. 

 

Figure 2. Mean proportion of Rana blairi tadpoles surviving in floating and submerged 

enclosures at stream sites. Error bars represent + 1 SE. 

 

Figure 3. Scatterplot of R. blairi developmental (Gosner) stage and mass at the end of 34-

day in-stream enclosure experiment. Error bars represent + 1 SE. 

 

Figure 4. Temperatures of floating (a) and submerged (b) enclosures at different sites 

over the course of 34-day in-stream enclosure experiment.  
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Chapter 4 

ANURAN RESPONSES TO AGRICULTURALLY IMPACTED STREAM WATER 

AT TWO LEVELS OF BIOLOGICAL COMPLEXITY 

Bethany K. Williams 

 

ABSTRACT 

In aquatic ecotoxicology studies, contaminant exposures generally occur in an 

environment far removed from the natural context of aquatic systems. This gap is 

especially problematic for contaminants that occur in complex mixtures and are of 

widespread conservation concern (e.g., agricultural herbicides). I examined responses of 

several Midwestern anuran species to ambient concentrations of agricultural 

contaminants in stream water at two levels of environmental complexity. In a laboratory 

experiment, tadpoles were raised for the duration of the larval period in water transported 

from streams across a gradient of agricultural intensity. I subsequently used floating in 

situ enclosures in the same streams in two studies exposing tadpoles to ambient 

contaminants under semi-natural conditions. In the laboratory, survival was near 100% 

and growth and development were enhanced in all treatments of stream water relative to 

controls. In the field, stream site affected survival for all species and streams with greater 

agricultural influence showed more year-to-year variability in habitat quality for 

amphibians. In particular, 70% of Hyla versicolor and Pseudacris triseriata tadpoles 

from one agricultural stream site died in a pulse of post-exposure mortality in 2007. 

Overall, the in situ enclosures were an effective means to explore effects of agriculturally 

impacted stream water that might have been missed in the laboratory.  
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INTRODUCTION 

 The assumption implicit in laboratory-based ecotoxicology studies is that these 

tests generate results with applicability outside of the laboratory. Although laboratory 

studies are the foundation of many environmental regulatory programs (Mann 2005), are 

necessary for identifying mechanisms of action and developing biomarkers (Eggen et al. 

2004), and should be a part of any integrative ecotoxicology approach (Brock 1998), 

there is relatively little empirical evidence that they accurately predict contaminant 

effects under more natural conditions. In fact, when laboratory and field results are 

compared directly, results seen in the laboratory are often not consistent with those seen 

in the field (e.g., de Solla et al. 2002). 

The discrepancy between results from laboratory- and field-based ecotoxicology 

tests is especially problematic in studies of widely used agricultural herbicides. Study 

findings in this case may have far-reaching consequences for policy and/or management 

practices. Mistaken assumptions about the ecological relevance of study results, 

therefore, could be extremely costly. An overestimation of herbicide effects based on 

laboratory results could result in unnecessary use restrictions, whereas an 

underestimation of effects could cause unnecessary damage to populations of non-target 

organisms. Because of the difficulties in predicting responses to chemical contamination 

across scales (Cairns and Niederlehner 1996), studies with simplified laboratory 

exposures should be combined with studies including more environmental complexity 

and community context.  

Integrating studies at multiple levels is also the only way to effectively address 

multiple-stressor contaminant issues such as the effects of agricultural non-point source 
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pollution on non-target aquatic organisms. Streams impacted by agriculture contain many 

individual compounds at levels that vary both spatially and temporally (Kolpin et al. 2002, 

Huang et al. 2008). Aquatic organisms in these habitats are chronically exposed to complex 

mixtures. In addition to contaminants, agricultural practices can increase levels of nutrients, 

sediments, and bacteria in stream water, as well as alter hydrologic regimes. Therefore, 

although laboratory studies are necessary for establishing effects of single contaminants 

and generating dose-response curves, they can address only a small fraction of the complex 

interactions that ultimately determine contaminant toxicity in the field.    

Several research groups have attempted to increase the realism and ecological 

relevance of results from studies of agricultural contaminants by exposing simulated 

aquatic communities in mesocosms to common pesticides such as atrazine (Diana et al. 

2000), carbaryl (Mills and Semlitsch 2004) and glyphosate (Relyea 2005). These studies 

have demonstrated the importance of both community context and pesticide formulation in 

determining toxicity. In particular, Relyea (2005) found near-total mortality of three 

tadpole species exposed to Roundup at 3.8 mg/L glyphosate active ingredient—a level well 

below reported LC50s for glyphosate.  

Although biotic and abiotic interactions in the natural environment can alter the 

toxicity of contaminants, there have been relatively few studies investigating the survival or 

growth of amphibians exposed to agricultural runoff in situ. One exception is de Solla et al. 

(2002), who found significantly decreased hatching success at agricultural sites relative to 

reference sites for two amphibian species (Rana aurora and Ambystoma gracile). These 

results were not evident in concurrent laboratory studies using water from the same sites, 

reinforcing that interaction with environmental and ecological variables can increase the 
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toxicity of agricultural contaminants. These variables include UV radiation, temperature, 

density, and the presence of predators or other contaminants (e.g., Little et al. 2000, Boone 

and Semlitsch 2001, Howe et al. 1998). 

Previous studies have indicated that widely-used herbicide products (some of the 

most commonly-detected compounds in agricultural runoff) have the potential to 

negatively affect amphibian larvae under laboratory conditions and at concentrations 

similar to those detected in the environment (e.g., Williams Chapter 1; Hayes et al. 2003). 

These results may or may not, however, translate into biologically meaningful effects 

when exposures occur in a more realistic context. My objective was to link studies at the 

laboratory and field level to better understand how exposure to agriculturally impacted 

stream water may affect amphibian larvae. 

Building on previous laboratory herbicide exposures (described in Chapter 1), in 

the first experiment I exposed tadpoles to stream water from agricultural and reference 

sites under laboratory conditions. Water was transported from field sites to the laboratory 

for every treatment renewal. Thus, exposures incorporated ambient contaminant 

concentrations and natural temporal fluctuations in water quality, while not sacrificing 

the control of a laboratory environment. 

 The results from the laboratory-based stream water exposures were compared to 

two subsequent field enclosure studies. Negative effects of contaminant mixtures may be 

more pronounced in the field than in the laboratory, most likely due to additional natural 

stressors such as temperature (de Solla et al. 2002) or chemical synergy (Howe et al. 

1998). Alternatively, negative effects under field conditions may be dampened by 

contaminant binding to sediments or vegetation (e.g., Wojtaszek et al. 2004) or 
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photodegradation (e.g., Konstantinou et al. 2001). Raising amphibian larvae in enclosures 

within streams allowed the evaluation of effects of complex contaminant mixtures, 

suspended sediments, temperature, and flow on organisms in situ. 

My working hypotheses were 1) laboratory exposures to complex mixtures 

present in stream water will slow growth and reduce survival in tadpoles relative to 

previous low-dose laboratory exposures to single agricultural herbicides. 2) Tadpoles will 

show more negative effects (e.g., decreased survival at early larval stages) when exposed 

to agricultural stream water in situ using enclosures, compared to laboratory exposures. 

METHODS 

Geographic context 

 These three studies focused on a set of streams in an agricultural landscape in 

north-central Missouri. As part of the Dissected Till Plains section of the Central 

Lowland province (Fenneman and Johnson 1946), this area is characterized by rolling 

topography and deep glacial topsoils. Underlying geology is primarily of Pennsylvanian 

origin. Row-crop production (primarily corn and soybean) is fairly extensive, especially 

along creek and river bottoms, with large additional areas planted in forage. This 

converted-prairie agricultural system is typical of many farmed areas across the Midwest. 

Special water quality concerns include soils with high potential for runoff (Lerch and 

Blanchard 2003) and a high concentration of commercial hog operations.  

 Six stream sites served as a foundation for all three studies. Four of these sites 

(Coventry, EE, Intrepid, and 170) were monitored monthly from June 2003-August 2006 

for basic water quality measures and the presence of 21 contaminants as part of a 

Missouri Department of Natural Resources project investigating potential presence of 
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natural and synthetic hormones in stream water (G03-NPS-15). These four sites were 

chosen based on the prevalence of row-crop agriculture in the watershed, as well as the 

presence of multiple upstream concentrated animal feeding operations (CAFOs—in this 

case commercial hog operations). Although no streams in the study area were free from 

agricultural influence, two additional stream sites (Mendota and Powersville) were added 

to the monitoring scheme in 2004 to represent an approximate reference condition. 

Watershed percentages of row-crops tended to be similar among all six sites, but 

Mendota and Powersville had substantially less intensive agriculture in the local area 

(within a radius of 300 m; see Table 1) and were surrounded by Conservation Reserve 

Program-enrolled land, which presumably acted as a riparian buffer. These two sites also 

drained watersheds with either one or no large confined-animal operations. 

 We used both indirect (land use patterns) and direct (chemical analysis of stream 

water) measures to rank agricultural impact at each stream site. Calculations of land use 

at both the watershed and local scale were based on five classes (cropland, grassland, 

forest, urban, and open water) in the 1992 Missouri Land Use Land Cover dataset 

generated by the Missouri Resource Assessment Program (MoRAP). Land use at the 

local scale was defined as within a 300-m radius of each stream site, based on 

calculations of core terrestrial habitat for amphibians (Semlitsch and Bodie 2003). An 

agricultural chemical index was calculated by examining water quality monitoring data 

from 2003-2006 (Huang et al. 2008). For each site, the sum of all detections of herbicides 

(atrazine, metolachlor, simazine, and tebuthiuron) was divided by the number of 

sampling periods at that site. Because all sites did not have equal numbers of samples 



 

  60  

(due to site accessibility and different durations of monitoring), these calculations 

ensured that the resulting index values were directly comparable.   

 In the first experiment, tadpoles were raised in stream water from two higher-

impact sites (Coventry and 170) and the two lower-impact sites (Mendota and 

Powersville) under controlled laboratory conditions. Two subsequent in situ enclosure 

experiments exposed tadpoles to stream water under near-natural conditions at five of six 

and all six study sites (2006 and 2007, respectively). Therefore, the three studies 

investigated tadpole responses to agriculturally influenced stream water at two levels of 

biological complexity, using the same till-plain stream system.  

Laboratory stream water exposures 

 Laboratory stream water exposures used three focal species—American toads 

(Bufo americanus), western chorus frogs (Pseudacris triseriata), and gray treefrogs (Hyla 

versicolor)—from populations in protected areas with little or no agricultural influence. 

American toads and chorus frogs were collected as early-stage eggs from two wetlands at 

Union Ridge Conservation Area (Adair and Sullivan County, MO, USA). Gray treefrogs 

were collected from the Thomas S. Baskett Wildlife Research and Education Area 

(Boone County, MO, USA) as four amplexed pairs, which were allowed to oviposit in the 

laboratory. All eggs were maintained in carbon-filtered, UV-disinfected water in the 

laboratory until the initiation of the experiments. At the free-swimming stage (stage 25, 

Gosner 1960), tadpoles from all clutches of a single species were thoroughly mixed and 

then randomly assigned to an individual glass jar (800 mL). Laboratory conditions were 

held at 25 C with a 16:8 light/dark regime for the duration of the experiment. 
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 Tadpoles were raised in stream water from one of four agriculturally impacted 

streams in northern Missouri, or a control of carbon-filtered, UV-disinfected water. Two 

stream sites (Coventry and 170) were considered highly impacted and the two remaining 

sites (Powersville and Mendota) were selected as low impact locations (described above). 

Jars containing individual tadpoles were assigned to one of five water sources with ten 

replicates per treatment. Jars were arranged in blocks based on shelf height to account for 

slight vertical gradients in temperature. 

Water was collected from stream sites, transported to the laboratory in 

polypropylene carboys, and renewed in jars every three days. Prior to renewal, water was 

filtered through a glass fiber pre-filter using a Series II GeopumpTM with in-line filter 

holder (142 mm, Geotech Environmental Equipment, Inc., Denver, CO, U.S.A.) to remove 

as much turbidity as was practical. Tadpoles were fed following water changes with a 

50/50 mixture of ground Tetramin® fish flakes and ground commercial rabbit chow (B. 

americanus and P. triseriata) or 100% ground fish flakes (H. versicolor). Rations began at 

4.5 mg/tadpole and increased periodically in order to provide nearly ad libitum food while 

preventing excessive fouling between water changes. 

At the onset of metamorphosis (forelimb emergence, Gosner stage 42), tadpoles 

were removed from jars and placed into individual plastic containers. When tail resorption 

was complete, metamorphs were blotted dry and weighed to the nearest 0.1 mg. Survival 

differences among treatments were assessed with logistic regression, and the effects of 

water source and block on days to metamorphosis and mass at metamorphosis were 

analyzed with univariate two-way ANOVAs.  
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In situ stream water exposures 

 The laboratory stream water experiment was followed by two stream water 

exposures under semi-natural conditions, using floating in situ enclosures. One enclosure 

experiment (2007) used tadpoles of two of the three focal species—western chorus frogs 

(Pseudacris triseriata) and gray treefrogs (Hyla versicolor). The other (2006) used plains 

leopard frogs (Rana blairi)—a common species of the Great Plains and member of a genus 

shown to be appropriate for in situ enclosure tests (Ralph and Petras 1998). In both 

experiments, enclosures were deployed at the same four stream sites used as water sources 

in the previous laboratory experiment. The P. triseriata-H. versicolor experiment used all 

six study sites (170, Intrepid, Coventry, EE, Powersville, and Mendota) and the R. blairi 

study used all but site 170, which had very low water levels in 2006. 

 Floating enclosures were constructed from clear polypropylene storage boxes 

(approx. 51 cm x 35 cm x 31 cm LWH) with mesh panels in each side and the lid 

(described in Williams Chapter 2). Two floats (50 cm sections of foam “pool noodle”) were 

attached to the right and left sides and enclosures themselves were tethered to shoreline 

trees with 0.48 cm diameter nylon rope. Once deployed, each enclosure contained a volume 

of approximately 45 L. Enclosures were deployed in areas of slow-moving water with a 

depth of 60-90 cm, with placement constrained by the availability of appropriate habitats. 

Rana blairi experiment 

Three plains leopard frog (Rana blairi) egg masses were collected from a shallow 

temporary wetland located on Conservation Reserve Program-enrolled land (Putnam 

County, MO). Egg masses were maintained in the laboratory at approximately 25°C 

through hatching. At Gosner Stage 25, tadpoles from all three clutches were thoroughly 



 

  63  

mixed and haphazardly sorted into groups of 40, which were then randomly assigned to 

an enclosure and stream site. Any unused tadpoles were returned to the collection site. On 

May 18, 2006, three enclosures were deployed at each site and were stocked with 40 

Rana blairi tadpoles (density of approximately 1 tadpole/L). At site EE, water depths 

limited enclosure deployment to two. Tadpoles had access to suspended particles (i.e., 

seston) and periphyton colonizing the enclosures; no additional food was added. 

Enclosures remained in place for 34 days. At the initiation, midpoint, and 

termination of the experiment, composite water samples were analyzed for the presence 

of 21 contaminants, including common herbicides, plasticizers, and natural and synthetic 

hormones. Samples were transported to the laboratory in amber glass bottles on ice. 

Organic material from samples was recovered by solid phase extraction (SPE) in C18 

cartridges, eluted, and derivatized in preparation for analysis by gas chromatography-

mass spectrometry with a Varian Saturn 2000 GC/MS. To assess potential differences in 

ambient conditions among enclosures, temperatures at each enclosure were recorded at 

seven points throughout the experimental period and basic water quality measurements 

(pH, dissolved oxygen, and conductivity) were recorded at the initiation, midpoint, and 

termination. Monthly readings of total nitrogen and phosphorus were made from April 

through July to create a rough nutrient profile of each site. At the conclusion of the 

experiment, enclosures were retrieved in the same order they were deployed. Any 

invertebrate colonizers in or on each enclosure were collected and preserved in 70% 

ethanol. In addition, a sediment sample was collected from the stream bed at each site 

and submitted to the University of Missouri Soil Testing Lab, Columbia, MO. 
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We calculated percent survival as the number of tadpoles present at the 

conclusion of the experiment divided by the initial number. Surviving tadpoles in each 

enclosure at the end of the experiment were anesthetized in a solution of tricane 

methylsulfonate (MS-222) and preserved in 10% neutral-buffered formalin. We blotted 

tadpoles dry and recorded length to the nearest millimeter, mass to the nearest 0.01 g, and 

developmental stage (Gosner 1960). 

After all response variables were examined for compliance with assumptions of 

normality and homoscedasticity, survival differences between stream sites were analyzed 

with a one-way ANOVA. Tadpole length and mass were highly correlated (R2=0.9628), 

so we chose mass as our measure of tadpole size for subsequent analyses. The effects of 

enclosure stream site on tadpole growth and development (mass and Gosner stage at the 

conclusion of the experiment) were analyzed with two one-way ANOVAs. Treatment 

means were compared using a Tukey-Kramer adjustment for multiple comparisons. We 

used percent survival as a covariate for initial analyses because of the pronounced effect 

of density on larval anuran growth and development (e.g., Wilbur 1997). In this case, 

however, survival was not a significant influence on any of the response variables and 

was therefore excluded from final analyses to preserve degrees of freedom. All analyses 

were completed in SAS (SAS Institute, version 9.1) with α=0.05. 

Pseudacris triseriata-Hyla versicolor experiment 

 Eggs of both target species were collected from Union Ridge Conservation Area 

(Adair and Sullivan County, MO, USA). Western chorus frogs were collected as nine 

small egg masses from a temporary wetland and gray treefrogs were collected as multiple 

partial egg masses from a larger seasonally flooded wetland. Eggs were maintained in the 
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laboratory as described above and tadpoles were subsequently fed ground Tetramin© fish 

flakes ad libitum until they reached a size too large to escape through the mesh of 

enclosures (approximately two weeks). Tadpoles were haphazardly sorted into groups of 

ten and one group of each species was randomly assigned to each enclosure, resulting in a 

density of 20 animals per enclosure (0.44 tadpoles/L). 

 Enclosures remained in streams for an exposure period of 13 days before flooding 

forced their removal. All surviving tadpoles were counted and sorted into plastic tubs 

associated with their original enclosure. After being transported in coolers from field sites 

to the laboratory at the University of Missouri, tadpoles were weighed to the nearest 0.01 

g, staged according to Gosner (1960), and then transferred to plastic dish tubs (volume) 

corresponding to their original enclosure. Tubs were covered with elastic mesh lids and 

arranged on shelves in a shaded, outdoor mesh tent to allow monitoring of tadpoles for 

any post-exposure effects. After a 13-day post-exposure period, the mass and 

developmental stage of any remaining tadpoles were recorded. Throughout the 

experiment, metamorphs were removed, held in individual plastic containers until tail 

resorption was complete, and then weighed to the nearest 0.01 g. 

 Composite water samples for contaminant analysis were taken at the initiation, 

midpoint, and termination of the experiment, as described above. One automated 

HOBO® temperature logger (Onset Computer Corporation, Bourne, MA, USA) was 

deployed on an enclosure at each stream site to record ambient water temperatures for the 

duration of the experiment. Water quality measurements were also taken three times over 

the course of the experiment. 



 

  66  

 Survival (number of surviving tadpoles plus metamorphs) values were recorded 

immediately after tadpoles were removed from enclosures and again at the end of the 

post-exposure period. Survival values at each time period were analyzed with a one-way 

ANOVA to evaluate any immediate or delayed effects of stream site on tadpoles. For 

analyses of mass and Gosner stage at the end of the in situ stream exposures, a weighted 

survival value was used as a covariate (when significant) in ANOVAs to account for 

density effects on growth and development. Weighted survival values were calculated by 

multiplying the number of survivors of each species by a multiplication factor based on 

mean body mass, with the assumption that the larger Hyla versicolor tadpoles would have 

a proportionately larger impact on available resources than Pseudacris triseriata 

tadpoles. For tests with significant main effects, means or least-square means among 

treatments were compared with a Tukey-Kramer or Bonferroni correction for multiple 

comparisons. 

 At the conclusion of the post-exposure period, the mass and Gosner stage of any 

remaining tadpoles were analyzed with one-way ANOVAs. The survival covariate did 

not have a significant influence on post-exposure tadpole responses and was not included. 

During the period that post-exposure tubs were in the outdoor mesh tent, the lids of six 

tubs on a lower shelving level were dislodged and several tadpoles removed, presumably 

by a raccoon. These six tubs were removed from analyses of tadpole survival and tadpole 

growth and development during the post-exposure period. 
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RESULTS 

Direct and indirect measures of agricultural impact 

Agricultural chemical indices calculated from stream water monitoring data are 

presented in Figure 1.  Site 170 had the highest agricultural impact rating, followed by 

Intrepid, Coventry, and EE. Detections of herbicides at sites Powersville and Mendota 

were rare and generally low, resulting in index values near zero. The order in which sites 

were ranked by water monitoring data is consistent with the amount of row-crop land use 

in the local area (within 300 m; Table 1), with the exception of site 170. At the watershed 

level, land use patterns were more similar among sites. In all subsequent graphs that 

report responses by site, the sites have been ordered from most- to least-impacted (left to 

right), corresponding to rankings of agricultural chemical indices. 

Laboratory stream water exposures 

 Survival of all three focal species was high in the four stream water treatments 

during the experimental period (B. americanus—100%; P. triseriata—90%; H. 

versicolor—97.5%). Survival did not differ among the stream water treatments and 

controls for any of the three species (Figure 2). 

Tadpole mass at metamorphosis was not affected by water source for B. 

americanus (F4,49=0.45, P=0.7731), but for P. triseriata, the effect of water source was 

highly significant (F4,42=7.71, P<0.0001). Tadpoles raised in water from any stream site 

except Mendota were larger at metamorphosis than tadpoles raised in control water. 

Differences in mass among treatments were also apparent for H. versicolor (F4, 42=4.57, 

P=0.0039), with larger metamorphs emerging from Coventry stream water (Figure 3). 
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 Length of the larval period varied with water source for H. versicolor 

(F4,42=16.84, P<0.0001) and P. triseriata (F4,42=2.53, P=0.0560), but not for B. 

americanus (F4,49=2.13, P=0.0920; Figure 4). The effects of stream water treatment were 

especially strong for H. versicolor—tadpoles raised in stream water from any of the four 

sites metamorphosed faster than those in the control group (larval periods up to 33% 

shorter). For P. triseriata, differences in larval period length were small (1-2 days) but 

marginally significant (F4,42=2.53, P=0.0560). 

In situ enclosure studies  

Rana blairi experiment  

Tadpole responses  

I  found differences among stream sites in survival, growth, and development of 

Rana blairi tadpoles in experimental enclosures. Survival during the 34-day experiment 

averaged 78% over all enclosures, with significant differences among stream sites (F4,13, 

P=0.0172; Figure 5). Tadpole survival was highest at the Coventry and Powersville sites 

(0.96 + 0.02 and 0.90 + 0.03, respectively) and lowest at Mendota (0.54 + 0.11). 

 Rana blairi growth and development in enclosures also differed among stream 

sites, as indicated by tadpole mass (F4,13, P<0.0001) and Gosner stage (F4,13, P=0.0003). 

Growth and development responses showed a very similar pattern (Figures 6a and b). 

Tadpoles from sites EE and Mendota were small (0.065 + 0.019 and 0.072 + 0.003 g, 

respectively) and did not develop beyond Stage 25 during the experimental period. In 

contrast, tadpoles at site Intrepid were both larger and more developed than animals at 

three of the four other sites, with a mean mass approximately four times larger than those 

at EE and Mendota (0.299 + 0.012 g). 
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Environmental variables 

 Of the 21 contaminants screened in composite water samples from 2006, dibutyl 

phthalate was the most commonly detected compound, followed by nonyl phenol and 4-

octyl phenol. Three common herbicides—atrazine, simazine, and metolachlor—were also 

detected during at least one sampling period. Concentrations of herbicides in composite 

samples were below 1 ppb and no natural or synthetic hormones were detected (Table 2).  

Temperatures experienced by tadpoles in enclosures also varied among stream 

sites (F4,19=249.46, P<0.0001). Mendota was significantly cooler than all other sites at 

five of seven sampling periods (Fig. 7), with an overall mean temperature of 18.3 C, 

compared to 22-23 C for Powersville, Coventry, EE, and Intrepid. Dissolved oxygen 

(DO) levels were above 7.5 mg/L at every site at the initiation of the experiment and had 

dropped to a range of 3.98-7.97 mg/L by the conclusion. Levels were generally 

appropriate for aquatic life, although DO at site Mendota dropped to 1.6 mg/L mid-

experiment. Readings of pH at each site ranged from 7.65 to 8.57.  

Nutrient levels were generally elevated relative to EPA estimates of reference 

condition streams in the region (U.S. EPA 2000). Levels of both total nitrogen and total 

phosphorus were highest in April and then declined over the remainder of the sampling 

period (Figures 8a and b). Total nitrogen levels ranged from 0.8 (site Coventry) to 7.8 

mg/L (site EE) in April and then fluctuated between 0.25 and 2.4 mg/L. Total phosphorus 

levels were almost always more than an order of magnitude greater than estimates of 

reference condition streams (0.037 mg/L, U.S. EPA 2000), with readings up to 2.31 mg/L 

(site Powersville, April). 
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Evidence of elevated nutrient levels in the streams was also found in soil test 

results for sediment samples (data not shown). Phosphorus levels in sediments were high, 

with the highest level (182 ppm) found at site Powersville. For Mg, Ca, and K, site 

Powersville had the highest levels while site Mendota had the lowest. Powersville 

sediment also had the highest values for Total Kjeldahl Nitrogen (0.044%) and organic 

matter (0.9%). 

Pseudacris triseriata-Hyla versicolor experiment 

 Tadpole survival during in situ stream exposures differed among sites for H. 

versicolor (F5,32=3.42, P=0.0159; Fig. 9a). Tadpoles at site Intrepid had the lowest 

survival (.24 + 0.11) and those at Powersville the highest (.80 + 0.10). Proportion of 

Pseudacris tadpoles surviving ranged from 0.34 + 0.11 (site EE) to 0.73 + 0.10 (site 

Coventry), but differences were not statistically significant (F5,32=1.94, P=0.1199; Fig. 

9b). 

 By the end of the post-exposure period, survival of both species had dropped 

considerably. Decreases were most dramatic at site Coventry, where survival of H. 

versicolor dropped from 0.72 to 0.0 and P. triseriata from 0.73 to 0.09. The majority of 

all post-exposure mortality (89% for H. versicolor and 75% for P. triseriata) at site 

Coventry occurred in the three days immediately after tadpoles were removed from 

experimental enclosures (Fig. 9a and b). Interestingly, comparable mortality was not seen 

in animals from any other site. Final survival ranged from 0.0 to 0.45 for Hyla versicolor 

and from 0.2 to 0.35 for Pseudacris triseriata. Although the Kruskal-Wallis test (Hyla) 

and the ANOVA (Pseudacris) could not detect significant differences in final survival 

among stream sites (H(3)=6.0262, P=0.3037 and F5,26=0.50, P=0.7721, respectively), final 
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survival at sites EE and Coventry was low (20% lower than all other sites for H. 

versicolor and 10% lower for P. triseriata). 

 The stream site where enclosures were deployed affected tadpole growth for H. 

versicolor (F5,24=4.49, P=0.0078). Mean H. versicolor tadpole masses were 

approximately a third lower at sites Intrepid and Mendota than at the other four sites (Fig. 

10a). In addition to growth, development of H. versicolor tadpoles differed among stream 

sites (F5,25=10.27, P=0.0174). During the two-week in-stream exposure, tadpoles at most 

sites reached a mean Gosner stage of 32, whereas those at site Mendota reached stage 30 

+ 0.5 (Fig. 10b). For Pseudacris triseriata tadpoles, neither mass nor Gosner stage 

differed among stream sites (F5,28=0.35, P=0.8796 and F5,28=0.73, P=0.6112, 

respectively). Temperature profiles at each site were similar and site Mendota was not 

consistently cooler than other sites, as in 2006 (Fig. 11). 

 By the end of the post-exposure period, low survival (as described above) reduced 

the number of tadpoles available for final mass and Gosner stage analyses and therefore 

limited the power of these tests to detect differences among stream sites. Neither H. 

versicolor nor P. triseriata tadpoles remaining at the end of the post-exposure period 

showed significant differences in mass (F4,10=1.70, P=0.2673 and F3,8=0.50, P=0.6971, 

respectively) or in developmental stage (F4,10=1.31, P=0.3643 and F3,8=0.34, P=0.7988). 

 Over the course of in-stream exposures and the post-exposure period, 64 P. 

triseriata and 9 H. versicolor tadpoles metamorphosed. Larval period length for 

Pseudacris triseriata metamorphs differed with stream site (F5,24=3.99, P=0.0061). 

Tadpoles metamorphosed 31% and 27% faster at sites EE and Coventry (17.2 + 1.36 and 

18.2 + 1.36 days, respectively) than at site Intrepid (24.9 + 1.44 days), with intermediate 
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values for other sites (Fig. 12a). Size of P. triseriata metamorphs did not differ among 

sites (F5,23=1.35, P=0.2899; Fig. 12b). Because few H. versicolor (n=9) metamorphosed 

during the experiment from only four sites, no analyses of metamorph characteristics 

were attempted for this species. 

DISCUSSION 

Laboratory stream water exposures 

 The uniformly high levels of survival in the laboratory stream water treatments 

indicate that, under controlled laboratory conditions, exposure to water from 

agriculturally influenced streams is relatively benign for the three species tested (Bufo 

americanus, Pseudacris triseriata, and Hyla versicolor). In fact, exposure to water from 

any of the four streams increased the size of P. triseriata metamorphs and decreased time 

to metamorphosis for H. versicolor tadpoles—two responses that are assumed to 

positively influence adult fitness (Smith 1983, 1987). In contrast with the other two 

species, Bufo americanus tadpoles showed no detectable responses to stream water 

exposure despite the fact that exposures lasted the duration of the larval period. This lack 

of response may be related to a reduced level of plasticity associated with the smaller size 

and shorter developmental time of B. americanus tadpoles. 

 The increased size and shortened development time of tadpoles raised in stream 

versus control water is likely a result of increased organic matter and mineral content in 

stream water. Although much of the suspended sediment present in the stream water was 

filtered out prior to renewal in treatment jars, some additional resources likely remained. 

In general, deposited particulates and flocculent detritus are poor food sources for 

tadpoles (Ahlgren and Bowen 1991, Kupferberg et al. 1994), although in the presence of 
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higher-quality food resources (as in this study), supplementation with sediments can 

enhance growth and development (Flecker et al. 1999). No algal growth was observed in 

the jars during the experiment, but bacteria present in the stream water treatments may 

have formed biofilms on the jar walls. These bacterial cells and associated exopolymers 

may have provided an additional carbon source, relative to the UV-disinfected control 

water treatment (Hall and Meyer 1998). 

In situ stream enclosure experiments  

When tadpoles were exposed to ambient mixtures of contaminants and nutrients 

under more realistic conditions using in-situ enclosures, differences in growth and 

development among stream sites resulted for two of three tested species (Hyla versicolor 

and Rana blairi). These differences were apparent in exposures as short as two weeks 

(Hyla versicolor), as well as in the longer 34-day experiment (Rana blairi).  

Both in 2006 and 2007, tadpoles at some sites were several Gosner stages ahead 

of, and up to three times as large as, their counterparts at other sites by the end of the 

experimental exposure. Although our study did not continue for the full larval period, 

such differences could be expected to lead to poor-performing tadpoles (e.g., those at EE 

and Mendota in 2006 and Intrepid and Mendota in 2007) metamorphosing both later and 

at a smaller size. Ordinarily, longer larval periods result in larger sizes at metamorphosis; 

however, this relationship can be reversed by larval exposure to pesticides (e.g., 

Fioramonti et al. 1997, Hayes et al. 2006).  

Although tadpoles enclosed at streams with a higher agricultural chemical index 

rating were expected to be exposed to higher pesticide levels, most water quality 

indicators appeared to be similar across all treatments during the 2006 experimental 
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period (water quality data from 2007 were unavailable at the time of publication). Only 

the elevated total nitrogen levels in April were unique at site EE, potentially indicating 

that high nitrogen levels prior to the experimental period caused carryover effects 

mediated through the food chain (e.g., changes in periphyton composition, Stelzer and 

Lamberti 2001). Interestingly, the most commonly detected contaminants at stream sites 

were estrogenic environmental chemicals; dibutyl phthalate, nonylphenol, and 4-

octylphenol were detected at least once at every site. These chemicals have been shown 

to induce vitellogenin and generate female-biased sex ratios (Kloas et al. 1999), disrupt 

gonad sex differentiation (Ohtani et al. 2000) and reduce male secondary sex 

characteristics (van Wyk et al. 2003) in amphibians. Typically, however, effective 

concentrations are much higher than the levels seen in my stream water samples.  

In the Hyla versicolor-Pseudacris triseriata experiment, weather conditions 

limited the in-stream exposure period to two weeks (as compared to 34 days in the Rana 

blairi experiment). However, due to the longer development time of Rana blairi relative 

to the other two species, both experiments encompassed a comparable portion of the 

larval period.   

Comparing the results from 2006 (Rana blairi) and 2007 (Hyla versicolor and 

Pseudacris triseriata) in situ enclosure experiments reveals some interesting patterns. 

The results cannot be compared statistically, given that the two experiments tested 

different anuran species and occurred in subsequent years, thereby introducing temporal 

variability in hydrologic, contaminant, and nutrient conditions. However, because the 

enclosure studies used the same design and the same set of six stream sites, cautiously 

comparing tadpole responses between the experiments is a valuable exercise. 
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One of the more interesting patterns is the consistency (or lack thereof) of tadpole 

responses at particular stream sites. Tadpoles at site Intrepid, for example, showed the 

greatest growth, fastest development rate, and an intermediate level of survival during the 

Rana blairi enclosure study. In the H. versicolor-P. triseriata experiment, however, 

Intrepid tadpoles showed the slowest growth and development of all the sites, as well as 

one of the lowest levels of survival for both species. This difference between 2006 and 

2007 studies may have arisen because of interspecific differences in tadpole responses. 

More likely, however, these results indicate year-to-year variability in suitability of 

aquatic habitats for tadpoles at site Intrepid. Tadpole responses at the other sites were 

generally consistent between 2006 and 2007 enclosure experiments. Site Intrepid was 

unique among the study sites in that it drained a watershed with 36 commercial hog 

operations—operations that have periodically created water quality risks and fish kills 

(EPA 2001). Liquid waste is applied to over 83,000 acres annually in northern 

Missouri—a practice that, if mishandled, can result in runoff of waste to surface water 

(EPA 2001). One limitation of my study was that water samples that could have detected 

inputs associated with runoff from CAFOs were taken monthly, and usually not during 

rain events. Therefore, while water samples accurately characterized baseline 

contaminant levels present, they were unable to capture pulse events. Although there is 

no way to confirm the possibility, the poor survival and performance of tadpoles at site 

Intrepid in 2007 may have been the result of an undetected runoff event. 

Another theme that emerged from the enclosure studies is the difficulty of 

selecting “reference” or low-impact sites in a landscape that has been highly modified 

from its original state. One of the two lower-impact sites was consistently suitable for 
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tadpoles. In both years and for all three species, tadpoles at site Powersville were among 

those with the highest survival and fastest growth and development.  

Results from Powersville seem to indicate that the presence of Conservation 

Reserve Program-enrolled (CRP) land surrounding a stream site is a reliable predictor of 

suitable larval habitat for amphibians. However, the other lower-impact site Mendota also 

had substantial CRP land in the watershed and immediate area, but tadpoles showed 

consistently poor performance in stream enclosures. In 2006, the relatively low survival 

and slow growth and development can be at least partially attributed to enclosure 

placement that reduced ambient temperatures and dissolved oxygen concentrations. 

Water depths were quite shallow in 2006 and the only available deployment location was 

a shaded backwater area that had only an occasional connection with the channel. In 

2007, however, enclosures were placed in a much more suitable location, eliminating 

both low temperature and hypoxia concerns. Despite these improvements, Hyla 

versicolor tadpoles in 2007 grew poorly and developed little during the in-stream 

exposures, relative to other sites. This pattern is puzzling, given that Mendota seemed to 

have all elements necessary for successful amphibian development—low levels of 

chemical contamination, abundant minimally-disturbed terrestrial habitat, and low levels 

of nearby intensive land use. Both Powersville and Mendota had similar calculated 

chemical indices and comparable high percentages of Conservation Reserve Program-

enrolled land, with lower percentages of row-crop land use within 300 m than any of the 

other sites. The unexpected responses of tadpoles at site Mendota demonstrate that 1) 

local environmental conditions can override broader differences in habitat quality among 
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sites and 2) the selection of low-impact or reference sites for similar studies in the future 

should include preliminary exposures with target organisms to confirm habitat quality. 

Overall, my study demonstrated that exposure of anuran larvae to agricultural 

stream water is generally benign under laboratory conditions, and may even enhance 

growth and development. The increased growth and rapid development of Rana blairi 

tadpoles in enclosures at sites Intrepid and Coventry in 2006 provide evidence that this 

enhancement effect can occur in the field, as well as the laboratory. Results from 2007 

enclosures, however, indicate that more agriculturally impacted stream sites such as 

Intrepid and Coventry likely experience more year-to-year variability in habitat quality 

for amphibians—tadpoles at Intrepid performed poorly in 2007, and tadpoles enclosed at 

site Coventry experienced a dramatic pulse of mortality at the beginning of the post-

exposure monitoring period. Therefore, although exposures to water from agricultural 

streams may actually benefit tadpoles in a laboratory setting, exposures that occur within 

a more complex context may be detrimental to tadpoles, both during the exposure and 

afterwards.  
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Table 1. Summary of local and watershed characteristics for the six study sites. Ag chemical indices were calculated based on 
three years of water quality monitoring data and then ranked. 

      Local land use (%) Watershed land use (%) 

Site Name Stream 
Shreve 

Link 
Watershed 
Size (m2) 

Ag chemical 
index ranking 

Upstream 
CAFOs Crop Grass Forest Crop Grass Forest 

170 West Locust Creek 83 8698 1 0 40.4 47.4 9.0 13.1 55.1 8.2 
Intrepid Little Medicine Creek 162 16023 2 36 78.6 9.9 2.2 22.4 59.4 16.8 
Coventry Little Medicine Creek 42 4278 3 6 66.6 18.8 6.4 22.0 64.0 8.9 
EE West Locust Creek 120 12320 4 10 48.1 31.3 14.6 15.9 73.1 10.5 
Powersville Medicine Creek 139 12335 5 0 31.7 29.8 11.7 20.1 68.0 11.3 
Mendota Little Shoal Creek 110 10676 6 1 1.0 35.3 35.9 14.7 69.5 14.1 
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Table 2. Summary of GC/MS analyses on composite stream water samples during the 
2006 experimental period (samples on 5/16, 6/09, and 6/20). Numbers in bold indicate 
number of detections, followed by the highest level detected (ng/L). 
 

ng/L Mendota Powersville EE Coventry Intrepid 
  Tebuthiuron - - - - - 
  4-tert-octyl phenol - 1 / 56.8 - - - 
  Simazine - - - - 1 / 223.7 
  Nonyl phenol 2 / 115.0 1 / 758.7 1 / 270.8 1 / 126.1 2 / 294.6 
  Atrazine - 1 / 49.7 1 / 28.1 - 1 / 259.4 
  4-octyl phenol 2 / 50.5 1 / 386.8 1 / 166.2 1 / 60.6 2 / 170.0 
  Dibutyl phthalate 3 / 106.1 2 / 260.7 1 / 31.4 2 / 123.1 2 / 106.1 
  Metolachlor - - - - 1 / 15.7 
  Bioallethrin - - 1 / 49.4 - - 
  p,p'-DDE - - - - - 
  Di-p-tolyl sulfone - - - - - 
  Bisphenol A - - - - - 
  Benzyl butyl phthalate 1 / 12.4 - - - 1 / 12.4 
  Diethylstilbestrol - - - - - 
  Estrone - - - - - 
  17a-estradiol - - - - - 
  17b-estradiol - - - - - 
  Permethrin - - - - - 
  Tamoxifen - - - - - 
  17a-ethinyl estradiol - - - - - 
  Estriol - - - - - 
  b-sitosterol - - - - - 
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FIGURE CAPTIONS 
 
Figure 1. Agricultural chemical index values for six stream sites. 
 
Figure 2. Survival of B. americanus, P. triseriata, and H. versicolor tadpoles in 
laboratory stream water exposures. For each bar, original n=10. 
 
Figure 3. Mass at metamorphosis for three species in laboratory stream water exposures. 
Error bars are + 1 SE and different letters indicate statistically significantly differences 
among treatments at the α=0.05 level. 
 
Figure 4. Days to metamorphosis for three species in laboratory stream water exposures. 
Error bars are + 1 SE and different letters indicate statistically significantly differences 
among treatments at the α=0.05 level. 
 
Figure 5. Survival of R. blairi in floating enclosures. Error bars are + 1 SE and different 
letters indicate statistically significantly differences among treatments at the α=0.05 level. 
 
Figure 6. Mass (a) and Gosner stage (b) of R. blairi tadpoles at the end of 34-day in-
stream exposures. Error bars are + 1 SE and different letters indicate statistically 
significantly differences among treatments at the α=0.05 level. 
 
Figure 7. Temperatures in floating R. blairi enclosures. 
 
Figure 8. Total nitrogen and phosphorus levels at enclosure deployment sites, April-July 
2006. 
 
Figure 9. Overall survival of H. versicolor (a) and P. triseriata (b) during a 13-day in-
stream exposure period and a 13-day post-exposure period. 
 
Figure 10. Mass (a) and Gosner stage (b) of H. versicolor and P. triseriata tadpoles at the 
end of 13-day in-stream exposures. Error bars are + 1 SE and different letters indicate 
statistically significantly differences among treatments at the α=0.05 level. 
 
Figure 11. Temperatures in H. versicolor and P. triseriata enclosures. One HOBO® 
temperature logger was deployed per stream site. 
 
Figure 12. Time to metamorphosis (a) and mass at metamorphosis (b) of P. triseriata 
metamorphs. Error bars are + 1 SE and different letters indicate statistically significantly 
differences among treatments at the α=0.05 level. 
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Figure 5 
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Figure 6  
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Figure 8 
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Figure 9 
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Chapter 5 

ANURAN CALLING ACTIVITY AND REPRODUCTIVE SUCCESS IN 

AGRICULTURAL STREAMS: RELATIONSHIPS WITH PHYSICAL HABITAT AND 

LOCAL AND WATERSHED LEVEL LAND USE 

Bethany K. Williams 

 

ABSTRACT 

 Many laboratory and mesocosm studies have demonstrated that contaminants 

common in agricultural runoff have the potential to impact survival, growth, and 

reproductive success of amphibians. Although these contaminants are nearly ubiquitous 

in Midwestern streams and amphibians in agricultural areas breed opportunistically in 

riparian habitats, both the extent of riparian habitat use and the population-level effects of 

resulting contaminant exposure are poorly understood. If aquatic habitat quality is 

influenced by agricultural contaminants from runoff, the presence and abundance of 

amphibians at specific sites may be predicted by patterns of local or watershed land use. 

Alternatively, the physical habitat available at specific stream sites may be a better 

predictor of suitability for amphibian breeding and reproductive success. Using acoustic 

call surveys at 41 northern Missouri stream sites and in-stream surveys at a subset of 

sites, I determined that eight of nine members of the anuran assemblage use streams as 

sites for breeding call activity, and at least five of those species reproduce successfully in 

riparian habitats. For most species, neither watershed nor local land use was an effective 

predictor of either calling activity or reproductive success, although calling activity of 
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Hyla chrysoscelis was positively associated with percent forest cover within 300 meters. 

Physical stream habitat variables such as width-to-depth ratio and bank vegetation were 

much better predictors of reproductive success. Distance to nearest wetland was 

positively associated with capture rates for Rana blairi, potentially lending support to a 

refuge hypothesis, in which amphibians in modified habitats are more likely to use 

streams for breeding if lentic habitats are distant. 

INTRODUCTION 

Many ecotoxicological studies have shown that contaminants commonly present 

in agricultural runoff have the potential to cause mortality, result in immunosuppression 

and alter reproductive development of amphibians (e.g., Relyea 2005; Rohr et al. 2008; 

Fournier et al. 2005; Hayes et al. 2003, 2005) both during exposures and for months 

afterward through carryover effects (Rohr et al. 2006). At the landscape scale, amphibian 

diversity and abundance can be negatively associated with both current (Bishop et al. 

1999; Joly et al. 2001; Beja and Alcazar 2003; Piha et al. 2007) and historic agricultural 

land cover (Piha et al. 2007). Although we know that agricultural contaminants can cause 

negative effects in individual amphibians and that agricultural land use can influence 

amphibian distributions at the landscape scale, very few links exist between these two 

levels of biological organization. We have a poor understanding of the relative roles of 

agricultural contaminant exposure versus physical habitat features in determining 

amphibian population persistence in agricultural areas. 

The lack of understanding regarding amphibian response to agricultural 

contaminants is often compounded by a lack of knowledge regarding amphibian habitat 
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use in modified landscapes such as northern Missouri. Although most Midwestern 

amphibians are considered pond-breeders, they often use riparian areas for foraging and 

refuge, as well as for breeding, particularly in the absence of more typical wetland 

habitats. This pattern may be especially pronounced in predominantly agricultural areas 

in which the least-modified or only natural habitat (e.g., remnant woodland) lies 

immediately along streams. Prior to European settlement, the landscape of north-central 

Missouri was dominated by small tracts of tallgrass prairie with timber along riparian 

corridors and occasional oak woodlands and savannas (Nigh and Schroeder 2002). 

Natural communities have since been nearly completely converted to agricultural 

purposes, either as pasture or cropland. The peak of farming activity occurred around the 

turn of the century, when 85-100% of arable land across northern Missouri was in farms 

(Maizel et al. 1999). Therefore, although riparian corridors have likely provided some 

level of refuge for amphibians in northern Missouri for decades, stream modifications 

associated with agriculture (e.g., channelization, increased inputs of sediments, nutrients, 

and pesticides) may cause these habitats to act as ecological traps. The relative benefits 

and consequences of stream-associated habitat use in agricultural areas are very poorly 

understood. Furthermore, the local and watershed-level characteristics that might make 

streams more or less attractive (and suitable) for pond-breeding amphibians are 

essentially unknown. 

Unfortunately, these gaps in our understanding represent a substantial barrier to 

effective amphibian conservation programs in agricultural areas. If traditionally pond-

breeding amphibians are more strongly associated with streams in modified, relative to 
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pristine, habitats, then amphibian populations may be negatively affected by both 

contaminants present in streamwater and the presumably less-than-ideal nature of riparian 

aquatic habitats. However, the amphibian assemblages present in these areas have been 

exposed to widespread anthropogenic disturbance for over 150 years, and the species that 

remain may be well-adapted to disturbance. Investigating the links between land-use 

patterns, physical stream habitat characteristics, and amphibian distributions should 

increase our understanding of how amphibian populations respond to modified 

agricultural landscapes and identify the landscape and stream features that help 

populations persist in these areas.  

The questions addressed in the studies described in this chapter were as follows: 

1a) To what extent do anurans in the agricultural landscape of northern Missouri use 

streams for calling, foraging, and refuge? 1b) Can sites of calling activity be predicted by 

local or watershed-level characteristics? 2a) Do members of the northern Missouri anuran 

assemblage breed in, as well as call from, agricultural streams and show evidence of 

reproductive success? 2b) If yes, which species are best able to utilize stream habitats? 

2c) How are stream physical habitat variables related to anuran reproductive success, and 

do they show a stronger relationship than local or watershed-level characteristics?  

METHODS 

Site selection 

 Forty-one sites were selected from a four-county area in north-central Missouri. 

The area is in the Dissected Till Plains section of the Central Lowland physiographic 

region and covers two physiographic subsections—the Dissected Till and Loess Plains to 
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the west and the Chariton River Hills to the east. Underlying geology is primarily of 

Pennsylvanian origin and approximately 70% of soils in the study area are classified as 

hydrologic group C (CARES 2008). 

 The goal of the selection process was to identify a set of stream sites for both 

acoustic call surveys and in-stream amphibian surveys. Because my aim was to examine 

the potential effects of agricultural land-use patterns on amphibian distributions, it was 

important to eliminate as much natural variability among the chosen sites as possible. I 

selected candidate stream segments from one of 14 clusters of similar segments generated 

by Sowa and Abbitt (2004). Their cluster analysis grouped stream segments based on a 

set of 10 variables, including relief, underlying geology and soil type. Segments of 

roughly similar size and watershed drainage area were then retained (Shreve link values 

of 30-202 and watershed areas of 4278 to 19514 m2). Because acoustic call surveys can 

be effectively performed from roads without the logistic difficulty of obtaining 

landowner permission for access, the candidate stream layer was intersected with 

Missouri roads to create points at which appropriate stream segments and secondary 

roads crossed. These points were then visited in a ground-truthing procedure to determine 

suitability for inclusion in the survey scheme. The final sites were on roads with low 

traffic volume, a safe location to pull over, and no obvious sources of interfering noise. 

Because the objective of the study was to document anurans using the riparian corridor as 

calling habitat/breeding locations, I also eliminated any sites immediately adjacent to 

lentic breeding habitat. 
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 Both watershed- and local-level land use variables were calculated for each site. 

At the watershed level, the percentages of forest, grassland, and row-crop use were 

calculated from 1992 Missouri Land Use Land Cover dataset with five classes, and the 

number of upstream commercial animal feeding operations (CAFOs) at each site was 

tallied by applying the TRACE ACCUMULATE command in ArcPlot to the Department 

of Natural Resources’ National Pollutant Discharge Elimination Program (NPDES) 

datafile (available through Missouri Spatial Data Information Service). “Local” land use 

was defined as within 300 m of each site, based on the assumption that the habitat within 

common amphibian migration distances would have the greatest influence on presence 

and absence at a particular site (Semlitsch and Bodie 2003). Again, percentages of forest, 

grassland, and row-crop uses were calculated, as well as percentage of impervious cover. 

Because nearby wetlands could act as source populations for stream sites, the distance to 

nearest wetland was also calculated. Thus, watershed-level variables were primarily those 

that might influence water quality at stream sites, and local-level variables were more 

likely to influence terrestrial habitat availability and the ease of movement between 

stream sites and other aquatic habitats. 

 All forty-one sites were surveyed for amphibian breeding activity with acoustic 

call surveys in 2006. Also in 2006, as many of the sites as possible were covered by a 

preliminary in-stream dip-net and visual survey to confirm the presence of amphibian 

adults and larvae. Landowner permission to access the streams was obtained for 30 sites 

in 2006. The following year, in-stream surveys were conducted at 26 sites (25 of which 
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had been surveyed in 2006). The 2007 surveys included a physical habitat 

characterization at each site. 

Acoustic call surveys 

 Each of the stream sites was surveyed ten times over the course of the 2006 

amphibian breeding season (March-July), using a modified version of the USGS 

Amphibian Research and Monitoring Initiative (ARMI) protocol (n=410 surveys). 

According to ARMI protocol, sites were surveyed in the period between half an hour 

after sunset to 1:00 a.m. Surveys were completed by two observers (each listening along 

the linear downstream/upstream riparian corridor for anuran breeding calls). During a 

five-minute listening period, both observers recorded the species heard, as well as a 

rough abundance ranking. An estimate of wind speed, the number of passing vehicles, 

and any sources of interfering noise were also recorded. Temperature measurements were 

obtained from a weather station in Spickard, MO and added to the dataset to explore the 

usefulness of temperature as a covariate for calling activity. 

 Due to the relatively large spatial area covered by sites and the low manpower 

available, I divided the 41 sites into four routes of approximately ten sites each. One of 

these routes was run each night for four consecutive nights. Routes were randomly 

assigned to a night, but otherwise took place according to a fairly structured schedule of 

two surveys in two consecutive weeks, followed by a two-week interim. This structured 

schedule sacrificed some of the flexibility of smaller-scale survey efforts, but was 

necessary to guarantee that the target number of surveys could be completed within the 

breeding season.  
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 Call survey data are a useful and cost-efficient means of assessing anuran 

distributions and have been used in a variety of monitoring efforts (e.g., Bishop et al. 

1997, Bonin et al. 1997, LePage et al. 1997). However, naïve estimates of occupancy for 

a species (number of sites detected/number of site surveyed) tend to underestimate true 

occupancy (Mackenzie et al. 2002). This problem arises because non-detections occur not 

only when a species is truly absent from a site, but also when a species is present but not 

detected. The likelihood of detecting a species that is, in fact, present (hereafter, detection 

probability) varies among species (e.g., with call volume and frequency; Pellet and 

Schmidt 2005) and among survey periods (e.g., with weather conditions; Gooch et al. 

2006). 

To evaluate anuran species presence/absence across the study area while 

accounting for detection probabilities, I used program PRESENCE (developed by Proteus 

Consulting under contract to the U.S. Geological Survey). Records of detections and non-

detections at each site were analyzed separately for each species. Because PRESENCE 

assumes that occupancy does not change over the course of a season (i.e. “closed 

seasons”), a “season” was defined for each species as the date of first detection to the 

date of last detection. This definition likely resulted in conservative estimates of detection 

probability—because individuals do not appear at all sites simultaneously in the spring, 

some non-detections from the beginning of the season may have been counted as 

“missed” detections at an occupied site, when in fact animals were not yet active at that 

site. Season lengths for individual species ranged from four surveys (Pseudacris 

triseriata) to eight (Bufo americanus, Hyla versicolor, and Rana blairi). Proportion of 
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area occupied (PAO,ψ) and overall detection probabilities (p) for each species were 

estimated in PRESENCE. 

 In addition to estimates of ψ, I was interested in how occupancy of particular 

species in this agricultural landscape might be related to watershed- or local-level land 

use patterns. Detecting these relationships (if they exist) would clarify the population-

level effects of agricultural habitat modification on amphibians. Four watershed-level 

variables (% row-crop, % forest, % grassland, and count of upstream CAFOs) and five 

local-level variables (% row-crop, % forest, % grassland, % wetland, and distance to 

nearest wetland) were examined as potential covariates for models of occupancy 

according to MacKenzie et al. (2002, 2006). 

In-stream surveys 

 Preliminary in-stream surveys in 2006 confirmed that tadpoles, metamorphs, and 

adults of species recorded in the call surveys were actually present in the streams. 

Therefore, in 2007, in-stream surveys were expanded. A dip-net/visual survey effort was 

followed by extensive physical habitat characterization using a modified EPA protocol 

for wadeable streams (Kaufmann et al.1999). During the initial survey, I recorded the 

number and species of all amphibian larvae and metamorphs caught or seen, as evidence 

of amphibian reproductive success in the streams. Physical habitat characterization 

measurements were structured around five transects perpendicular to the thalweg flow, 

each 20 m apart, with sampling points at 25%, 50%, and 75% of the wetted width at each 

transect (Fig. 1). Characterizations of both aquatic (water depth, wetted width, stream 
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substrate size) and terrestrial (bank slope, bank vegetation type and cover, canopy cover) 

habitat available for amphibians were recorded (Table 1). 

The chosen variables were selected for their relevance specifically for 

amphibians, as well as general relevance for health of aquatic systems. For example, as 

small, soft-bodied organisms with relatively poor swimming ability, tadpoles would 

require sheltered areas of refuge from high flows in order to survive in the selected 

streams. The same areas that serve as shelter for tadpoles could also benefit other aquatic 

taxa. I counted these “flow refuges” along the sampled reach of the stream and classified 

them as either rock, undercut bank, wood/root, or small side channel. Visual estimates of 

areal cover were made for in-stream features such as algae, woody debris, and 

overhanging vegetation that serve as cover and contribute to habitat complexity. Basic 

water quality measurements (pH, conductivity, total dissolved solids) were taken once 

per site with a Hanna pocket water quality meter. Initially, current velocity measurements 

were taken with a Marsh-McBirney Flo-MateTM portable velocity meter (Hach Company, 

Loveland, CO, USA) but velocities were uniformly slow (always less than 0.2 m/s) in 

these low-gradient streams and measurements were discontinued to reduce sampling 

equipment needs. 

Habitat metrics for substrate size, in-stream cover, and bank canopy and 

understory vegetation were calculated using modified procedures from Kaufmann et al. 

(1999). In general, ranked classes were assigned mid-point values and then averaged over 

the entire reach. For several of the other physical measurements (e.g., depth, wetted 

width, channel incision), I calculated mean and variance values across all transects. 
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Because transects were evenly spaced along the sampled stream reach, these 

measurements should provide unbiased estimates of stream characteristics for the entire 

reach. 

The original suite of physical habitat, local land use, and watershed-level 

variables was refined by examining matrix scatterplots and eliminating one variable from 

highly correlated pairs (e.g., total watershed size was eliminated in favor of Shreve link 

values). Variables were also eliminated if they represented stream conditions too rare 

(e.g., percentage of reach with hardpan substrate) or common (e.g., percentage of reach 

with sand or fine substrate) to provide meaningful resolution in models. Predictor 

variables with very uneven distributions were binned into categories with approximately 

equal numbers of observations in each. This process yielded a set of potential predictors 

including 18 physical habitat variables, 5 local land use variables, and 5 watershed level 

variables (Table 2). Some variables not considered for model predictors were included in 

general characterizations of stream habitat. 

Counts of larvae and metamorphs of each species at a site were standardized for 

effort by dividing the number of organisms by the number of dipnet sweeps taken. The 

resulting capture rates were used as response variables in models of amphibian 

abundance, and species presence/absence was used in models of occupancy.  Abundance 

models were compared using generalized linear models (GLMs, Nelder and Wedderburn 

1972) with a Tweedie distribution and log link function. Tweedie distributions are a 

subset of exponential distributions with shape defined by an index parameter p ∈ (1,2) 

(Tweedie 1984). Also called compound Poisson distributions, Tweedie distributions are 
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useful for data with positive mass at zero and continuous non-zero values. Models of 

species presence/absence were also evaluated using GLMs, but with a binomial 

distribution and logit link function. All analyses were run in SPSS v. 16 (SPSS Inc., 

Chicago, Illinois). Akaike’s Information Criterion values corrected for small sample size 

(AICc) were compared among candidate models and ΔAICc values were used to 

calculate model weights (w; Burnham and Anderson 2002). Global and candidate models 

were generated for each species separately because differences in breeding phenologies, 

habitat associations, and feeding habits could lead to quite different sets of relevant 

predictor variables. 

RESULTS 

Acoustic call surveys 

 Eight of the nine anuran species presumed to be present within the study area 

were detected in riparian corridors using acoustic call surveys. The number of species 

detected at a single site ranged from three to eight, with a mean of 5.9 species (Fig. 2). A 

species accumulation curve (Fig. 3) indicated that all eight of the detected species had 

been recorded at least once by the fifth call survey; therefore, the ten surveys performed 

at each site appear to be more than adequate to document the anuran community present. 

 Based on the pattern of detections and nondetections at each site, I used program 

PRESENCE to calculate an estimate of proportion of sites occupied (ψ ) by each species. 

Of the eight anurans detected, Pseudacris triseriata, Bufo americanus, and Acris 

crepitans were estimated to be present at 100% of the surveyed sites. Hyla chrysoscelis 

occupied just over 50% of sites, with intermediate levels of occupancy for the other 
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species (Fig. 4). Detection probabilities (p) varied by both species and survey period. 

Plotting the detection probabilities by species over all ten survey periods yields a calling 

phenology for northern Missouri anurans (Fig. 5). 

 Analyses of species occupancy (ψ) and detection probability (p) in PRESENCE 

indicated that for Pseudacris crucifer, P. triseriata, B. americanus, and A. crepitans, the 

baseline model (with occupancy varying only by species and detection probability 

varying only with time) was the most-supported (Table 3). Three of four of these species 

were estimated to be present at 100% of surveyed sites, so no landscape- or local-level 

variables could be expected to predict occupancy. Occupancy models incorporating 

percent forest within 300 m (R. blairi and H. versicolor) or percent grassland in the 

watershed (R. catesbeiana) were weakly supported, relative to the baseline model. Hyla 

chrysoscelis was the only species for which landscape- or local-level variables clearly 

improved occupancy predictions over the baseline model. The likelihood of calling H. 

versicolor occupying a site improved as the percentage of forest within 300 meters 

increased. 

In-stream surveys and habitat characterization 

In 2007 in-stream surveys, direct evidence of reproduction (presence of tadpoles 

and/or metamorphs) was detected for four anuran species—Acris crepitans, Bufo 

americanus, Rana blairi, and Rana catesbeiana. The number of species detected per site 

ranged from zero to three, with 0-47 individuals recorded per site (Fig. 6). Rana 

catesbeiana was by far the most frequently detected species, and was generally the most 

numerous species when it was present. Rana blairi was present at 13 of 26 surveyed sites.  
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Originally I planned to model both capture rate and presence/absence for each 

detected species. However, due to the low number of detections for A. crepitans and B. 

americanus (one site each) and the nearly ubiquitous presence of R. catesbeiana (24 of 

26 sites), meaningful models could only be generated for R. blairi and R. catesbeiana 

capture rates and R. blairi presence/absence. 

Because of the preliminary nature of this analysis (to the best of my knowledge, 

no other study has examined predictors of amphibian reproduction in streams of the 

Midwest), all of the potential predictors (18 physical habitat variables, 5 local land use 

variables, and 5 watershed level variables) were sorted into biologically-meaningful 

preliminary models. For example, because common stream modifications associated with 

agriculture include reductions in shading and increases in fine sediments and primary 

productivity, an “in-stream ag effects” model included mean canopy cover percentage, 

percent fine sediments, and areal cover of algae. These preliminary models were 

examined in SPSS (see Methods, above) and the predictors most strongly tied to response 

variables were retained, based on preliminary model AICc values and the p-values of 

individual variables. Although a form of data dredging, this procedure was justified given 

the lack of knowledge concerning pond-breeding amphibian use of riparian habitats. My 

objective was to identify a set of land use and physical habitat variables important to 

amphibian reproduction in streams, rather than to generate a model with robust predictive 

ability. 

The AICc, ΔAICc, and likelihood values of candidate models are presented in 

Table 4, along with model weights (w). For Rana catesbeiana capture rate, the global 
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model included the four land use or habitat variables that were both most predictive and 

biologically relevant—the number of flow refuges, bank cover of trees <0.3 m DBH, 

herbaceous ground cover of banks, and the areal coverage of algae in-stream. The best-

supported model included only the level of herbaceous ground-layer cover of stream 

banks, although models that included the number of flow refuges and the bank cover of 

small trees also had substantial support. 

The global model for Rana blairi presence included mean canopy cover 

percentage, Shreve link value, channel accessibility, and pH. Rana blairi presence was 

positively associated with the Shreve link value of a stream site, but negatively related to 

the mean canopy cover percentage in the best-supported model. The model weight for the 

“best” model, however, was modest (w=0.2513) and ΔAICc values indicated that all of 

the candidate models should be considered. 

Both canopy cover and channel accessibility were included in the global model 

for Rana blairi capture rate, as were distance to the nearest wetland, bank cover of small 

trees, and the percentage of local land cover classified as impervious. The model with the 

greatest support included channel accessibility and distance to the nearest wetland. 

Interestingly, the coefficients of both variables in the model were positive—Rana blairi 

capture rates increased as channel accessibility increased, but also when the distance to 

nearest wetland was greater. 

   Physical stream habitat characterizations quantified the types of aquatic and 

riparian corridor habitats available to amphibians and other wildlife species in northern 

Missouri. Several stream characteristics were consistent with expectations, based on the 
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location study site in the Prairie Faunal Region (defined by fish assemblages, Pflieger 

1997). Sampled reaches of streams were generally shallow (means of 3.8 to 38.2 cm), 

with fairly uniform depth. Sand was the dominant substrate, covering 64.9% of each 

sampled reach, on average. When fine substrates (silt/clay <0.6 mm) were included, these 

two size classes made up 87.8% of substrates in individual reaches. 

 Levels of in-stream cover were low—on average, only 12% of each sampled 

reach had any cover type other than algae. Algal areal cover averaged 0.07 over all sites. 

At some stream sites, cover on adjacent banks was also lacking. The ratio of bare to 

vegetated ground was as high as 1.98 and banks had an overall mean slope of 62.8%. 

Bank slope was related to bank width-to-height ratio, which I used as a measure of 

channel accessibility. Wider, shallower channels were presumed to be easier to access for 

small organisms such as amphibians. Overall mean bank width-to-height was 5.0, 

although at some transects the ratio was as low as 2.4. 

 At the local (within 300 m of a site) and watershed level, the percentage of forest 

cover was nearly the same (12.7 and 12.3%, respectively). Cropland tended to be more 

prevalent (up to 78.6% of land use) at the local level, but grassland increased at the 

watershed scale (mean of 53.1%). The number of confined animal feeding operations 

(CAFOs) upstream from sites ranged from 0 to 36, with an average of 3.96. Mean 

distance from a sampled stream site to the nearest wetland was 411.7 meters, with a 

maximum distance of 808.6 meters. 
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DISCUSSION 

Results from acoustic call surveys of anurans in the farmed landscape of northern 

Missouri clearly indicate that use of streams is more widespread than would be expected 

for traditionally pond-breeding amphibians. Eight of nine anuran species known to be 

present in the study area were detected calling from riparian corridors. Estimates of 

proportion of sites occupied (ψ) ranged from 0.52 for Hyla chrysoscelis to 1.0 for Acris 

crepitans, Bufo americanus, and Pseudacris triseriata. Therefore, nearly all species of 

northern Missouri anurans are using a large number of riparian sites across the study area 

as sites for breeding call activity. Tadpoles and metamorphs (in addition to adults) of five 

of these species were also detected in in-stream surveys, indicating that adult amphibians 

are actively using riparian corridors as foraging/refuge sites, and at least some 

reproduction is occurring in the aquatic habitats of the streams. 

Although evidence of amphibian use of streams and stream-associated habitats 

was clear, the relationship between species occupancy and local or watershed level land 

use was tenuous at best. Occupancy of only one species in the assemblage, Hyla 

chrysoscelis, could be adequately predicted with the chosen suite of land use variables. 

The percentage of forested land within 300 m of a stream site was positively associated 

with detections of H. chrysoscelis calling activity. This relationship seems intuitive, 

knowing that adult treefrogs prefer forested habitat (Johnson 2005; Johnson et al. 2007), 

but percent local forest was only a very weak predictor in occupancy models for H. 

versicolor, as well as for Rana blairi. Forest area has frequently been cited as an 

important determinant of amphibian occupancy in ponds, both for individual forest-
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associated species (e.g., Rubbo and Kiesecker 2005; Guerry and Hunter 2002) and for 

amphibian communities in general (e.g., Hecnar 1997; Knutson et al. 1999). Acoustic call 

survey data from my study, however, offer only weak support for the importance of local 

forest. 

The lack of strong relationships between anuran presence as determined by call 

surveys and land use patterns may have occurred for several reasons. First, calling 

activity at a given site does not necessarily indicate anuran reproductive success at that 

site (Knutson et al. 2004). Male anurans may call from sites where aquatic habitats would 

be unsuitable for embryo or larval survival, or from sites where no females are present. 

Thus, calling activity may not have been an adequately sensitive response variable to 

detect differences in quality among stream sites. Alternatively, the lack of predictable 

occupancy may be related to the linear nature of riparian habitats, relative to discrete 

wetlands (which have been the focus of the majority of studies relating amphibian 

occupancy to landscape features). Amphibians may move along streams more freely than 

from wetland to wetland, and therefore show a weaker fidelity to a particular stream 

reach and its associated landscape features. 

Given that at least eight anuran species call from stream-associated habitats in 

northern Missouri, my next objective was to document whether these species successfully 

breed in agricultural streams. Preliminary in-stream surveys in 2006 confirmed the 

presence of tadpoles, metamorphs, and adults of five of the detected species. In-stream 

surveys in 2007 were consistent with this finding. Dip-net and visual survey efforts 

detected clear evidence of reproductive success for four anuran species. Of these, Rana 
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catesbeiana and Rana blairi appeared to reproduce successfully at a wide range of stream 

sites (92% and 50% of surveyed sites, respectively). This pattern may indicate that 

streams in agricultural areas provide habitats that are most favorable to larger-bodied 

tadpoles. Rana catesbeiana may be especially suited to these habitats because their 

tadpoles attain the largest sizes of any species in the assemblage, are distasteful to 

predators, and are able to coexist with many fish species including sunfish (Adams et al. 

2003). Fish presence was not quantified in surveys, but sunfish (Centrarchidae) were 

observed, as well as a variety of shiners (Cyprinidae) and occasional madtoms 

(Ictaluridae). In general, Rana blairi tadpoles and metamorphs were most abundant at 

sites with few R. catesbeiana, which is consistent with studies showing negative effects 

of overwintered bullfrogs on other species of amphibian larvae (e.g., Boone et al. 2008). 

  In contrast with results from acoustic call surveys, several predictor variables 

showed relationships with R. catesbeiana and R. blairi capture rates and R. blairi 

presence. The majority of these variables were related to physical habitat features of the 

sampled stream reach, rather than local (within 300 m) or watershed level land use 

patterns. Rana catesbeiana capture rates were positively related to the number of flow 

refuges in the channel, the bank coverage of trees < 0.3 m DBH, and the ground-layer 

coverage of herbaceous vegetation, but negatively related to the in-stream areal coverage 

of algae. The number of flow refuges is likely an indicator of aquatic habitat complexity, 

whereas small trees and herbaceous vegetation provide terrestrial habitat structure and 

cover for foraging amphibians.  Areal cover of algae is not likely to elicit direct negative 
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effects on R. catesbeiana tadpoles, but probably serves as an indicator of agriculturally 

impacted streams with increased nutrient levels and increased insolation. 

For predictors of R. blairi capture rate and presence, the signs of several 

coefficients are intuitive—a negative relationship with the percentage of impervious land 

use within 300 meters and a positive relationship with channel accessibility (ratio of bank 

width-to-height). Both R. blairi capture rates and presence were negatively related to 

mean percentage of canopy cover. This result is consistent with field observations that 

Rana blairi were most abundant at relatively open sites (B. Williams, pers. observation). 

Interestingly, the bank coverage of small trees affected R. blairi capture rates in the 

opposite direction from R. catesbeiana rates. The negative effect of small tree coverage 

may be a result of R. blairi’s original prairie habitat association. 

One of the most interesting results of R. blairi capture rate models was a positive 

relationship with distance to nearest wetland. Rana blairi were more likely to be captured 

at stream sites farther from a wetland. Distance to nearest wetland was originally 

included as a predictor variable with the assumption that wetlands would serve as source 

populations and have a positive effect on capture rates. However, the negative association 

may offer support to one of the overarching hypotheses of my dissertation research—that 

amphibians in highly modified agricultural habitats use stream habitats to a greater 

degree than amphibians in more natural ecosystems. If wetlands occur at low density and 

are isolated by greater distances, amphibians may be more likely to seek refuge in 

riparian corridors and use stream habitats as breeding sites. 
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In short, the studies described here indicate that amphibian species in the 

agricultural landscape of northern Missouri use streams as both sites of breeding call 

activity and reproduction, with at least moderate reproductive success. The accessibility 

of the streams appears to be an important characteristic predicting amphibian 

reproduction in streams, and canopy cover may limit capture rates, at least for R. blairi. 

In addition to documenting the extent of amphibian use of streams as sites for calling, 

foraging, and reproduction, my results from capture rate models suggest that R. blairi are 

more likely to utilize these habitats if wetlands are distant. However, it is clear that 

streams are less-than-ideal breeding habitats for traditionally pond-breeding amphibians, 

with the highest levels of reproductive success for the large-bodied generalist species R. 

catesbeiana. Therefore, the highly modified nature of agricultural landscapes appears to 

be funneling amphibians into riparian corridors which, if heavily influenced by 

agricultural runoff, may offer low predictability in habitat quality from year to year. 

Hydrologic variability is also an important predictor of overall reproductive success, 

however. In some years it is clear that riparian habitats allow for moderate levels of 

reproduction and sustain amphibian populations. In years with high-flow events or stream 

drying during the larval period, however, agricultural streams likely act as ecological 

traps and may have a negative impact on amphibian persistence. Future studies should 

examine the physical habitat variables identified in this study as predictors of amphibian 

use, and evaluate whether improvements in those stream characteristics can increase the 

value of riparian corridors for amphibians. 
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Table 1. Summary of physical habitat variables recorded during each in-stream survey 
for amphibian and metamorphs. One reach was sampled per site, using 5 transects 20 
m apart, with sampling stations at 25%, 50%, and 75% of the wetted width at each 
transect. 

Variable Units Sampling locations 
Tadpoles/metamorphs Count Sampled reach 
Flow refuges Count by type Sampled reach 
Wetted width cm Each transect 
Bank-to-bank max width m Each transect 
Bank max height m Each transect 
Right/Left bank slope Ranked categories Each transect 
Right/Left bank cover Ranked categories Each transect 
Canopy cover estimate Ranked categories Each transect 
Evidence of livestock Yes/No Each transect 
In-channel cover Ranked categories Each transect 
Substrate size/type Categories At each station 
Water depth cm At each station 
Temperature C degrees Per site 
pH  Per site 
Conductivity uS Per site 
TDS ppm Per site 
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Table 2. Physical habitat, local, and watershed variables considered as predictors in models of amphibian 
capture rates 

Variable type 
Variable 
name Description 

Physical 
habitat 

CRAYFISH number of sweeps with crayfish 
TEMP temperature (degrees C) 
pH pH 
COND conductivity (uS) 
LIVESTOCK evidence of livestock presence (1) or absence (0) 
REFUGE number of flow refuges in sampled reach 
WWIDTHCV coefficient of variation for wetted width 

ACCESS 
channel accessibility (max bank width/max bank 
height) 

DEPTHCV coefficient of variation for depth 

CANOPY 
mean canopy cover (assigned midpoints and calc as 
%) 

HIGHSLOPE number of banks with 60-90° slope 
XCL riparian cover of trees>0.3 m DBH 
XCS riparian cover of trees<0.3 m DBH 
XGH riparian ground-layer herbaceous cover 
BG_RATIO ratio of bare to vegetated ground 
LSUB_DMM Log10[est. geometric mean substrate diam (mm)] 
ALG filamentous algae areal cover in-stream 
BRS brush and small woody debris areal cover in-stream 
OHV overhanging vegetation areal cover in-stream 

Local (within 
300 m) 

DIST_WET distance to nearest wetland (m) 
L_CROP % cropland in local area (within 300 m) 
L_FOR % forest in local area (within 300 m) 
L_GRASS % pasture/grass in local area (within 300 m) 
L_IMP % impervious in local area (within 300 m) 

Watershed 

LINK Shreve link value of stream 
W_CROP % cropland in watershed 
W_FOR % forest in watershed 
W_GRASS % pasture/grass in watershed 
CAFO_cat count of upstream CAFOs, grouped into three levels 
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Table 3. Program PRESENCE models predicting occupancy (ψ) and detection 
probability (p) for anurans detected in acoustic call surveys 

Species Best model 
P. crucifer 

ψ(.)p(t)a 
P. triseriata 
B. americanus 
A. crepitans 

R. catesbeiana ψ(watershed_grass)p(t)b 

R. blairi ψ(300m_forest)p(t)b 

H. versicolor ψ(300m_forest)p(t)b 

H. chrysoscelis ψ(300m_forest)p(t)* 
a baseline model 
b weakly supported, relative to baseline model 

* moderate support, relative to baseline model 
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Table 4. Candidate models for R. catesbeiana and R. blairi capture rates and R. blairi presence at 
stream sites. 
R. catesbeiana capture rate 
Model AICc dAICc likelihood w ER 
Global 34.253 4.107 0.128285 0.042913 7.795136
REFUGE, XCS, XGH 32.591 2.445 0.294493 0.098513 3.395666
REFUGE, ALG 31.828 1.682 0.431279 0.042913 7.795136
XCS, XGH 31.786 1.64 0.440432 0.147331 2.2705
REFUGE 31.634 1.488 0.475209 0.158965 2.104336
XCS 33.177 3.031 0.219698 0.073493 4.551696
XGH 30.146 0 1 0.334516 1
      
R. blairi capture rate 
Model AICc dAICc likelihood w ER 
Global 33.072 4.223 0.121056 0.039846 8.260623
ACCESS, DIST_WET, CANOPY, 
L_IMP 32.134 3.285 0.193496 0.063689 5.168074
ACCESS, DIST_WET, XCS 30.704 1.855 0.395541 0.130192 2.528181
CANOPY, XCS 29.767 0.918 0.631915 0.207995 1.582491
ACCESS, DIST_WET 28.849 0 1 0.32915 1
L_IMP, DIST_WET 33.456 4.607 0.099909 0.032885 10.00915
ACCESS 32.161 3.312 0.190901 0.062835 5.238316
CANOPY 32.041 3.192 0.202706 0.066721 4.93326
DIST_WET 32.042 3.193 0.202604 0.066687 4.935727
      
R. blairi presence 
Model AICc dAICc likelihood w ER 
Global 34.782 3.006 0.222462 0.055914 4.495154
CANOPY, ACCESS, LINK 33.963 2.187 0.335042 0.08421 2.984702
CANOPY, LINK, pH 32.657 0.881 0.643714 0.161793 1.553484
ACCESS, LINK 34.442 2.666 0.263685 0.066275 3.792404
ACCESS, CANOPY 33.143 1.367 0.504847 0.12689 1.980798
CANOPY, LINK 31.776 0 1 0.251343 1
CANOPY 33.324 1.548 0.461165 0.11591 2.168423
ACCESS 32.98 1.204 0.547715 0.137664 1.825767

REFUGE=number of flow refuges, XCS=bank coverage of trees<0.3 m DBH, XGH=herbaceous cover of bank 
ground-layer, ALG=in-stream areal coverage of algae, ACCESS=channel accessibility (bank max width-to-
height ratio), DIST_WET=distance to nearest wetland, CANOPY=mean canopy cover percentage, 
L_IMP=percentage impervious land cover within 300 m, LINK=Shreve link value. ER represents evidence 
ratios calculated for each model (w1/wj). 
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FIGURE CAPTIONS 

Figure 1. Sampling scheme for physical habitat characterizations. Small circles indicate 

locations of substrate and depth measurements at 25, 50, and 75% of the wetted width. 

Bank slope, bank vegetation categories, canopy cover, wetted width and bank 

width/depth were recorded at each transect. 

 

Figure 2. Histogram of number of anuran species detected per site in acoustic call surveys 

of 41 stream sites in northern Missouri.  

 

Figure 3. Species accumulation curve for acoustic call surveys. Small numbers over 

points correspond with individual call surveys. 

 

Figure 4. Estimates of proportion of area (sites) occupied (PAO, ψ) for eight anuran 

species detected in call surveys. Error bars (for species with less than 100% occupancy) 

represent + 1 SE.  

 

Figure 5. Breeding phenology of northern Missouri anurans, based on detection 

probabilities calculated from 10 acoustic call surveys at each of 41 sites. Error bars 

represent + 1 SE.  

 

Figure 6. Site-specific results from in-stream reproductive success surveys at 26 sites. 

“Number of individuals” represents tadpoles and metamorphs found at each reach. 
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Chapter 6 
 

SUMMARY AND CONSERVATION IMPLICATIONS 
 

Bethany K. Williams 
 
 
Responses to Low-dose, Chronic Herbicide Exposures Under Laboratory 

Conditions (Chapter 2) 

1. Larval amphibians in agricultural areas face chronic, low-dose exposures to 

agrochemicals in surface water. Most toxicology tests with these contaminants, 

however, have used pulsed, high doses that may not accurately predict chronic 

effects. In a laboratory study, I exposed American toad (Bufo americanus), 

western chorus frog (Pseudacris triseriata), and gray treefrog (Hyla versicolor) 

tadpoles to low levels of atrazine, S-metolachlor, and glyphosate—three of the 

most commonly detected herbicides in agricultural runoff. Exposures levels were 

based on stream water quality monitoring data and EPA drinking water standards, 

used end-use herbicide formulations, and lasted the duration of the larval period. I 

recorded survival and metamorphic traits, as these endpoints can influence adult 

fitness.  

2. Exposure to the glyphosate product Roundup WeatherMax® at 572 ppb 

glyphosate acid equivalents (a.e.; EPA drinking water standard for glyphosate) 

resulted in 80% mortality of western chorus frog tadpoles. Exposure to 

WeatherMax® or Roundup Original Max® at 572 ppb a.e. also lengthened the 

larval period for American toads. These levels were below the chronic toxicity 

reference value (TRV) calculated for glyphosate at 740 ppb a.e. Chronic atrazine 
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and S-metolachlor exposures induced no significant negative effects on survival, 

mass at metamorphosis or larval period length at the levels tested. 

3. These results indicate that exposure to herbicides common in agricultural runoff 

can cause mortality and alter life history traits for western chorus frogs and 

American toads, even at levels as low as EPA drinking water standards. The 

chorus frog mortality was likely associated with a unique surfactant/adjuvant 

combination in the WeatherMax® formulation because comparable mortality was 

not seen when tadpoles were exposed to the same concentration of glyphosate as 

Roundup Original Max®. The lengthened larval periods of toads could potentially 

result in lower juvenile recruitment from ephemeral bodies of water, if drying 

occurs before tadpoles are able to metamorphose. This study highlights the 

importance of “inactive” surfactant/adjuvant ingredient contributions to herbicide 

toxicity and indicates that future amphibian studies with Roundup WeatherMax® 

are warranted. It also demonstrates that results from chronic laboratory exposures 

at environmentally realistic levels may be poorly predicted by extrapolations 

based on traditional studies with shorter exposures and higher doses. 

 

Responses to Agricultural Stream Water Under Realistic Conditions (Chapters 3 

and 4) 

1. In order to evaluate the effects of exposure to agricultural runoff under more 

realistic conditions, I performed a laboratory test (modeled after exposures in 

Chapter 2) in which American toads (B. americanus), western chorus frogs (P. 
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triseriata), and gray treefrogs (H. versicolor) were exposed to ambient 

concentrations of contaminants present in water from four agricultural streams in 

northern Missouri. Water treatments were transported from field sites and 

renewed every three days for the duration of the larval period. I compared the 

results from laboratory stream water exposures to those from two subsequent in-

stream studies—one with plains leopard frog tadpoles (Rana blairi) and one with 

western chorus frogs and gray treefrogs. In both tests, enclosures were deployed 

at the same set of stream sites (n=5 sites and n=6 sites, respectively). The R. blairi 

experiment ran for 34 days and also served as an evaluation of the effectiveness of 

two different enclosure designs. In the second experiment, I raised western chorus 

frogs and gray treefrogs in floating enclosures for a period of 13 days. Tadpoles 

were then transferred to clean water and monitored for an additional 13-day post-

exposure period to identify any delayed effects. 

2. In the laboratory, survival was near 100% and growth and development were 

enhanced in stream water treatments relative to controls. The R. blairi experiment 

indicated that my floating plastic enclosure design was more effective than 

submerged enclosures for in-stream studies with amphibian larvae (average 

survival of 78% in floating enclosures, compared to just 12% in submerged). 

Water quality monitoring data indicated that detections of herbicides and other 

contaminants were similar across all sites during the experiment, regardless of 

differences in land use or prior agricultural chemical history. Rana blairi tadpoles 

at two of the more agriculturally-influenced sites (Intrepid and Coventry) 
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developed faster and grew up to four times larger than those at other sites. In a 

subsequent experiment, however, both H. versicolor and P. triseriata performed 

poorly at those same two sites. Hyla versicolor tadpoles showed the lowest 

survival at Intrepid and 70% of tadpoles of both species at site Coventry died in a 

pulse of post-exposure mortality.  

3. Under laboratory conditions, exposure to agricultural stream water seemed to be 

benign for tadpoles of the three species tested. In fact, exposure to any stream 

water treatment enhanced the growth and development of two of three species, 

likely as a result of organic matter and bacteria providing additional resources 

relative to controls. These enhancements could be expected to positively impact 

adult fitness. In the field, however, sites with greater agricultural influence 

appeared to provide less predictable habitat quality for amphibian larvae. Results 

between the two enclosure studies tended to differ strongly for more agricultural 

streams, whereas results from lower-impact sites were more consistent year-to-

year. Therefore, agricultural streams may appear to be attractive habitats for 

breeding amphibians, but likely act as ecological traps in some years. Based on 

water quality monitoring data, land use may be a poor predictor of herbicide 

levels in stream water in a given year. Overall, the use of floating plastic 

enclosures was an effective means to examine effects of complex contaminant 

mixtures within a realistic exposure context and, as in previous studies, uncovered 

effects that could have been missed in the laboratory. 
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Calling Activity and Reproductive Success at Stream Sites (Chapter 5) 

1. In order to better understand amphibian use of riparian habitats for breeding, I 

carried out acoustic call surveys at 41 northern Missouri stream sites and in-

stream surveys for evidence of reproductive success at a subset of 26 sites. Based 

on call survey data, I examined the influence of local (within 300 m) and 

watershed land use patterns on amphibian occupancy of sites while accounting for 

detection probabilities. In addition to in-stream surveys, I completed a physical 

habitat characterization at each site, focusing on terrestrial and aquatic habitat 

components that would be important for amphibians. Physical habitat variables as 

well as local and watershed land use variables were used to construct models 

predicting the presence and capture rates of individual amphibian species. 

2.  I found that eight of the nine anuran species assumed to be present in the study 

area were detected calling from surveyed stream sites, with a mean of 5.9 species 

detected per site. Local and watershed land use were generally poor predictors of 

occupancy, although amount of forest within 300 m was positively associated 

with likelihood of calling activity for Cope’s gray treefrog (Hyla chrysoscelis). 

Evidence of successful reproduction in stream habitats was detected for five 

anuran species during in-stream surveys, and two species were detected 

frequently enough to run capture rate models. Rana catesbeiana reproduced 

successfully at 92% of sites, compared to 50% of sites for Rana blairi. Results 

from a generalized linear model analysis with comparison of AICc values 

revealed that several candidate models were supported for capture rates of these 
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two species in the streams, rather than one “best” model. Rana catesbeiana 

captures were positively related with bank vegetation and the number of flow 

refuges, and negatively related with in-stream coverage of algae. Rana blairi 

captures were positively associated with bank width-to-depth ratio and distance to 

nearest wetland and negatively associated with canopy cover. 

3. Clearly, amphibians in agricultural areas are using riparian habitats as sites for 

calling and reproduction to a much greater extent than might be expected for 

pond-breeding species in less-modified landscapes. Because amphibians likely 

call from streams opportunistically, distributions based on calling activity are only 

weakly related to land use variables. However, nearby forest appears to be 

important at least for some species, and increasing forested buffers around 

riparian corridors might improve conditions for forest-associated species. Physical 

stream habitat variables were generally more important than local or watershed 

land use in predicting capture rates of tadpoles and metamorphs. Abundant bank 

vegetation likely provides cover and foraging areas for adults, while flow refuges 

allow overwintered R. catesbeiana tadpoles to avoid being swept downstream 

during high flows. Channel accessibility seems to be an important habitat feature 

for R. blairi, with higher capture rates at wider, shallower sites. Interestingly, R. 

blairi capture rates also increased with increasing distance to nearest wetland. 

This relationship implies that R. blairi may be more likely to breed in stream-

associated habitats if other wetlands are distant. Although streams are not ideal 

larval habitats for pond-breeding species (as evidenced by the dominance of the 
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generalist species R. catesbeiana), the results from acoustic call surveys and in-

stream surveys point out that streams may play an important role in sustaining 

amphibian populations in agricultural areas. Future studies should investigate 

whether physical habitat improvements (e.g., bank plantings) can increase the 

value of riparian corridors for amphibians.    
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