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ABSTRACT 

 

 

The purpose of this study was to examine the synergistic effects of Bactrachochytrium 

dendrobatidis (chytrid fungus) and sub-lethal nitrate concentrations on fitness response of the 

African Clawed Frog, Xenopus laevis.  The concern is that the increases in environmentally 

accelerated anthropogenic influenced nitrogen cycling has stressed otherwise healthy 

amphibians and, when introduced with B. dendrobatidis, the amphibians are less able to mount 

an appropriate immune response. The purpose of the experiment to determine if fitness cues 

normally unseen with infected Xenopus laevis frogs and tadpoles will be exacerbated when 

influenced with environmentally relevant increased nitrate levels.  Conversely, our null 

hypothesis was no change in fitness when subjected to both B. dendrobatidis and nitrate. The use 

of this species allowed researchers to test changes that occurred without concern of killing 

native, naïve species further, thus allowing us to study stressors rather than the outcome of the 

disease in naïve species (i.e. death).  Results indicate tadpoles exposed to high nitrate 

concentrations experience increased mortality, clutch variability, differences in growth when 

exposed to chytrid, and increased weight at metamorphosis was uncoupled from time to 

metamorphosis.  Post-metamorphic observations indicate clutch variability, body weight affected 

by nitrate, and chytrid infection after metamorphosis. Chytrid infection before metamorphosis 

had no impact on growth or development in post-metamorphic results.  Body condition was also 

significant among nitrate groups and clutches. Regression analyses indicate those exposed to the 

highest nitrate concentrations experienced a greater increase in weight after metamorphosis 

experiencing a response reaction similar to other treatment groups.  
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Figure 1: Global chytrid infections associated with mortality 

in amphibians (Fisher et al. 2009) 

 

INTRODUCTION 

 

Pathogenicity of the chytridiomycota fungus, Batrachochytrium dendrobatidis has 

emerged as a global epidemic in amphibians.  Studies conducted throughout the late 20
th

 century 

to the present have identified the chytrid fungus, B. dendrobatidis, as a factor responsible for 

many amphibian mass die-offs caused by the disease chytridiomycosis (e.g., Lips et al. 1999, 

Young et al. 2001, Stuart et al. 2001).  A number of researchers consider B. dendrobatidis (a 

chytrid fungus considered the causative agent of the disease chytridiomycosis) to be a main 

cause in the current declines of more than four hundred different anuran and caudata species 

(e.g., Lips et al. 1999, Berger et al. 1998, Skerratt et al. 2007, Fisher et al. 2009), including 

many poison dart frogs (Anura Dendrobaticlae dendrobatidis) and harlequin frogs (Atelopus 

genus of „true toads‟) of Central America (Young et al. 2001).  South American amphibians have 

also experienced the infection. Carnaval et al. (2006) found amphibian chytrid infection dating to 

1981 in Brazil roughly coinciding with the first reports of mass amphibian die-offs.  

Batrachochytrium dendrobatidis has also been found in North American (Ouellet et al. 2005), 

European (Bosche et al. 2001, Garner et al. 2005) and Australasian species of amphibians 

(Berger et al. 1998, 1999) 

(Figure 1).  

Weldon et al. (2004), 

has suggested an „out of 

Africa‟ theory to explain 

the spread of B. 

dendrobatidis.  Infected 
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museum specimens have been found to date as early as 1938 in South Africa.  After the 

discovery that Xenopus laevis could be used for human pregnancy testing, it was distributed 

worldwide. The African Clawed frog, Xenopus laevis, was suggested as the method of 

dissemination and may experience sub-lethal effects- including no mass die-offs and no clinical 

signs with exposure- when exposed to chytrid (Weldon 2004).   The spread of infection was 

discovered in the 1960s in North America, Australia in the 1980s, and Europe in the 1990s.   

Batrachochytrium dendrobatidis infects the keratinized mouthparts of post-metamorph 

amphibians and is visually characterized in adults by abnormal posture, lethargy, loss of righting 

response, lesions, sloughing of the skin, and eye, skin and muscle ulceration often leading to 

death in naïve species (Ouellet et al. 2004, Lips 1999, Longcore et al. 1999, Berger et al. 1999, 

Olsen 2004).  Parker et al. (2002) described loss of appetite, skin sloughing, dark pigmentation 

and lack of a slime layer necessary for pathogen defense in infected Xenopus tropicalis. Other 

abnormalities include the inability to remain in a tucked position, dragging legs behind the body, 

sluggish movement, and increasing the risk of predation by remaining in open water (New South 

Wales Government 2008).  Davidson et al. (2003) demonstrated that infection of B. 

dendrobatidis in Ambystoma tigrinum stebbinsi, the Tiger salamander of Arizona, did not always 

cause mortality.    Davidson et al. (2007) studied the interaction effects of stressors on 

amphibians. The research included both the pesticide carbaryl and chytridiomycosis infection 

(the disease caused by B. dendrobatidis) on a group of Yellow-legged Frogs (Rana boylii) in 

North America.  They found no correlation between chytrid infection, carbaryl and no interaction 

between these factors. However, the researchers did note chytridiomycosis suppressed growth of 

the metamorphosed frogs. Davidson et al. (2007) surmised the carbaryl may have lowered the 

natural skin peptides that normally inhibit chytrid growth. As the skin peptides were decreased 
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Figure 2: Current decline and causes of threatened status of 

amphibians (Stuart et al., IUCN 2001) 

the reduction in growth indicated a potential increase in susceptibility to the pathogenic effect of 

B. dendrobatidis. Many proposed factors in addition to chytridiomycosis have been examined to 

describe the current decline in amphibians: human encroachment and ecosystem alteration; 

changes in water pH; UV light; carbaryl; atrazine and other pesticides; herbicides; contaminants; 

global temperature increases; etc. (Houck & Stanley 2006, Pounds et al. 2006, Blaustein et al. 

1994, Reading et al. 2007) (Figure 2).  Yet, little has been published on the combinations and 

interactions of chytrid and these factors.   These interactions have only recently been studied and 

very little is known about the changes in local environmental contamination and effects on the 

pathogenicity and epidemiology of B. dendrobatidis (Davidson 2007, Parris & Baud 2004).  

Parris and Baud (2004) found copper to inhibit growth of the B. dendrobatidis and lengthened 

metamorphosis time of the Gray Treefrog (Hyla chrysoscelis).  Curiously, copper also lowered 

the susceptibility of the Gray Treefrog to infection by B. dendrobatidis.  Whatever the effect of 

heavy metal copper on B. dendrobatidis, evidence also suggests amphibians may be susceptible 

to multiple stressors (e.g., Taylor et al. 1999,  Kiesecker & Blaustein 2001,  Parris & Cornelius 

2004).   

 

The advancement of 

agriculture has altered local 

landscapes through the 

introduction of not only 

chemical pesticides but also 

through large amounts of 

nutrients such as increased 
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Figure 3: The Nitrogen Cycle: UN Food and 

Agricultural Organization 

ammonia nitrate and sodium nitrate for fertilizer (Rouse et al. 1999,  Fenn et al. 2003).  Nitrate 

(NO3) is the most stable nitrogen ion of the nitrogen cycle and is readily taken up by plants for 

biosynthetic activity.  Rouse et al. (1999) listed nitrogen available in the aquatic environment in 

four forms, listed most to least toxic: ammonium ions, ammonia, nitrite, and nitrate. Increases in 

aquatic nitrate levels can have a detrimental effect on local ecosystems by making available 

nitrate, usually a limiting factor, for excessive uptake and aggressive growth that may lead to 

algal blooms. The algal blooms cause anoxic conditions within a body of water, which then lead 

to fish kills. Excessive concentrations of nitrogen also become toxic in the other three forms 

(ammonium ions, ammonia, and nitrites). Global nitrogen cycling occurs by both anthropogenic 

means and natural means (Figure 3). The agriculture industry currently uses 83 million tons of 

fertilizer a year for a total of 160 million tons of nitrogen annually (Guillettte & Edwards, 2005). 

Agricultural use is highly seasonal and is the largest nonpoint source of nitrate fertilizers 

(Carpenter et al. 1998).  Since nitrate pollution is a large problem for aquatic ecosystems, the 

possibility for interactive effects with B. dendrobatidis requires further study (Carpenter et al. 

1998, Rouse et al. 1999).   

 

Rouse et al. (1999) indicate 

that environmentally high (1 mg/L 

(ppm) NO3-N to 100 mg/L (ppm) 

NO3-N) nitrogen per nitrate levels 

occurred as a result of agricultural 

runoff, animal and human waste 

practices, etc. High nitrate 
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concentrations have been suggested to cause endocrine disruption, metabolic effects, 

reproductive and developmental abnormalities (see also: Guillette 2004, Guillette & Edwards 

2005).  Normal background nitrate concentrations are trace amounts to 3 NO3-N on average 

nitrate concentrations in the agricultural fields of North America range between 2 and 40 NO3-N 

(Rouse et al. 1999). During spring and fall, breeding, larval development and metamorphosis 

times mirror the influx of nutrients due to anthropogenic external fertilization and subsequent 

runoff.  Rouse et al. (1999) further indicated that high levels occur in the fall, winter and spring 

due to an overall decrease in nitrogen uptake over these seasons.  This study suggests that as X. 

laevis is considered to be a silent carrier, chronic infection remains constant yet sub-lethal. 

Various nitrogen forms in the nitrogen cycling process, particularly those listed above; affect 

aquatic animals by converting oxygen-carrying pigments such as hemoglobin and hemocyanin to 

forms unable to carry oxygen (Camargo 2005).  As an example of vertebrate nitrate toxicity, 

newborn humans have been suggested to lack the appropriate bacteria in the gut to adequately 

absorb the nitrogen and convert it from nitrate to nitrite.  This lack of bacteria and subsequent 

lack of conversion of nitrates causes Baby Blue Syndrome, or Methemoglobinemia, a disease 

causing mental retardation, stroke, anoxia and death (Guillette & Edwards 2005).  Aquatic 

amphibians are particularly sensitive to addition nitrates from runoff and other anthropogenic 

increases in nitrates (Barbeau & Guillette 2007, Edwards et al. 2006, Ortiz-Santaliestra et al. 

2006, Xu & Oldham 1997).  Pulsed exposure of nitrate to Xenopus laevis adult females indicated 

decreased follicular stages 5 and stage 6 diameter of oogenesis and less estrogen and testosterone 

steroidogenesis than in control individuals (Barbeau and Guillette, 2007).  They concluded that 

ovarian steroidogenesis and follicle size are affected by even a pulse event of nitrate.        
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 Nitrate toxicity is another factor that may be responsible, in part, for amphibian declines 

near agricultural or aggressively developed areas where fertilizer is commonly and liberally 

used.  Xu and Oldham (1997) found the Common Toad, Bufo bufo had delayed time to 

metamorphosis and displayed „unusal‟ swimming patterns. Toads were also missing or had 

deformed forelimbs and toes.  Delayed metamorphosis can result in lower fecundity and longer 

exposure to predators.  Marco & Blaustein (1999) demonstrated that Cascades frogs, Rana 

cascadae, exposed to 3.5 ppm NO3-N were less developed (smaller snout-vent length (SVL) at 

metamorphosis, longer time to metamorphosis, etc.) than control frogs after emerging from 

metamorphosis.  This increased time to metamorphosis may increase risk of tadpole predation 

and growth retardation.  

 Potential interaction effects between B. dendrobatidis fungus infection and nitrate 

exposure have not been explored.  Changes in behavior and metamorphosis of amphibians have 

been noted for chytrid infection in the wild and in zoos and parks (Parker 2002, New Wales 

Government 2008).  Similarly, some of these changes have also been noted as a result of 

nitrogen exposure (Griffis-Kyle & Ritchie 2007, Gillette & Edwards 2005, Xu & Oldham 1999).  

This study proposes that nitrogen toxicity and B. dendrobatidis infection may have a synergistic 

effect detrimental to successful development and growth in both tadpole and subsequent froglet 

X. laevis.  The purpose of this study was to examine two factors including anthropogenic 

stressors and the interaction of an apparently tolerated pathogen on Xenopus laevis. The research 

included an examination of nitrate toxicity effects on tadpole and froglet Xenopus fitness 

(defined as weight, snout-vent length, growth, day to metamorphosis, and body condition), the 

effect of chytrid on X. laevis tadpole fitness and the interactions of these two factors on 

survivability and fitness of tadpoles and froglets.  A hypothesis of no effect was formulated to 
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test the interaction between chytrid infection and nitrate toxicity on metamorphic and growth 

characteristics of Xenopus laevis.  A factorial ANVOA was used to assess the impact of these 

factors, defined above, by using 3 distinct nitrate concentrations and two B. dendrobatidis 

infection regimes for pre-metamorphic tadpoles. As froglets emerged from metamorphosis, 

exposure regimes to B. dendrobatidis and nitrate were continued to assess the impact of pre-

metamorphic exposure on post-metamorphic growth and survival of froglets. 

 

 

MATERIALS AND METHODS 

 

Chytrid Culture- A sample of Batrachochytrium dendrobatidis (isolate JEL 423) was 

obtained from the laboratory of Dr. Joyce Longcore of the University of Maine 

(http://www.umaine.edu/chytrids/Batrachochytrium/culturing_directions.html). Stock cultures 

were maintained in tryptone broth (1% tryptone and 1% agar per 500mL of distilled water) at 23 

C per instructions following the chytrid website of Dr. Longcore given above.  Media plates 

were inoculated using zoospores from broth cultures and incubated at 22 C for 10 days.  After 

confirmation of growth under a compound microscope, zoospores were harvested by flooding 

each media plate with 3 mL of distilled water which was decanted after 30 minutes (Longcore 

1999, personal communication). Zoospores were counted using a hemocytometer, to determine 

density (3000-7000 zoospores/ml) (Parris, 2004 a, b). Appropriate handling of all culture 

material was conducted to preclude contamination of laboratory surfaces using bleach and 

ethanol as suggested by the Australian Wildlife Health Network (Chytridiomycosis - amphibian 

chytrid fungus in Australia Fact Sheet (http://www.environment.gov.au/biodiversity 

/invasive/publications/c-disease/factsheet.html)). 
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Figure 4: Adult X. laevis housing container 

Fungal Clearing and Housing of Adult Breeders- Six male and six female first 

generation adult offspring of wild-caught Xenopus laevis were purchased from Xenopus Express, 

Inc. (www.xenopus.com; Brooksville, FL). Upon arrival from the supply company, all frogs were 

individually maintained in plastic 12 qt. Rubbermaid storage containers with lids containing 

airholes; a static /closed housing system as described in The Laboratory Xenopus Sp , A Volume 

in the Laboratory Animal Pocket Reference Series (CRC Press, S. L. Green , 2010) was used.  

Animals were housed in approximately 2  L of dechlorinated tap water (using Amquill Water 

Detoxifier; Xenopus Express, Inc.).  Both males and females were fed at least twice per week; 

complete water changes were 

performed about 4 hours following 

feeding.  Adult sinking food (SF) was 

purchased from Xenopus Express, Inc. 

in order to continue breeders on a 

familiar diet.  All adult boxes were 

housed on a stainless steel laboratory 

rack that was partically covered with 

cloth to avoid disruption; small sections 

of PVC pipes of at least 4 inches 

diameter were  provided for refuge sites/enrichment (Figure 4).  

Ambient light from a north-facing window provided a natural photoperiod.  Laboratory 

temperatures varied between 21 and 24
o
C.  Replacement water used for tank cleaning was 

allowed to reach room temperature before use.  On the fourth day after arrival, the first skin 

samples by swabbing of the underbelly and webbing between the hind toes were taken for 
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shipment to San Diego Zoo: Amphibian Disease Laboratory for Chytrid detection by Taqman 

PCR (Amphibianlab@sandiegozoo.org, pers. comm.). Swabs were taken once a week for three 

weeks and 3 swabs were taken for each individual (i.e. one swab per individual per week).  One 

female died before the third swab was able to be taken (April 12, 2010: results indicated two 

positive results for this particular female but otherwise cause of death is unknown).  On May, 3 

new males and 2 females were obtained, quarantined and not tested.  Individuals were 

maintained in separate containers until determination of infection by results from San Diego.  

During this time, water changes and ad libitum feeding occurred every three days.   

Practices were introduced during this time to stave any possible contamination from other 

individual adult X. laevis.  Techniques used to prevent spread of the chytrid are outlined in A 

Manual For Control of Infectious Diseases in Amphibian Survival Assurance Colonies and 

Reintroduction Programs (Pessier & Mendelson, 2010).  Separate containers were used each 

water change, rinsed with 70% ethanol and thoroughly dried; both containers remained with each 

frog through the entire process. All sinks, counters and utensils were thoroughly rinsed between 

individual water changes with 70% ethanol and dried.  Nitrile gloves were changed between 

water changes.  

Initial results indicated 2 of 6 females positive, one of these females died between swab 2 

and 3.  Four of 6 males tested positive for at least one swab sample of three. Treatment with 

fungicide or antibiotics was decided on (Megan Jones DVM, San Diego Zoo, pers. comm.) as 

well as a temperature increase to 28-30 C (Woodhams et al. 2003, Phil Bishop, pers. comm.). 

Since males were shipped in multiples, all individuals were treated regardless of test result status 

to avert any silent or emerging infections.  Adults were treated with a 0.01% Itraconozol 

fungicide (Nichols, 2001) as well as an increase in temperature to 30 C. Woodhams et al. (2003) 
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worked with terrestrial adult frogs and were able to clear the chytrid infection by increasing the 

temperature to 28 C; however, since this study worked with completely aquatic frogs, questions 

arose to the efficacy of increasing temperature alone.  During the treatment phase, adults were 

moved to 10 gallon glass tanks and kept in 6 liter of amphibian‟s ringer‟s solution (Pessier & 

Mendelson, 2010); two frogs of the same sex were maintained in a single tank. Over a four day 

period the temperature was raised from 24 to 28-30 C. After an initial adjustment phase of two 

days at 28-30 C, treatment with 0.01% itraconozol in aqueous solution (SPORANOX Oral 

Solution, Janssen-Cilag Ltd, High Wycombe, UK) was introduced in 5 minute baths in Ziploc 

bags daily for 10 days.  Each day freshly treated frogs were moved to a clean 30 C tank filled 

with tap water treated with AMQUEL solution.  After 10 days, amphibians were maintained at 

30 C for four more days and then temperature was gradually decreased to room temperature over 

another four days.  At this time, three sets of swabs were obtained per individual and set for re-

testing to San Diego Amphibian Disease Lab.  Of the original 6 animals that initially tested 

positive before treatment, five tested negative after the fungal treatment protocol.  Six pairs were 

selected for breeding; all had been treated and tested negative.   

 Adult Breeder Maintenance - Adult pairs were induced to breed by injection of 1000 

units of human chorionic gonadotropin (HCG, American Pharmaceutical Partners, Inc., Los 

Angeles, CA, USA) in the dorsal lymph sac following instructions of technicians at Xenopus I, 

Inc. (Dexter, MI).  An injected pair was housed in 12 qt plastic container with a large mesh 

screen barrier on the bottom to prevent adult damage of eggs. For breeding and all experimental 

protocols other than adult maintenance, reconstituted moderately hard water (MHW) was used in 

all containers. MHW, used for both fertilization and experimental tests, consisted of 95 mg 

NaHCO3, 3 mg MgSO4, 0.4 mg KCl, 50 mg CaSO4 and 50 mg CaCl2 in 1 L of deionized water.  
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All MHW used in this experiment will be produced at least one day prior to water changes in 75 

L amounts; this allowed for even mixture of solutes and adjustment of water to room 

temperature. Potential breeding pairs were place in 6  L MHW.   They are kept in the dark and 

undisturbed for one day.  After successful fertilization, adults were returned to their individual 

tanks for routine care and mainenance, described above.  After sucessful breeding, all adult frogs 

were separated and individually housed.  Feeding schedules, cleaning and enrichment for adults 

will be conducted as described for maintenance in the smaller containers.  Daily records were 

maintained to indicate individual adult status, feeding and water change schedules.  For long-

term culture, adults will be housed on a stainless steel portable rack that will  facilitate 

movement for cleaning as well as appropriate environmental conditions (eg., away from 

excessive laboratory activity). 

Breeder Induction and  Maintenance – Infection-free adult pairs (6) were induced to 

breed by injection of 1000 units of human chorionic gonadotropin (HCG, American 

Pharmaceutical Partners, Inc., Los Angeles, CA, USA) in the dorsal lymph sac following 

instructions of technicians at Xenopus I, Inc. (Dexter, MI).  Each injected pair was housed in 

37.85 L (10 gal) glass aquarium with a large mesh screen barrier on the bottom to prevent adult 

damage of eggs. For breeding and all experimental protocols other than adult maintenance, 

reconstituted moderately hard water (MHW) was used in all containers. Potential breeding pairs 

were  placed in 6  L MHW.   Animals were covered and left undisturbed for one day.  All six 

pairs successfully produced fertilized eggs following this procedure. After fertilization, adults 

were returned to their individual tanks for routine care and maintenance, described above.  Daily 

records were maintained to indicate individual adult status, feeding and water change schedules.   
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 Fertilized eggs remained in the original breeding aquaria with aeration, partial water 

changes and daily removal of unfertilized and necrotic eggs until hatching had occurred and 

tadpoles had become free-swimming (4 - 6 days). No mixing of tadpoles among the clutches 

occurred at any time during this period or the experiment itself.  Ad libitum feeding of tadpoles 

using Xenopus Express Tadpole Powder (www.xenopus.com; Brooksville, FL) was then initiated 

on a daily basis.  Tanks were monitored daily for removal of dead tadpoles or necrotic eggs; one-

quarter to one-half clean water changes were made daily.  Tadpoles from the largest three 

clutches were randomly selected on day 11 of age for addition to experimental treatments, 

described below. 

 Experimental Design – Sub-lethal nitrate concentration (0, 40 and 80 mg/L or ppm NO3-

N), pre-metamorphic exposure (BDB; to be read as “B.d.-before metamorphosis” either present 

or absent) to the fungus Batrachochytrium dendrobatidis, post-metamorphic exposure to B. 

dendrobatidis (BDA; to be read as “B.d. –after metamorphosis” either present or absent), and 

tadpole clutch (3 clutches of full-siblings) were main effects in the full factorial analysis of 

variance design, resulting in a 3*2*2*3 Factorial ANOVA.   Experimental animals subjected to 

the different treatment combinations were divided into two distinct groups: half of all animals 

tested were euthanized at metamorphosis and so did not receive a BDA treatment; the remainder 

of metamorphs were moved into the post-metamorphic stage of the experiment (BDA) and 

allowed to continue froglet growth.  Consequently, data gathered for animals euthanized at 

metamorphosis was analyzed as a 3*2*3 ANOVA, consisting of 12 distinct treatment 

combinations (e.g., 0 ppm nitrate, no BDB, clutch 1); data for froglets was analyzed as a 

3*2*2*3 ANOVA (e.g., 0 ppm nitrate, no BDB, no BDA, clutch 1).   In each of the original pre-

metamorphic treatment combinations, twelve 800 ml pre-sterilized glass jars were used to house 
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tadpoles.  Four tadpoles were randomly selected from the same clutch and added to a single jar; 

four jars were used for each clutch, totaling a maximum possible 16 animal/clutch, or 48 animals 

per treatment combination.   The total number of original tadpoles in the experiment was 576.  

Dead tadpoles were removed and replaced from jars during the first four days of housing in 

experimental jars.  Thereafter, dead animals were removed but not replaced. Nitrate addition to 

the water began approximately one week after initial setup of jars (tadpole age approximately 18 

days); addition of fungus to appropriate treatment combinations began approximately 1 week 

later (tadpoles were, on average, about 25 days of age at this time).  Sodium nitrate (Fisher 

Chemicals) was used to achieve desired concentrations of nitrogen per nitrate (NO3-N). The 

distinction of ammonia nitrate and sodium nitrate was carefully considered in this study. 

Although most of the fertilizer applied comes in the form of anhydrous ammonia by soil 

injection (one-third total annual 

deposition), the other two-thirds are 

from ammonium salts and nitrogen 

containing compounds, in which 

sodium nitrate is classified (EPA 

1999). Sodium nitrate was used for 

one particular purpose: to exclude 

the ammonium effect of ammonium 

nitrate to study solely the effects of nitrate concentrations as a main effect as sodium is 

ubiquitous within the aquatic environment.   Sullivan & Spence (2003) found nitrate had no 

effect on mortality on X. laevis in nitrate concentrations of 0, 37 and 292 mg/L of NaNO3 in the 

tadpole stage.   Following one week of nitrate exposure, chytrid exposure occurred with the 

Figure 5: Experimental Set-up of Tadpole Portion 
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second water change of each following week.  Chytrid zoospores were harvested from prepared 

media plates, described above, to achieve a combined volume of plate rinse needed for fungal re-

exposure. As for the nitrate renewal, a single batch of chytrid zoospores were prepared to 

sufficiently dose all individual containers in that week; average chytrid exposure varied from 

week to week, but was within a range (3,000 - 7,000 zoospores/ml of MHW; e.g., 900,000 to 

3,000,000 zoospores/300 ml MHW) as typical of other chytrid exposure studies (Parris, 

2004a,b).  Chytrid exposure continued until metamorphosis of tadpoles.  In the remainder of this 

text, the nitrogen-nitrate concentration is indicated as 0, 40 or 80 ppm NO3.   Fungal exposure, 

both BDB and BDA, is indicated as a plus (+) or minus (-).  

 During the experiment, jars were housed in the middle of the laboratory on two 

adjacent bench tops, separated by approximately 4 ft (Figure 5).   The 12 jars used for each 

treatment were placed, as a group, on the bench top. Six treatment groups were arranged on each 

bench top.  To minimize fungal contact, chytrid-exposed and non-chytrid exposed treatments 

were placed on opposite sides of the bench area.  Three 4-foot full-range natural light fluorescent  

fixtures were suspended above each of the two bench tops, approximately four feet above the jar 

tops, providing equivalent photoperiod exposure (12:12 hour photoperiod) for all treatment 

tadpoles.  A Plexiglas plate was suspended between the light fixtures and the jar tops; these 

plates, attached to 1" by 2" PVC frames, were drilled with holes to allow placement of air stones 

and tubing to each individual jar.  Air-stones were gently swabbed with non-bleached papers 

towels for re-introduction to jars after water renewal. The entire area of bench-tops used for the 

experimental groups was separated by plastic curtains to minimize potential contact of the 

fungus between the no-Chytrid and Chytrid treatment sides. Complete water and nitrate renewal 

were conducted on a routine schedule each week.  The needed amount of MHW was made on 
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Mondays and Fridays, one to two days prior to water changes.  Water was stored in large 

moveable Rubbermaid garbage containers.  For each water replacement, sufficient MHW with 

the appropriate nitrate concentration was produced in a single batch to decrease variation in 

concentration among replicates.  Fifty percent water changes were conducted on Wednesday and 

Saturdays (allowing no more than 4 days between water changes).  Previous experiments in this 

laboratory suggest that 3 - 4 day partial water changes are sufficient to avoid metabolic waste 

accumulation and possible microbial growth on uneaten food particles.  A duplicate set of jars 

were pre-sterilized before each water change to assure appropriate elimination of B. 

dendrobatidis in any container and to minimize impact of water change on the tadpoles.  All 

used water from jars that contained B. dendrobatidis was poured from the jars and collected in a 

large rubber trash container; at the end of all water changes, this B. dendrobatidis infected water 

had approximately a 10% volume addition of bleach and was allowed to sit covered for 24 hours, 

after which disposal via the laboratory drain occurred.  The emptied jars were sprayed with 90% 

ethanol and allowed to dry, effectively killing any B. dendrobatidis left in jars.  The dried jars 

were scrubbed with non-bleached paper towels and hot water, followed by a de-ionized water 

rinse. Clean jars were inverted on a stainless steel rack carrier for complete air drying.  These 

housing conditions continued until the last individual had reached metamorphosis, defined here 

as complete resorption of the tail.   

Initially, experimental tadpoles were maintained in 300 ml MHW; following a three day 

acclimation period and replacement of tadpoles that did not survive transfer, appropriate amounts 

of nitrate and, following this, B. dendrobatidis concentrations were initiated for the different 

treatments. Once tadpoles were assigned to individual tanks, the same amount of prepared 

tadpole powder was added to each jar per day, allowing for an increase in food availability as the 
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tadpoles increased in body size.  As tadpoles grew, container water volume was also 

appropriately increased from 400 to 600 and then 800 ml (all adjustments made with regard to 

feeding and water volume occurred at the same time for all experimental organisms).  All 

tadpoles experienced the same laboratory temperature, which varied between 73 - 77
o 
F, 

recommended for X. laevis (Green 2010). 

  At metamorphosis, one half of individuals from each treatment combination were 

euthanized using MS-222.  The remainder of experimental animals that achieved metamorphosis 

were housed individually in plastic (PP) sandwich size covered boxes with approximately 300 ml 

of appropriate MHW treated with the same nitrate concentrations as experienced as tadpoles.  

Small plastic aquarium leaves were provided for individual cover; aeration was promoted by 

drilling holes in box lids.  At this point, the appropriate BDA treatment was initiated, so that 

twelve distinct treatment combinations were maintained. Water changes were conducted as 

described for tadpoles, approximately every 3-4 days.  Chytrid was reintroduced to each box 

every two weeks during the post-metamorphic growth period.  Animals were housed at room 

temperature.  Froglets were switched from tadpole powder to sinking frog pellets as used for the 

breeding adults.  Feeding occurred following each water change and animals were all fed similar 

amounts with each feeding. 

 Tadpole and Froglet Response Variables- Animals euthanized at metamorphosis were 

immediately weighed (in grams) on a digital scale and a snout-vent length (cm) was obtained 

with digital calipers.  Animals were preserved in 90% ethanol for future reference and 

histological work.  Days to metamorphosis (DAY) was recorded for each individual.  Froglets 

were anaesthetized with MS-22 on day 128 from fertilization.  Animals were lightly blotted on 
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paper towels and a body weight and snout-vent length was measured.  Animals were then 

returned to their containers; all recovered from the brief anesthetic treatment.   

For animals euthanized at metamorphosis, variables for analysis included metamorphic 

body weight (MWGT), snout-vent length at metamorphosis (MSVL), body condition (K1) 

measured as MWGT/MSVL, and growth (GROWTH1) defined as MWGT/DAY.   For froglets 

measured on day 128 after fertilization, response variables included post-metamorphic body 

weight (PMWGT), snout-vent length (PMSVL), body condition (K2) measured as 

PMWGT/PMSVL, and growth (GROWTH) defined as PMWGT/FROGDAYS.  Here, 

FROGDAYS represents a measure of the number of days from metamorphosis to day 128 when 

first froglet measures were taken. 

 Statistical Analysis-The SAS system for PC version 9.1.3 Service Pack 4 (Sas Institute, 

2002-2003, Cary NC, USA.) was used for all the statistical tests in this experiment.  Normality of 

the measured variables (e.g., body weight, snout-vent length) was assessed using the procedure 

PROC UNIVARIATE and the option for normality testing.   Factorial ANOVA was conducted 

using the procedure PROC GLM.  Regression analyses were also conducted using PROC GLM.. 

A significance level (p) of 0.05 or less was used in all statistical tests (i.e., for tests with p values 

< 0.05, the null hypothesis was rejected).  Table 1 lists the specific hypotheses in the Factorial 

ANOVA tested for all dependent variables of individuals in the tadpole stage.  Table 2 lists 

specific hypotheses tested for dependent variables measured on froglets. 
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Table 1: Null Hypotheses of Dependent Variables (i.e. Weight) for pre-metamorphic tadpoles 

 

Ho1: Mean weight0 NO3- = Mean weight 40 NO3- = Mean weight80 NO3- 

Ho2: Mean weightBd= Mean weightnoBd 

Ho3: Mean weightclutch1= Mean weightclutch2=Mean  weightclutch3 

Ho4: No NO3*chytrid interaction 

Ho5: No NO3*clutch interaction 

Ho6: No Bd*clutch interaction 

Ho7:  No NO3*Bd*chytrid interaction 

 

 

 

Table 2: Null Hypotheses of Dependent Variables (i.e. Weight) of Post-Metamorphic frogs 

 

Ho1: Mean pmweight0 NO3=Mean pmweight40NO3=Mean pmweight80NO3 

Ho2: Mean pmweightBDb 0NO3=Mean pmweightBDb 40 NO3= Mean pmweightBDb 80 NO3 

Ho3: Mean pmweightBDa 0NO3=Mean pmweightBDa 40 NO3= Mean pmweightBDa 80 NO3 

Ho4: Mean pmweightClutch1=Mean pmweightClutch2=Mean pmweightClutch3 

Ho5: No NO3*BDb interaction 

Ho6: No NO3*BDa interaction 

Ho7: No NO3*Clutch interaction 

Ho8: No BDb*BDa interaction 

Ho9: No BDb*Clutch interaction 

Ho10: No BDa*Clutch interaction 

Ho11: No NO3*BDb*BDa interaction 

Ho12: No NO3*BDa*Clutch interaction 

Ho13: No BDb*BDa*Clutch interaction 

Ho14: No NO3*BDb*BDa*Clutch interaction 
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Results 

 Tadpole Mortality- Mortality among the tadpoles varied between nitrate levels and B. 

dendrobatidis infection; no 

statistical analysis of mortality rate 

was recorded but is concurrent 

with future research. Other 

abnormal deaths, not included in 

the final analysis, included 

tadpoles that died before the nitrate 

concentration and Chytrid infection  

commenced (Nbefore=10), and those individuals that failed to metamorph at the conclusion of the 

experiment (Nfail=37).  Some individuals were not recorded in the final analysis due to an 

anomalous condition in which researchers defined as “short leg” (Nshortleg (SL) =16, Ntot-

shortleg=546)- possibly a genetic disease that was characterized by death either at metamorphosis 

or shortly before, lethargy and/or inability to move, short or stumpy legs (both forelimbs and 

hind limbs), and bloated body (Figure 6).  This condition remained isolated with one clutch and 

was not observed in other clutches.   

 Table 3 indicates number of dead in particular Nitrate concentrations and the mean day to 

mortality per individual.  The difference between the total numbers of treatments is described in  

Table 4 and illustrates the difference between Nitrate concentration and chytrid treatment groups. 

The mean day to death varied between 64.79 days (for 80+) and 111.75 days (for 0+).  

Figure 6: “Short Leg” occurring during metamorphosis 
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Table 3: Pre-Metamorphic Mean Mortality Nitrate Concentration (Ntotal=546).*   

 

*Total Population Numbers (Ntotal) and total number of dead (Ndeath) are used to evaluate the 

percent mortality (% Mortality) experienced by each Nitrate Concentration. Mean day (+/- SE) 

indicate the mean day to death or metamorphosis given +1 Standard Error. 

 

 

Table 4: Pre-Metamorphic Mean Mortality by Nitrate and Chytrid effect (Ntotal=546).*  

 

 Nitrate + 

Chytrid  

Infection  

     

 0 ppm NO3  

-BD 

0 ppm NO3 

+ BD 

40 ppm 

NO3 -BD 

40 ppm 

NO3 +BD 

80 ppm 

NO3 - BD 

80 ppm 

NO3 + BD 

Ndeath 14 4 16 14 14 24 

Ntotal 93 94 94 89 84 92 

% 

Mortality 

4.44 4.26 2.13 3.37 8.33 8.70 

Mean Day 

(+/- SE) 

67.57       

(+/- 41.92) 

111.75   

(+/- 11.81) 

108.25  

(+/- 27.5) 

102.86 

(+/- 31.57) 

85.79    

(+/- 37.66) 

64.79    

(+/- 33.74) 

 

*Total Population Numbers (Ntotal) and total number of dead (Ndeath) are used to evaluate the 

percent mortality (% Mortality) experienced by each Nitrate Concentration. Mean day (+/- SE) 

indicate the mean day to death or metamorphosis given +1 Standard Error. 

 

Outcomes at Metamorphosis -   

 Tadpole Weight, SVL and Body Condition Hypotheses- Results for factorial ANOVA of 

mean body weight for individuals at metamorphosis indicated no significant interaction among 

or between nitrate treatments, chytrid groups (Bd- or Bd+), or clutch effects (Table 5).  Mean 

values for body weight of those at metamorphosis varied from 0.27 to 0.33 g (Table 6).  Factorial 

ANOVA (Table 7) for mean snout-vent length of individuals at metamorphosis also indicated no 

 Nitrate Concentration   

 0 ppm NO3 40 ppm NO3 80 ppm NO3 

Ndeath  8 5 24 

Ntotal 187 183 176 

% Mortality 4.34 2.73 13.6 

Mean day (+/- SE) 89.66 (+/- 41.54) 105.55 (+/- 30.76) 75.29 (+/- 36.21) 
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significance among or between nitrate treatments, chytrid groups (Bd- or Bd+), or clutch effects.  

As shown in Table 8, mean snout-vent length at metamorphosis varied 1.47 cm to 1.53 cm.  The 

range of snout-vent lengths of all individuals varied from a minimum of 1.14 cm to a maximum 

of 1.89 cm.  Table 9 is a factorial ANOVA for the mean body condition (K1) of tadpoles at 

metamorphosis and indicates no significant differences were determined among group treatments 

or for interactions.  The mean K1 varied between 0.18 g/cm and 0.21 g/cm (Table 10).  The 

minimum and maximum of all observed measures, respectively, were 0.10 g/cm and 0.34 g/cm.         

  

 Table 5: Results of 3-Way Factorial Analysis of Variance for the Main Effects Nitrate (NO3), 

Pre-Metamorphic Chytrid (BDB), Clutch (CL) and Main Effect Interactions on Mean Body 

Weight in grams of Tadpoles at Metamorphosis.*   

 

 Source                 DF                      SS             Mean Square      F Value             P 

 

         NO3                          2       0.02240560      0.01120280       1.32     0.2704 

         BDB                         1                 0.00355872      0.00355872       0.42               0.5186 

         CL                            2                 0.00443408      0.00221704       0.26               0.7709 

         NO3*BDB               2                 0.03010711      0.01505355       1.77               0.1732 

         NO3*CL                  4                 0.03179441      0.00794860       0.93               0.4452 

         BDB*CL                  2                 0.00172144      0.00086072       0.10               0.9039 

         NO3*BDB*CL        4                 0.01855313      0.00463828       0.54               0.7029 

*Sums of squares (SS) and Mean Square values are given for each specific F test.  For all F tests, 

error (denominator) degrees of freedom (DF) was 204.  Probability values (P) equal to or smaller 

than 0.05 indicated significance. 
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Table 6: Mean Values for Body Weight at Metamorphosis for Tadpoles Raised in the Six 

Distinct Nitrate (0, 40, or 80 mg/l NO3) and BDB (+, -) Treatments. 

 

Nitrate BDB N Mean (in g) +/- SE Min Max 

0 NO3 - 41 0.28668 0.01452 0.13100 0.54100 

0 NO3 + 42 0.32847 0.01729 0.13800 0.60700 

40 NO3 - 32 0.28356 0.01318 0.15900 0.43900 

40 NO3 + 40 0.28458 0.01585 0.13300 0.52800 

80 NO3 - 34 0.29032 0.01224 0.16200 0.44100 

80 NO3 + 34 0.26891 0.01328 0.15100 0.42000 

 

 

 

Table 7: Results of 3-Way Factorial Analysis of Variance for the main effects nitrate (NO3), pre-

metamorphic chytrid (BDB), clutch (CL) and main effect interactions on snout-vent length (cm) 

of tadpoles at metamorphosis.*   

 

 Source                 DF                      SS            Mean Square      F Value             P 

 

         NO3                          2                 0.03734173        0.01867086         0.95         0.3872   

         BDB                         1                  0.00524030       0.00524030         0.27     0.6055             

         CL                            2                  0.01549436       0.00774718         0.40    0.6738             

         NO3*BDB               2                  0.04565381       0.02282691         1.17     0.3138           

         NO3*CL                  4                  0.05324474       0.01331119         0.68    0.6068 

         BDB*CL                  2                  0.01303738       0.00651869         0.33     0.7173            

         NO3*BDB*CL        4                  0.01939099       0.00484775         0.25    0.9110 

           

*Sums of squares (SS) and Mean Square values are given for each specific F test.  For all F tests, 

error (denominator) degrees of freedom (DF) was 210.  Probability values (P) equal to or smaller 

than 0.05 that indicate significance. 
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Table 8: Mean Values for Snout-Vent Length at Metamorphosis for Tadpoles Raised in the Six 

Distinct Nitrate (0, 40, or 80 ppm NO3) and BDB (+, -) Treatments. 

 

Nitrate BDB N Mean (in g) +/- SE Min Max 

0 NO3 - 41 1.48146 0.02387 1.14000 1.89000 

0 NO3 + 42 1.53261 0.02213 1.26000 1.85000 

40 NO3 - 33 1.47091 0.02029 1.29000 1.69000 

40 NO3 + 42 1.47667 0.02027 1.24000 1.75000 

80 NO3 - 36 1.49389 0.02305 1.26000 1.75000 

80 NO3 + 35 1.46600 0.02294 1.20000 1.75000 

 

Table 9: Results of 3-Way Factorial Analysis of Variance for the main effects nitrate (NO3), pre-

metamorphic chytrid (BDB), clutch (CL) and main effect interactions on body condition (K1) of 

tadpoles at metamorphosis.*   

 

 Source                 DF                      SS            Mean Square      F Value             P 

 

         NO3                          2                 0.00527709      0.00263855         1.34           0.2629   

         BDB                         1                 0.00039036      0.00039036          0.20     0.6561            

         CL                            2                 0.00356986      0.00178493          0.91    0.4043             

         NO3*BDB               2                 0.00815687      0.00407843          2.08     0.1278 

         NO3*CL                  4                 0.00725496      0.00181374          0.92      0.4508 

         BDB*CL                  2                 0.00021269      0.00010635          0.05     0.9473            

         NO3*BDB*CL        4                 0.00511933      0.00127983          0.65     0.6259 

           

*Sums of squares (SS) and Mean Square values are given for each specific F test.  For all F tests, 

error (denominator) degree of freedom (DF) was 204.  Probability values (P) equal to or smaller 

than 0.05 were judged to indicate significance. 
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Table 10: Mean values for body condition at metamorphosis for tadpoles risen in the six distinct 

nitrate (0, 40, or 80 mg/L NO3) and BDB (+, -) treatments. 

 

Nitrate BDB N Mean SE Min Max 

0 NO3 - 41 0.18995 0.0069 0.10155 0.28624 

0 NO3 + 42 0.20999 0.00843 0.09928 0.34294 

40 NO3 - 32 0.18985 0.00656 0.12326 0.27267 

40 NO3 + 40 0.18829 0.00778 0.10391 0.30175 

80 NO3 - 34 0.19202 0.00547 0.12000 0.25200 

80 NO3 + 34 0.17991 0.00636 0.12583 0.26415 

 

 

Tadpole Growth, Clutch and Day Hypotheses- Mean growth (mg/day) of tadpoles at 

metamorphosis varied significantly among the clutches (Table 11). Also, significant interaction 

effects occurred among nitrate treatments (NO3) and chytrid infection before metamorphosis 

(BDB) and among nitrate treatments and clutches.  Mean values for growth at metamorphosis 

(Table 12) ranged from 0.004 g/day to 0.005 g/day with the minimum and maximum range of 

0.005 and 0.009 g/day, respectively. Mean growth for tadpoles in clutch 1 was significantly 

different compared to those of both clutch 2 and clutch 3 (Figure 5). The difference between 

clutch 2 and clutch 3 was also significant.  A significant effect on growth was attributed to 

chytrid infection before metamorphosis (BDB) (Figure 7). The mean growth rate in Figure 7 is a 

negative dose response to NO3 in the presence of Bd but not in the absence of chytrid; in other 

words, chytrid infection had a negative impact on growth when combined with increasing NO3 

treatments.    
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With positive chytrid infection (BD+), there is a negative dose response to increasing 

levels of nitrate concentrations (Figure 8). Without chytrid infection (BD-), the greatest response 

was with those individuals in the 80 ppm NO3 treatments that exhibited the highest mean growth 

but exhibited non-significance.  Clutch differences were also apparent (Figure 9).  Mean values 

for Clutch 2 and 3 showed similar dose response.  Conversely, tadpoles in clutch 1 exhibited a 

large increase in growth at 80 ppm NO3.  

 

Table 11: Results of 3-Way Factorial Analysis of Variance for the main effects Nitrate (NO3), 

Pre-Metamorphic Chytrid (BDB), Clutch (CL) and main effect Interactions on Growth of 

Tadpoles at Metamorphosis.*   

 Source                 DF                      SS            Mean Square      F Value             P 

 

         NO3                          2                 0.00000452      0.00000226       1.98     0.1407 

         BDB                         1                 0.00000024      0.00000024       0.21     0.6468            

         CL                            2                 0.00003320      0.00001660      14.54     <.0001***             

         NO3*BDB               2                 0.00001583      0.00000791       6.93     0.0012** 

         NO3*CL                  4                 0.00001443      0.00000361       3.16     0.0151* 

         BDB*CL                  2                 0.00000032      0.00000016       0.14     0.8678            

         NO3*BDB*CL        4                 0.00000318      0.00000079       0.70     0.5954 

                                  

*Sums of squares (SS) and Mean Square values are given for each specific F test.  For all F tests, 

error (denominator) and degrees of freedom (DF) was 204.  Probability values (P) equal to or 

smaller than 0.05 were judged to indicate significance. 
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Table 12: Mean Values for Growth at Metamorphosis for Tadpoles raised in the Six Distinct 

Nitrate (0, 40, or 80 mg/l NO3) and BDB (+, -) Treatments. 

 

Nitrate BDB N Mean (g/day) +/- SE Min Max 

0 NO3 - 41 0.00386 0.00019 0.00206 0.00652 

0 NO3 + 42 0.00453 0.00016 0.00245 0.00673 

40 NO3 - 32 0.00379 0.00014 0.00261 0.00535 

40 NO3 + 40 0.00398 0.00016 0.00247 0.00621 

80 NO3 - 34 0.00360 0.00023 0.00189 0.00907 

80 NO3 + 34 0.00360 0.00023 0.00202 0.00748 

 

 

        

 

Figure 7: Mean growth (mean + SE) of tadpoles in each clutch during the pre-metamorphic 

period.  *Mean values that do not share the same capital letter (i.e., A, B or C) were significantly 

different as determined by Tukey‟s Test in grams/day. 
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Figure 8: Nitrate and Bd Treatment (+/- 1 SE) Interaction of Tadpoles on Growth at 

Metamorphosis in grams/day. *The inversion of response to nitrate concentrations are exhibited 

here as differences in Bd exposure.  

 

 

 

Figure 9: The Interaction of Nitrate, BDB and Clutch on Growth (+/- 1 SE) of Metamorphic 

Tadpoles. *Clutch 1 showed a different response overall than Clutch 2 and/or Clutch 3 in the 

reaction to increased Nitrate in grams/day. 
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While the body measures discussed in this section for metamorphosis were obtained for 

roughly half of all experimental animals, days to metamorphosis was obtained for every animal 

in the experiment.  Thus, results of factorial ANOVA for days to metamorphosis include both the 

tadpoles and the froglets at metamorphosis and sample size reflects this (Table 13).  Results of 

factorial ANOVA demonstrate only significance among clutches in days to metamorphosis. As 

shown in Figure 10, mean days to metamorphosis in clutch 1 was significantly lower compared 

to means in clutch 2 and clutch 3.  Mean values for days to metamorphosis varied from 73.12 to 

79.68 days (Table 14).  The minimum number of days to achieve metamorphosis was 46 while 

the maximum number was 137 days.  

 

 

Table 13: Results of 3-Way Factorial Analysis of Variance for the main effects nitrate (NO3), 

pre-metamorphic chytrid (BDB), clutch (CL) and main effect interactions on days to 

metamorphosis of tadpoles at metamorphosis.*   

 

 Source                 DF               SS            Mean Square        F Value                 P 

 

         no3                           2         728.81326        364.40663         1.04     0.3535 

         bdb                           1         182.28192        182.28192         0.52     0.4706 

         cl                              2     16199.53782      8099.76891       23.17     <.0001*** 

         no3*bdb                   2       1181.58056        590.79028         1.69     0.1857 

         no3*cl                      4         638.19517        159.54879         0.46     0.7678 

         bdb*cl                      2         901.93025        450.96512         1.29     0.2763 

         no3*bdb*cl              4         337.02666          84.25667         0.24     0.9150 

*Sums of squares (SS) and Mean Square values are given for each specific F test.  For all F tests, 

error (denominator) degree of freedom (DF) was 448.  Probability values (P) equal to or smaller 

than 0.05 were judged to indicate significance. 
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Table 14: Mean Values for Days to Metamorphosis for Tadpoles Raised in the Six Distinct 

Nitrate (0, 40, or 80 ppm NO3) and BDB (+, -) Treatments. 

 

Nitrate BDB N Mean (in days) +/- SE Min Max 

0 NO3 - 90 73.28889 1.79889 46.00000 117.00000 

0 NO3 + 82 77.01220 2.19554 46.00000 120.00000 

40 NO3 - 79 77.11392 2.35897 49.00000 126.00000 

40 NO3 + 77 73.11688 2.2454 48.00000 137.00000 

80 NO3 - 72 76.11111 2.44834 46.00000 120.00000 

80 NO3 + 72 79.68056 2.3484 46.00000 122.00000 

 

 

Figure 10: Mean Day to Metamorphosis (DAY) by Clutch. 

 

 Tadpole Regression Analysis- Regression analyses comparing each nitrate treatment 

group (Figure 11) indicate a strong positive linear regression between weight at metamorphosis 

and days to metamorphosis for tadpoles in the 0 ppm NO3 and 40 ppm NO3 treatment groups.  
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However, the 80 ppm NO3 treatment group exhibited no significant regression; this analysis 

suggests that weight at metamorphosis is no longer connected to how long the tadpole remains 

before metamorphosis if housed in 80 ppm NO3 treatment of nitrate (Table 15).  Table 16 is the 

regression analyses for all nitrate treatment groups divided into particular BDB groups.  As 

found for the pooled 80 ppm NO3 treatment, neither the 80 ppm –BD nor 80 ppm +BD 

combinations exhibited a significant regression.  Figure 12 further illustrates this outcome. As 

shown, tadpoles in the 80 ppm NO3 BDB treatments did not increase weight with days to 

metamorphosis and both groups were significantly smaller at metamorphosis compared to 

tadpoles in 0 ppm and 40 ppm NO3.  These latter groups continued to increase mean weight the 

longer individuals spent as tadpoles.  

 

Table 15: Regression statistics for the 3 different NO3 treatment groups of froglets at 

metamorphosis, based on lines depicted in Figure 11.*     

 

 

*The significance of each regression ANOVA is given as an F statistic and associated probability 

value and D.F.  The slope (b) of the predicted line is given with an estimate of standard error.  A 

t-statistic (T, p) that tests the hypothesis that the slope is significantly different from zero is also 

given. 

   

Group Regression (F, 

p) 

D.F. Y-Intercept, 

SE 

B, SE B =  0  (T, p) 

no3=0       

 

32.36, <.0001 1,81 0.0758, 0.0419 0.0031, 0.0006 5.69, <.0001 

no3=40     46.32,<.0001 

 

1,705 0.0651, 0.0332 0.0030, 0.0004 6.81, <.0001 

no3=80     

 

1.87,0.1764 1,66 0.2255, 0.0406  0.007, 0.0005 1.37, 0.1764 
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Figure 11: Regressions of Days to Metamorphosis and Weight at Metamorphosis (in 

grams/frogdays). 

 

Table 16: Regression statistics for the 6 different NO3*BDA groups of froglets, based on lines 

depicted in Figure 12.*  

    

 

Group Regression (F, p) D.F. Y-Intercept, SE B, SE B =  0  (T, p) 

no3=0    bdb+ 

 

44.69, <.0001 1,40 0.0254, 0.0502 0.0045, 0.0006 6.69, <.0001 

no3=0    bdb-  6.47, 0.0151 1,39 0.1358,  0.0609 0.0020, 0.0008 2.54, 0.0151 

 

no3=40  bdb+ 25.41,<.0001 

 

1,38 0.0586, 0.0465 0.0031, 0.0006 5.04, <.0001 

no3=40  bdb- 21.14, <.0001 1, 

30 

0.0731, 0.0469 0.0028, 0.0006 4.60, <.0001 

 

no3=80  bdb+  2.98,0.0938 1, 

32 

0.1572, 0.0660 0.0014, 0.0008 1.73, 0.0938 

 

no3=80  bdb- 0.42,0.5239 1, 

32 

0.2582, 0.0514 0.0004, 0.0007 0.64, 0.5239 
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*The significance of each regression ANOVA is given as an F statistic and associated probability 

value and D.F.  The slope (b) of the predicted line is given with an estimate of standard error.  A 

t-statistic (T, p) that tests the hypothesis that the slope is significantly different from zero is also 

given. 

 

 

Figure 12: Regressions for Metamorphic Weight and Days to Metamorphosis by Nitrate 

Concentration Treatment and BDB group in grams. 

 

 

Frog Post-Metamorphic Outcomes  

Frog Main Hypotheses- Table 17 indicates significance among nitrate concentrations, 

clutches and the interaction of nitrate concentration and Bd infection after metamorphosis (BDA) 

for mean body weight of post-metamorphic froglets.  No significant differences among mean 

body weights were noted among BDB treatments or among BDA treatments.  Descriptive 

statistics for body weight of froglets in the 12 treatment combinations (nitrate* BDB*BDA) are 
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given in Table 18.  As shown, mean weights of the post-metamorphic froglets varied between 

0.95 g and 1.36 g among the treatments. The observed range of body weights was from 0.03 g to 

2.64 g. 

Among nitrate concentrations, the post-metamorphic weight of individuals exhibited a 

slight but non-significant increase in weight in the 40 ppm NO3 treatment groups.   Froglets in 

the highest nitrate concentration (80 ppm NO3) exhibited a significant drop in weight compared 

to froglets raised in the 0 ppm NO3 and 40 ppm NO3 treatment groups (Figure 13). Mean post-

metamorphic weight of froglets in clutch 1 was significantly greater than mean weights in 

clutches 2 and 3 (Figure 14).  The significant inteaction between nitrate and post-metamorphic 

infection (BDA) is illlustrated in Figure 15.  Mean post-metamorphic weights indicated that 

regardless of prior infection in the tadpole stage (BDB), infection after metamorphosis had a 

significant effect on those in the 80 ppm NO3 treatment.  Froglets not exposed to chytrid after 

metamorphosis displayed similar mean body weights among all nitrate groups.  As shown, 

however, froglets exposed to chytrid exhibited a significant decrease in mean body weight in the 

presence of 80 NO3.  Froglet mean post-metamorphic weight demonstrated that clutch 

differences were apparent while accounting for and comparing nitrate concentrations and the 

interaction of BDA infection among treatment groups (figure 16).  The inverted representation of 

clutch 3 between BDA+ and BDA- was noteworthy; a similar state was observed in the clutch 1 

froglet weight measurements. Curiously, the two 40 NO3 groups mirrored each other but the 

weight was higher in BDA- froglets as opposed to BDA+ froglets. 
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Table 17: Results of 4-Way Factorial Analysis of Variance for the main effects nitrate (NO3), 

pre-metamorphic chytrid (BDB), post-metamorphic chytrid (BDA), clutch (CL) and main effect 

interactions on mean body weight (g) of post-metamorphic froglets.*   

 

 Source                 DF                      SS              Mean Square      F Value              P 

            no3                        2                  1.24902158      0.62451079       5.80               0.003** 

            bdb                        1                 0.03492628      0.03492628       0.32               0.5696 

            bda                        1               0.00875156      0.00875156       0.08               0.7759 

            cl                           2         2.37810504      1.18905252      11.05        <.0001*** 

            no3*bdb                2        0.12052355      0.06026178       0.56       0.5723 

            no3*bda                2          1.23875708      0.61937854       5.75       0.0037** 

            no3*cl                   4          0.15376280      0.03844070       0.36      0.8389 

            bdb*bda                1          0.00841235      0.00841235       0.08      0.7801 

            bdb*cl                   2         0.35378849      0.17689424       1.64       0.1961 

            no3*bdb*bda        2          0.27309535      0.13654767       1.27       0.2836 

            no3*bdb*cl           4        0.84326659      0.21081665       1.96        0.1025 

            no3*bda*cl           4        0.56676550      0.14169138       1.32      0.2654 

            bdb*bda*cl           2        0.02778699      0.01389350       0.13       0.8790 

            no3*bdb*bda*cl   4     0.23297240      0.05824310       0.54    0.7058 

 

*Sums of squares (SS) and Mean Square values are given for each specific F test.  For all F tests, 

error (denominator) degrees of freedom (DF) was 191.  Probability values (P) equal to or smaller 

than 0.05 were judged to indicate significance (significant F tests are indicated by highlighted P 

values) 
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Table 18: Mean Values for Body Weight of Froglets Raised in the Twelve Distinct Nitrate (0, 40, 

and 80 NO3-N), BDB (+/-) and BDA (+/-) treatments. 

 

Nitrate BDB BDA N Mean SE Min Max 

0 NO3 - - 18 1.14606 0.08502 0.65500 1.68500 

0 NO3 + - 22 1.23950 0.05568 0.58300 1.57000 

0 NO3 - + 22 1.18564 0.07457 0.53200 1.66700 

0 NO3 + + 22 1.23382 0.05239 0.70500 1.67100 

40 NO3 - - 23 1.15365 0.10061 0.35300 2.64000 

40 NO3 + - 21 1.17195 0.07839 0.30700 1.53100 

40 NO3 - + 22 1.23150 0.08108 0.31300 1.64500 

40 NO3 + + 14 1.35486 0.05185 0.96500 1.75100 

80 NO3 - - 17 1.20624 0.0633 0.59000 1.51500 

80 NO3 + - 19 1.09747 0.08785 0.35000 1.64400 

80 NO3 - + 17 0.95324 0.08463 0.48000 1.61200 

80 NO3 + + 15 0.96500 0.11736 0.38700 1.73800 
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Figure 13: Mean Values for Post-Metamorphic Weight (pmwgt) in grams by Nitrate Groups. 

 

 

  

Figure 14: Post-Metamorphic Weight Mean Values for Clutch in grams. 
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Figure 15: Nitrate and Bd Post-Metamorphic Froglet Interaction Effects on Long-Term Weight 

(pmwgt) in grams. 

 

 

 

Figure 16: Nitrate and Bd Post-Meta Infection with Clutch Differentiation in grams. 

 

Table 19 indicates significance among nitrate concentrations, clutches and the interaction 

of nitrate concentration and chytrid infection after metamorphosis (BDA) for mean snout-vent 

lengths of post-metamorphic froglets.  As above, no significant differences among mean body 
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weights were noted among BDB treatments or among BDA treatments.  Descriptive statistics for 

body weight of froglets in the 12 treatment combinations (nitrate* BDB*BDA) are given in 

Table 20.  Mean snout-vent lengths of the post-metamorphic froglets vary between 1.21 cm and 

2.45 cm among the treatments. The observed range of body weights was from 0.59 cm and 2.72 

cm. 

There was a decrease in the slope in overall post-metamorphic snout-vent length as the 

nitrate concentration increased.  Mean snout-vent length of froglets among nitrate concentrations 

indicated a significant decrease between the lowest nitrate concentrations (0 and 40 ppm NO3) 

and 80 ppm NO3.  The difference between the means of 0 ppm NO3 and 40 ppm NO3 were non-

significant as shown in Figure 17.  Post-metamorphic snout-vent length mean values by clutch 

indicate a significant difference among the mean snout vent lengths of clutch 1 the other two 

clutches.  Figure 18 indicates of post-metamorphic froglets, those individuals that did live were 

larger in weight and snout-vent length.  There was non-significance among the mean snout vent 

lengths of clutches 2 and 3.  The interaction of BDA and nitrate levels are significant in post-

metamorphic snout-vent length means.  Mean post-metamorphic snout-vent lengths indicated 

that regardless of prior infection in the tadpole stage (BDB), infection after metamorphosis had a 

significant effect on those in the 80 ppm NO3 treatment.  Froglets not exposed to chytrid after 

metamorphosis displayed similar mean snout vent lengths among all nitrate groups.  As shown in 

Figure 19, however, froglets exposed to chytrid exhibited a significant decrease in mean body 

snout-vent length in the presence of 80 ppm NO3. Note the similiarity of post-metamorphic 

weight in Figure 13.  Bd infection in Figure 20 is determined as post-metamorphic infection and 

is independent from pre-metamorphic (or tadpole) infection.  Clutch 2 was consistently the 

lowest producing clutch except at the 80 ppm NO3 concentration of Bd infected individuals in 
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which clutch 3 was slightly below that of clutch 2.  The interaction of 80 ppm NO3 and chytrid 

infection decreased clutch post-metamorphic snout-vent length overall. 

 

Table 19: Results of 4-Way Factorial Analysis of Variance for the main effects nitrate (NO3), 

pre-metamorphic chytrid (BDB), post-metamorphic chytrid (BDA), clutch (CL) and main effect 

interactions on snout-vent length (cm) of post-metamorphic froglets.*   

 

 Source                 DF         SS            Mean Square              F Value                  P 

      no3                           2      0.63370940      0.31685470        5.26      0.0060** 

      bdb                           1      0.04699766      0.04699766         0.78     0.3781 

      bda                           1      0.02065698      0.02065698         0.34     0.5588 

      cl                              2      1.59975197      0.79987598       13.28     <.0001*** 

      no3*bdb                   2      0.13139571      0.06569786        1.09     0.3380 

      no3*bda                   2      1.05784888      0.52892444         8.78     0.0002** 

      no3*cl                      4      0.03878985      0.00969746         0.16     0.9578 

      bdb*bda                   1      0.00004643      0.00004643        0.00     0.9779 

      bdb*cl                      2      0.26991873      0.13495937        2.24     0.1092 

      no3*bdb*bda           2      0.13138150      0.06569075        1.09     0.3381 

      no3*bdb*cl              4      0.20071787      0.05017947        0.83     0.5056 

      no3*bda*cl              4      0.32452809      0.08113202        1.35     0.2540 

      bdb*bda*cl              2      0.04712786      0.02356393        0.39     0.6767 

      no3*bdb*bda*cl      4      0.03954023      0.00988506        0.16     0.9563 

*Sums of squares (SS) and Mean Square values are given for each specific F test.  For all F tests, 

error (denominator) degrees of freedom (DF) was 191.  Probability values (P) equal to or smaller 

than 0.05 were judged to indicate significance. 
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Table 20: Mean Values for Snout-Vent Lengths of Froglets Raised in the Twelve Distinct Nitrate 

(0, 40 and 80 NO3-N), BDB (+/-), and BDA (+/-) treatments. 

 

Nitrate BDB BDA N Mean SE Min Max 

0 NO3 - - 18 2.30722 0.05985 1.94000 2.70000 

0 NO3 + - 22 2.37136 0.03645 1.92000 2.59000 

0 NO3 - + 22 2.31500 0.05063 1.80000 2.64000 

0 NO3 + + 22 2.34045 0.03995 1.98000 2.72000 

40 NO3 - - 23 2.20609 0.07275 1.52000 2.62000 

40 NO3 + - 21 2.30286 0.0630 1.52000 2.62000 

40 NO3 - + 22 2.33182 0.06492 1.51000 2.64000 

40 NO3 + + 14 2.45357 0.03230 2.20000 2.68000 

80 NO3 - - 17 1.20624 0.06333 0.59000 1.51500 

80 NO3 + - 19 2.26316 0.07124 1.59000 2.64000 

80 NO3 - + 17 2.11941 0.05950 1.68000 2.52000 

80 NO3 + + 15 2.12400 0.08715 1.63000 2.54000 

 



41 

 

 

Figure 17: Post-Metamorphosis Snout-Vent Length Mean Values for Nitrate Groups including 

0+/-, 40+/-, and 80+/- treatments in cm. 

 

     

 

Figure 18: Post-Metamorphosis Snout-Vent Length Mean Values by Clutch in cm. 
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Figure 19: Post-Metamorphosis Snout-Vent Length Nitrate Concentrations*BDA Interactions in 

cm. 

 

 

 

 

Figure 20: Post-Metamorphic Snout-Vent Length Means for clutch effects with Bd infection 

within Nitrate Concentrations in cm.  
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 Frog Body Condition and Growth Hypotheses- Post-metamorphic body condition (K2) 

was defined as the body weight divided by the snout-vent length.  Significance occurred among 

the nitrate concentrations and among the clutches (Table 21) for body condition post-

metamorphosis. Table 22 indicates significance among nitrate concentrations and clutches for 

mean body condition (K2) of post-metamorphic froglets.  Descriptive statistics for body 

condition of froglets in the 12 treatment combinations (nitrate* BDB*BDA) are given in Table 

22.   As shown, mean body condition of the post-metamorphic froglets varied between 0.43 g/cm 

and 0.55 g/cm among the treatments. The observed range of body weights was from 0.20 g/cm 

and 1.74 g/cm.  Both 0 ppm NO3 and 40 ppm NO3 treatment groups were non-significantly 

differentiated; however, 80 ppm NO3 is significantly different than both 0 ppm and 40 ppm NO3.  

From 0 to 40 ppm NO3 there was an increased trend of body condition, but when the nitrate 

concentrations were increased to 80 ppm NO3 the body condition decreased rapidly (Figure 21). 

Clutch 1was significantly different from both clutch 2 and clutch 3 and the overall effect was a 

decrease in overall body condition for each clutch from clutch 1 to clutch 3.  There was no 

significant mean condition difference between individuals in clutch 2 and clutch 3 (figure 22).  
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Table 21: Results of 4-Way Factorial Analysis of Variance for the main effects nitrate (NO3), 

pre-metamorphic chytrid (BDB), post-metamorphic chytrid (BDA), clutch (CL) and main effect 

interactions on body condition (K2) of post-metamorphic froglets.*   

 

 Source                    DF                   SS            Mean Square      F Value             P 

       no3                           2      0.14595388      0.07297694       4.20     0.0163* 

       bdb                           1       0.00001664      0.00001664       0.00     0.9753 

      bda                           1       0.00262845      0.00262845       0.15     0.6976 

       cl                              2       0.16177520      0.08088760       4.66     0.0106* 

       no3*bdb                   2       0.01995905      0.00997953       0.57     0.5637 

       no3*bda                   2       0.07843003      0.03921502       2.26     0.1072 

       no3*cl                      4       0.05499454      0.01374863       0.79     0.5316 

            bdb*bda                   1             0.00616478      0.00616478       0.36     0.5519 

       bdb*cl                      2       0.01628705      0.00814353       0.47     0.6262 

       no3*bdb*bda           2       0.03225047      0.01612524       0.93     0.3967 

       no3*bdb*cl              4       0.14579976      0.03644994       2.10     0.0824 

       no3*bda*cl              4       0.08657127      0.02164282       1.25     0.2925 

       bdb*bda*cl              2       0.01257566      0.00628783       0.36     0.6966 

            no3*bdb*bda*cl      4       0.06114754      0.01528689       0.88     0.4765 

*Sums of squares (SS) and Mean Square values are given for each specific F test.  For all F tests, 

error (denominator) degree of freedom (DF) was 191.  Probability values (P) equal to or smaller 

than 0.05 were judged to indicate significance. 
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Table 22: Mean Values For Body Condition (K2) of Froglets Raised in the Twelve Distinct 

Nitrate (0, 40, or 80 ppm NO3-N), BDB (+/-), and BDA (+/-) treatments (in grams/cm). 

 

Nitrate BDB BDA N Mean +/- SE Min Max 

0 NO3 - - 18 0.48634 0.02452 0.33763 0.648077 

0 NO3 + - 22 0.51767 0.01696 0.30365 0.61837 

0 NO3 - + 22 0.50215 0.02279 0.29344 0.66169 

0 NO3 + + 22 0.52263 0.01468 0.35427 0.62179 

40 NO3 - - 23 0.53424 0.06307 0.21925 1.73684 

40 NO3 + - 21 0.49574 0.02500 0.20197 0.60763 

40 NO3 - + 22 0.51375 0.02545 0.19810 0.64258 

40 NO3 + + 14 0.55018 0.01500 0.43864 0.65336 

80 NO3 - - 17 0.50875 0.01881 0.31892 0.59303 

80 NO3 + - 19 0.46997 0.02727 0.22013 0.62273 

80 NO3 - + 17 0.43856 0.2847 0.26374 0.67167 

80 NO3 + + 15 0.43296 0.03812 0.22765 0.68425 
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Figure 21: Post-Metamorphic Body Condition (K2) Mean Values by Nitrate Groups in 

grams/cm. 

 

 

 

   

Figure 22: Post-Metamorphosis of Body Condition (K2) Mean Values for Body Condition (K2) 

by Clutch in grams/cm. 
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 Factorial Analysis of the mean growth on post-metamorphic froglets (growth2) indicated 

significance among nitrate concentrations, individuals between clutches, and nitrate and those 

infected with chytrid after metamorphosis (BDA) (Table 23).  Mean values for growth of froglets 

among and between nitrate levels and chytrid infection varied from 0.0130 g/day (Table 24).  

The range between the minimum and maximum growth was 0.0025 and 0.0378 g/day 

respectively.   

Mean post-metamorphic growth indicates 0 and 40 NO3 as non-significant from each 

other. The 80 ppm NO3 treatment group was significantly different from each of the other two 

treatment groups.  The tendency for growth to increase between 0 and 40 ppm NO3 is contrasted 

in Figure 23 with the marked decrease in overall post-metamorphic growth of the 80 ppm NO3 

group.  The mean value of post-metamorphic growth on clutches indicates clutch 1 is 

significantly distinct from both clutch 2 and clutch 3 (Figure 24).  Clutch 2 is non-significantly 

differentiated from clutch 3.  Post-metamorphic growth when compared between those that were 

infected with chytrid after metamorphosis is also shown. The slope is relatively stable for those 

not infected with chytrid after metamorphosis regardless of pre-metamorphosis chytrid infection. 

There is also no significance between post-metamorphic growth between the three nitrate 

concentration groups when not infected with chytrid post-metamorphosis. 

Data in Figure 25 indicates a significant decrease in those infected with chytrid after 

metamorphosis from those of nitrate treatment groups 40 to 80 ppm NO3.  Also noteworthy is the 

significance of growth on the 40 ppm NO3 treatments of those with and without chytrid infection 

after metamorphosis.  Those infected with chytrid were significantly differentiated in growth 

from those which were not infected with chytrid upon completion of metamorphosis.  Mean 

values between the three different clutches were significant between those of clutch 1 and the 
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other two treatment groups (clutch 2 and clutch 3).  In general, the three treatment groups 

followed the same trend of decreasing mean growth post-metamorphosis at the highest nitrate 

treatment group (80 ppm NO3).  Of note, however, is the difference between the mean post-

metamorphic growth of clutch 1 and the other two clutches.  As for clutch 1, between those not 

infected with chytrid (Clutch 1-BD) were non-significant as those with Bd infection (Clutch 1 

BD+) were significant between all three nitrate levels.  Clutch 2 was non-significant in neither 

the mean post-metamorphic growth not infected with chytrid nor those infected with chytrid 

post-metamorphosis. Clutch 3 mean growth rates were also non-significant for both chytrid 

infected and those not infected with chytrid. 

     

Table 23: Results of 4-Way Factorial Analysis of Variance for the main effects nitrate (NO3), 

pre-metamorphic chytrid (BDB), post-metamorphic chytrid (BDA), clutch (CL) and main effect 

interactions on mean growth of post-metamorphic froglets.*   

 

 Source                    DF           SS            Mean Square      F Value              P 

       no3                           2      0.00040769      0.00020385         3.45      0.0338* 

       bdb                           1      0.00000894      0.00000894         0.15      0.6978 

       bda                           1      0.00000050      0.00000050         0.01      0.9271 

       cl                              2      0.00262022      0.00131011          22.16    <.0001*** 

       no3*bdb                   2      0.00004219      0.00002110         0.36      0.7004 

       no3*bda                   2      0.00058957      0.00029479         4.99      0.0077** 

       no3*cl                      4      0.00005417      0.00001354         0.23      0.9218 

       bdb*bda                   1      0.00000208      0.00000208         0.04      0.8513 

       bdb*cl                      2      0.00033057      0.00016528         2.80      0.0636 

       no3*bdb*bda           2      0.00023398      0.00011699         1.98      0.1411 

            no3*bdb*cl              4      0.00036819      0.00009205         1.56      0.1875 

       no3*bda*cl              4      0.00023312      0.00005828         0.99      0.4165 

       bdb*bda*cl              2      0.00012473      0.00006237         1.05      0.3503 

       no3*bdb*bda*cl      4      0.00002761      0.00000690         0.12      0.9765 

*Sums of squares (SS) and Mean Square values are given for each specific F test.  For all F tests, 

error (denominator) degrees of freedom (DF) was 191.  Probability values (P) equal to or smaller 

than 0.05 were judged to indicate significance. 
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Table 24: Mean values for growth of froglets raised in the twelve distinct nitrate (0, 40, or 80 

ppm NO3), BDB(+, - ) and BDA (+, -) treatments ( in g/day). 

 

Nitrate BDB BDA N  Mean SE Min Max 

0 NO3 - - 18 0.01659 0.00226 0.00636 0.03245 

0 NO3 + - 22 0.01852 0.00151 0.00540 0.03078 

0 NO3 - + 22 0.01795 0.00202 0.00447 0.03402 

0 NO3 + + 22 0.01817 0.00142 0.00698 0.03015 

40 NO3 - - 23 0.01627 0.00181 0.00294 0.02835 

40 NO3 + - 21 0.01761 0.00191 0.00256 0.03148 

40 NO3 - + 22 0.01921 0.00191 0.00248 0.03122 

40 NO3 + + 14 0.02072 0.00161 0.00965 0.02943 

80 NO3 - - 17 0.01835 0.00198 0.00513 0.03156 

80 NO3 + - 19 0.01580 0.00202 0.00324 0.03044 

80 NO3 - + 17 0.0130112 0.00202 0.00400 0.03100 

80 NO3 + + 15 0.01417 0.00276 0.00317 0.03778 
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Figure 23: Post-metamorphic Growth (Growth2) Mean Values by Nitrate Concentration in 

grams/day. 

 

 

Figure 24: Post-Metamorphic Growth (Growth2) Interaction Data between Nitrate 

Concentrations and the Infection of Bd after (BDA) metamorphosis in grams/day. 
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Figure 25: Post-Metamorphic Plot Diagram of Nitrate Concentration*Bd after metamorphosis 

(BDA) for Clutch in grams/day. 

 

 Frog Regression Analysis- The second assessment 2 months post metamorphosis 

allowed researchers an in-depth assessment of weight accumulation post-metamorphosis for 

individual frogs. Since each froglet went through metamorphosis at different times within a 

given 137 day period, researchers were able to determine the rate of weight accumulation per 

individual per nitrate and chytrid treatment group. Tables and figures associated with regression 

analyses demonstrate this relationship of the weight past metamorphosis to days at 

metamorphosis. In regression analyses of nitrate groups all exhibited a significant positive slope 

(Table 25).  Froglets in the 40 NO3 group exhibited the largest y-intercept but the lowest slope 

value.  Froglets in the 80 NO3 group exhibited the lowest y-intercept value and had the largest 

slope of all three nitrate groups, as illustrated in Figure 24.  Table 26 illustrates the regression 

analysis of weight/days from metamorphosis (i.e. PMWGT/DAYS): NO3 treatments and chytrid 

exposure affect this body condition variable.   Again, the lowest y-intercept trend was 80 + NO3, 
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the largest slope was also 80 + NO3 (Figure 27). Curiously, as Figure 27 indicate the treatments 

that began at the lowest y-intercept value had a larger slope and essentially “caught up” with the 

approximately the same results as time increased from metamorphosis.  This indicates that the 

weight of those exposed to chytrid and the highest nitrate concentration gained more weight 

post-metamorphosis than the other treatments.  

 

Table 25: Regression statistics for the 3 different NO3 treatment groups of froglets, based on 

lines depicted in Figure 26.*   

 

 

 

 

 

*The significance of each regression ANOVA is given as an F statistic and associated probability 

value and D.F.  The slope (b) of the predicted line is given with an estimate of standard error.  A 

t-statistic (T, p) is included that tests the hypothesis that the slope is significantly different from 

zero. 

 

Group Regression (F, 

p) 

D.F. Y-Intercept, 

+/- SE 

B, +/- SE   T, p 

no3=0       

 

281.88, < 0.001   1, 82 0.4806, 

0.0458 

0.0138, 0.0008 16.79,  <.0001 

no3=40     62.93,   <.0001 

 

1,78 0.5999, 

0.0839        

0.0117, 0.0015   7.93, <.0001 

no3=80     410.07, <.0001 1,66 0.3638, 

0.0383 

0.0150, 0.0007 20.25, <.0001 
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Figure 26: Regression equations for body weight (in grams) of froglets as related to total number 

of froglet days by Nitrate Treatments (days). 
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Table 26: Regression statistics for the 6 different NO3*BDA groups of froglets, based on lines 

depicted in Figure 27.*  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*The significance of each regression ANOVA is given as an F statistic and associated probability 

value and D.F.  The slope (b) of the predicted line is given with an estimate of standard error.  A 

t-statistic (T, p) that tests the hypothesis that the slope is significantly different from zero is also 

given. 

 

 

Group Regression (F, 

p) 

D.F. Y-Intercept, 

SE 

B, SE B =  0  (T, p) 

no3=0   

bda+ 

 

116.50, <0.001   1, 42 0.5283, 0.0674 0.0129, 

0.0012 

10.79,   

<.0001 

no3=0   

bda- 

177.62, <.0001 1, 38 0.4226, 

0.06175 

0.0149,  

0.0011 

13.33,  <.0001 

 

no3=40   

bda+ 

43.33, <.0001 

 

1, 34 0.5422, 0.1177 0.0130,  

0.0020        

6.58,    <.0001 

no3=40   

bda- 

25.52, <.0001 1, 42 0.6272, 0.1175 0.0110,  

0.0022 

5.05,   <.0001 

 

no3=80   

bda+ 

277.34, <.0001 1, 30 0.3037, 0.0452 0.0155, 

0.0009 

16.65,    

<.0001 

 

no3=80   

bda- 

150.61,  <.0001 1, 34 0.4561, 0.0614 0.0138,  

0.0011       

12.27,    

<.0001 
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Figure 27: Regression equations for body weight of froglets as related to total number of froglet 

days for the Six Different Nitrate*BDA Treatment Groups 

 

 

DISCUSSION 

 The main research goal was to quantitatively evaluate potential stress outcomes 

associated with multiple stressors upon a model amphibian.  Implicit in the factorial design of 

this experiment is the interaction, or lack of interaction, among multiple stressors affecting the 

organism.  The major goals of this experiment were to 1) determine if environmentally realistic 

concentrations of nitrate concentrations had a deleterious impact on X. laevis tadpole and froglet 

survivorship and body condition measures, 2) determine if exposure to Bd had any measurable 

sub-lethal impacts on tadpoles/froglets, and 3) determine if exposure to one of these stressors 
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might interact with exposure to the second stressor in some way. The use of nitrate, a compound 

associated with fertilizer applications typical of average environmentally realistic concentrations, 

and the effect of B. dendrobatidis on tadpoles and frogs of X. laevis (EPA 1999, Sullivan & 

Spence 2003, Carmargo et al. 2005) allowed examination of the possibility of a deleterious 

interaction outcome of two sub-lethal effects on a resilient experimental species.  This work, in 

part, focused on the use of X. laevis as a research organism and as a mechanism for 

understanding resilience between individuals and genetic variability.   

A main purpose of the study was to test conventional methods of research; these methods 

that necessitate the use of X. laevis may require revision in the context of disease and other 

testable stressors that may alter the results and outcomes of testing hypotheses (i.e. genetic 

variability must be taken into account and determination of prior or on-going infection).  In 

effect, a main driver of this research was the question of whether or not research animals may 

need pre-disease or fungal screening and how such infections (in this case, chytrid infection) 

may affect and/or alter the outcome of a variety of research, especially in ecotoxicology.  

Another purpose was to determine the amount of influence Bd actually has on a „tolerant‟ 

species and inversely, how that may impact naïve species.  Varying levels of nitrate 

concentrations and the effects on a species is also a concern under consideration.  The interactive 

effects of nitrate concentration and B. dendrobatidis were also considered a main purpose of the 

study to determine a reaction or immune response by each and both stressors. 

Anthropogenic acceleration of nitrogen cycling by the agricultural and aesthetic use of 

fertilizers may have an effect on individual X. laevis.  A particular concern is the amount of 

nitrate from agricultural and nonpoint anthropogenic runoff that may affect nearby amphibian 

populations.  Another main question analyzed within the context of the study was whether or not 
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increased nitrate concentrations affected research animals and, by proxy, might affect those 

amphibians in nature exposed to such fluxes and chronic concentrations which occur throughout 

areas where fertilizers are used and intensive agriculture is employed. 

Sodium nitrate concentrations found to not cause mortality were used to determine if any 

sub-lethal effects may take place without addition of mortality complications.  This finding is 

contrary to our research and may be explained in the differences of concentrations used (0, 37, 

and 292 mg/L NaNO3 included the oxygen ions as opposed to this study which removed the 

molecular weight of the oxygen ions and measured by nitrogen per nitrate molecule- i.e. N-NO3). 

0, 37 and 292 mg/L NaNO3 in Sullivan & Spence (2003) paper is converted to 0, 8.8 and 65.9 

mg/L N-NO3, respectively.  However, the main conclusion of mixtures of agrochemicals, even if 

sub-lethal, may have a negative effect on aquatic organisms is supported in this study.  Again, 

novel in this research is the span of time the exposure occurred (e.g., in this study, exposure was 

continuous throughout metamorphosis and the froglet stage).  A review paper by Carmargo et al. 

(2005) stated toxicity to nitrate compounds increased with increasing concentrations, a finding 

which our research also supports. The decision to use sodium nitrate in this study was based on 

the findings of the aforementioned papers which found mortality in sodium nitrate was most 

likely due to the nitrate ion rather than sodium supporting the conclusions of Baker and Waights 

(1994) who used sodium chloride controls of Litoria caerulea tadpoles. 

Xenopus laevis is considered fairly resilient overall; however, less resilient amphibians 

may experience a larger response to nitrate fertilizers. Ammonium nitrate is a main component 

of most agricultural fertilizers produced from natural gas.  Freshwater systems can experience 

acidification with increased deposition of nitrate and ammonium. Currently, Europe, parts of 

Asia and North America are increasingly nitrogen polluted, as evidenced by acidified 
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groundwater, soil near bodies of lakes, streams „with marked effects on the trophic structure of 

surface waters‟ (Rabalias 2002). The addition of ammonia or ammonium salts was a concern as 

ammonia and ammonium have inherent issues (Hecnar 1995, Ortiz et al. 2004). More 

specifically the detrimental effects of both ammonium and nitrate compounds on X. laevis 

indicate the ammonium ion as the main toxic „contributor‟ of ammonium nitrate to X. laevis 

(Schuytema & Nebeker 1999a) and ammonia ion was found to be more sensitive and exhibited 

malformation in embryos (Schuytema & Nebeker 1999b). This finding led researchers to 

question the validity of ammonium nitrate as a delivery method as ammonium salts may impact 

the results negatively.  

The results indicated here a dose response to nitrate concentration increase for post-

metamorphic froglets, but not with pre-metamorphic tadpoles.  Results indicate that as nitrate 

concentration increased, the overall fitness- in terms of post-metamorphic weight (PMWGT: 

Figure 13), post-metamorphic snout-vent length (PMSVL: Figure 17), froglet body condition 

(K2: Figure 21) and growth (GROWTH2: Figure 23) decreased significantly when animals were 

exposed to 80 ppm NO3.  This dose response indicated as nitrate levels increase, a negative 

response developed.  

Regression analyses (Figure 11) indicate that as days to metamorphosis was lengthened, 

weight increased in the 0 and 40 ppm NO3 groups.  Strikingly, 80 ppm NO3 groups exhibited no 

such interaction- the length of time spent as a tadpole had no bearing on the weight at 

metamorphosis.  This phenomenon is further exhibited in Figure 12 which demonstrated a nearly 

horizontal line of 80 ppm BDB - group and a very slight increase in slope in the 80 ppm BDB + 

group.  Essentially, at high nitrate concentrations, data shows that weight is uncoupled from days 

to metamorphosis when tadpoles are exposed to the highest anthropogenic nitrate concentration 



59 

 

released into the environment.  Contrary to our findings, in natural systems and controlled 

research trials, Wilbur & Collins (1973) demonstrated a strong association between time spent in 

the aquatic environment and size and metamorphosis in aquatic environments.  Exacerbated 

nitrate concentrations from anthropogenic sources have a detrimental effect on growth rate of X. 

laevis; this finding may suggest lowered fecundity in female frogs at sexual maturity since body 

size and condition are heavily correlated to number of eggs harbored within the female per 

spawning event, adult fitness and survivorship (Semelitsch et al., 1988).   

An interesting note is the difference between those exposed as tadpoles and those 

exposed after metamorphosis.   The post-metamorphic snout-vent length was significantly 

decreased in those infected after metamorphosis (BDA+) in the 80 ppm NO3 group. In contrast, 

snout-vent lengths taken of those individuals infected before metamorphosis (BDB+) exhibited 

no significance as nitrate concentrations increased.  No observable effects where documented 

occurred to those infected with Bd before metamorphosis; however, after metamorphosis 

exposure exhibited a significant effect on growth.  Infection before metamorphosis may impart 

some natural function for the fungus or may allow the frog to grow either resistance to or 

indifference to the fungus.  This may be instrumental in understanding why death has not had 

been readily observed in research, stock or from natural observation in X. laevis.  

Rachowicz & Vredenburg (2004) found transmission between life stages in the mountain 

yellow-legged frog, Rana muscosa, in which tadpoles can spread Bd between and among 

members of the immediate vicinity.  They also found that tadpoles appear healthy with infection 

but post-metamorphic frogs die. Our results indicate no significance between mortality and B. 

dendrobatidis infection, (if the interaction with nitrate is excluded as the highest nitrate 

concentration increased mortality), which is also in line with the findings of numerous others 
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(Berger et al. 1998, Nichols et al. 2001, etc.). Parris & Baud (2004) found larval weight, larval 

period and growth was decreased in the Gray Treefrog (Hyla chrysoscelis) when introduced to 

Bd, findings somewhat contrary to that found in the aforementioned data with X. laevis.  The 

larval weight and time-to-metamorphosis period were different, but mean growth as mg/day 

remained significant between clutches in the current study.  This distinction remains unclear; 

however, the grouping or separation of individuals by clutch may have altered results.  Parris & 

Cornelius (2004) found that Bd presence had no significant impact on larval survival in this 

species. This was supported with the data from this study.  Interestingly, mortality was more 

impacted by the concentration of nitrates rather than chytridiomycosis infection.   

Davidson et al. (2007) exposed individual foothill yellow-legged frogs (Rana boylii) to 

sub-lethal concentrations of carbaryl as well as chytrid.  These authors reported that observed 

effects to the exposure that included decreased skin peptide defenses and suppressed 

development post-metamorphic frogs. These finding support results of this study in another 

species.  They also suggest pesticide exposure suppresses immune function and may interfere 

with defense against disease.  Different from this current study, Davidson et al. found no 

significant interaction effects between pesticide exposure and chytrid exposure.  Davidson et al. 

(2003) found infection of tiger salamanders not always resulted in mortality, another finding 

similar to the current study.  Rollins-Smith (2005) suggests that multiple stressors, conditions, or 

pesticides may impact the amphibians‟ response to chytrid.  This suggestion is supported by the 

findings in this research.  In summary, the nitrogenous runoff of agricultural progress has 

implications beyond what has been generally assumed as innocuous.  

Garner et al. (2009) found a dose dependent cost associated with infection of tadpoles.  

They found that after metamorphosis, mortality associated with infection is dependent on body 
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size rather than dose. Since this study did not include a dose dependent exposure of Bd infection, 

those findings could not be substantiated; however, the body size assertion seems to be supported 

in the data by weight at metamorphosis. On-going research may provide further information on 

this topic.  Parris & Cornelius (2004) found in Bufo fowleri and Hyla chrysoscelis that Bd had no 

significant effect on mortality or larval development, a finding contrasting the findings of this 

study, perhaps attributable to different species.  The two researchers did find Bd reduced 

metamorphic body mass and a lengthened of larval period.  Body mass of X. laevis in this study 

was non-significant for tadpoles exposed or non-exposed to Bd, but the lengthening of larval 

period is a working hypothesis in on-going research.    

The span of time of this subject studied was also novel insofar as there were multiple 

lifestages included in the chronic fungal infection and toxicological exposure rather than one 

lifestage (e.g., typically tadpole).  Also, animals in other research papers were subjected to a 

pulse exposure to a toxicant and/or infective agent.  Data obtained from Parris and Baud (2004) 

was from egg hatching to metamorphosis, whereas the data collected in this research spanned 

past the metamorph life stage and into the juvenile life stage (final measurements of froglets, not 

included here, were taken at 5 to 8 months post-metamorphosis).  A copper interaction also 

under consideration in the Parris and Baud study indicated that copper did not affect 

metamorphic growth and Bd infection did lengthen growth; the interaction of both copper and 

Bd actually decreased the effect of Bd on Hyla chrysoscelis.  The interaction of nitrate and Bd 

infection was found in this study to have significant effects in post-metamorphic frogs if those 

individuals were infected after metamorphosis.   

Post-metamorphic weight, snout-vent length and growth by NO3 concentration and BDA 

results are also significant.  Figure 15 illustrated that without BDA (BDA -) infection, there is 
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not a significant response in post-metamorphic weight in reaction to nitrate levels; however, 

when exposed to chytrid infection (BDA +), there is a negative dose response to increasing levels 

of nitrate.  Figure 19 indicates a nearly identical response in both BDA – and BDA + groups in 

reference to post-metamorphic snout-vent length.  Figure 24 also exhibited a similar response to 

overall mean growth.  This overall result indicated a detrimental response to chytrid exposure 

and a non-significant difference among nitrate groups not exposed to chytrid.  Again, as with 

pre-metamorphic tadpoles, chytrid exposure tends to have a detrimental effect on general health.   

 Regression analyses indicate of post-metamorphic froglets (Figure 26) that weight slopes 

were significant when the individual nitrate treatments are combined. This regression analysis 

measured the days past metamorphosis that each individual froglet had achieved- on this day, 

weight was measured, since the days differed between those that metamorphed earlier and those 

that metamorphed later were different.  Figure 27 shows that at metamorphosis, the 80 BDA + 

group increased weight at a much higher level and essentially “caught up” with the other 

treatments.  Mean values do not indicate a change in overall function of chytrid infected 

individuals.  This can explain why researchers have not noticed a significant difference among 

those Xenopus laevis infected with BD.  

Researchers have long used X. laevis as a model vertebrate species for questions spanning 

issues in vertebrate development, neurobiology and genetics to environmental and toxicological 

questions.  Weldon et al (2004) discussed the ease of captivity and mating induction of X. laevis 

as a main reason for the wide dissemination of this species in genetic, molecular biology, 

embryology, biochemistry and ecotoxicological research.  The wide use of X. laevis between 

1949 and 1974 resulted in 383,588 individuals sold from South Africa.  Since 1998, averages of 

10,200 wild-caught frogs per year are sold (Weldon et al. 2007).  This wide distribution and the 
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amount of on-site research stocks, combined with the pet trade have increased risk of escape. 

The ability of X. laevis to tolerate wide environmental ranges and the species‟ high fecundity has 

resulted in feral populations in several countries (Weldon et al. 2007).  The international trade in 

X. laevis has been identified as a major source of Bd spread (Weldon et al. 2004).    

Clutch variability was also a factor for those post-metamorphic individuals with weight, 

snout-vent length and body condition.  Significant differences between clutches remained present 

after metamorphosis. Clutch 1 continued to exhibit significantly higher mean weight (PMWGT: 

Figure 14), higher snout-vent length (PMSVL: Figure 18), higher mean body condition (K2: 

Figure 22) than clutches 2 and 3.  The trend of non-significant delineation of clutch 2 and clutch 

3 continued into the post-metamorphic results.  This may indicate clutch effects play an 

important role on response, perhaps to the detriment of research and suggests multiple couplings 

per experimental exercise may be required to obtain a truly random sampling and adequate range 

of response variables. 

Clutch differentiation was an unknown and surprising factor in the results.  Several 

results suggest non-significance (i.e. metamorphic growth, body condition of those at 

metamorphosis, snout vent length, etc.). However, data also indicates a significant response 

difference between clutches in metamorphic growth and interaction of BD, clutch and nitrate 

concentration on growth.  This research indicates increased and very significant inter-clutch 

variability that has not been previously considered in other studies. This finding has broad 

implications, namely those that use inducing breeding to obtain a number of full-siblings for 

experimental designs for all embryologic, toxicological and developmental surveys.  

Consideration of multiple pairings may alter research results and skew conclusions.  Interaction 

results on pre-metamorphic growth (Growth1) were found significant and important between 
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nitrate treatments, chytrid groups (Figure 8) and nitrate treatments. Chytrid groups and clutch 

effects on growth (Figure 9) indicating that not only is nitrate treatment important by itself and 

that clutch as itself differs in response, but the chytrid groups (BDB +/-) and the interactions 

between all three had a role on mean growth.  This is the first exhibited indication of chytrid 

treatment as a possible contributor of influence over when combined with other treatment 

factors.  This may indicate that if X. laevis do carry chytrid and are subjected to an experimental 

stressor, different levels of chytrid symptoms and responses could compromise the outcome of 

many experiments; those that do not take the presence of chytrid into account in their design may 

experience flawed results and may draw inaccurate conclusions. 

Results indicate a dose response among clutches; specifically, those of clutch 1 which 

exhibited a higher growth rate to treatment in terms of pre-metamorphic growth (GROWTH1: 

Figure 7) of metamorphic individuals and a lower mean day to metamorphosis (DAY: Figure 10) 

than the other two clutches.  This could indicate a stress response in an attempt to leave the 

afflicted area with higher nitrate dose; but as the mean health of the individuals in clutch 1 was 

higher a possible conclusion could be the individuals from clutch 1 were overall of greater 

genetic vigor. Both clutches 2 and 3 were non-significantly delineated from each other except for 

1 instance in Figure 7 of mean growth in pre-metamorphic growth (GROWTH1).   

After the initial two weeks a malfunction in the lighting regime was identified as a result 

the frogs were exposed to 24 hour light rather than the proposed 12:12 light/dark photoperiod.  

According to Edwards & Pivorun (1991) and Delgado et al. (1987), extended photoperiod 

regimes extended the length of time to metamorphosis and retarded growth as tadpoles.  Since all 

tadpoles were subjected to the same lighting regime, the conclusion was drawn that the effects of 
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the change extended to all test subjects regardless of treatment or dose regime and did not 

adversely affect one treatment group over any other.  

Potential problems associated with the experiment included that the research was 

conducted in a wet lab, contamination may have occurred between treatment groups.  Steps were 

taken to avoid contamination, including: using different water containers, barrels and utensils for 

each treatment group; containment jars were dried thoroughly. B. dendrobatidis treatment groups 

were separated from those not infected; everything associated with infective agents were cleaned 

in a different sink; frequent glove changes; segregation by a splash-proof barricade; use of 70% 

ethanol on every surface between cleanings of treatment groups.  Ongoing tests are currently 

attempting to determine the positive/negative infection status of those that were not infected 

during the survey are undertaken to verify lack of infection.  Histology, further life stage results, 

and the effects on nitrate concentrations on B. dendrobatidis are currently undergoing further 

research.  Fluctuating asymmetry of the effects of both treatment regimes may be a future 

consideration as well as varying the subject organism to determine if there is a trend within frog 

populations that are also used within the food and pet trade markets and the effects those trades 

have on the native amphibian population stocks.    

In summary, this study indicated increased mortality in the presence of chronically high 

nitrate concentrations indicating an inability to respond appropriately to environmentally 

elevated nitrate concentrations.  Mean growth of tadpoles varied among clutches indicating 

significant genetic variability may play an important role in determining response to external 

stressors.  B. dendrobatidis exhibited a negative dose response to increasing levels of nitrate in 

metamorphic growth; however, without B. dendrobatidis the highest mean growth occurred at 

the highest nitrate concentration indicating B. dendrobatidis responded to the increase in nitrate 
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concentration.  Regression analysis indicates weight at metamorphosis at the higher nitrate levels 

is no longer related to time and decreased size to metamorphosis- a finding that supports the 

conclusion that nitrate does have an effect on X. laevis, regardless of B. dendrobatidis exposure.    

 As froglets aged, body weight and snout-vent length were significant between clutches, 

nitrate concentrations and there were interactive effects of nitrate concentrations and exposure 

after metamorphosis to B. dendrobatidis.  This invalidates the null hypotheses of no nitrate 

differences between concentrations, no differences between clutches and no interaction of B. 

dendrobatidis.  Body condition was significantly different among nitrate concentrations and 

clutches; this may indicate a threshold had been reached when subjected to the highest nitrate 

concentration and that clutch variability is still a consideration, even after metamorphosis. An 

underlying theme of those measured after metamorphosis is that B. dendrobatidis had an no 

substantially significant effect on infected individuals as tadpoles as they continued growth and 

development after metamorphosis; if infected as adults the effects of growth and body condition 

are compromised.  Regression analysis indicates weight of those exposed to the highest 

concentration of nitrate gained more weight post-metamorphosis than other treatments, 

essentially removing the detrimental effect of increased nitrate concentrations from the tadpole 

stage.              

    



67 

 

 

 

 

 

 

 

 

 

 

 

References



68 

 

List of References 

 

Barbeau, T.R., and L.J. Guillette. 2007. Altered ovarian steroids in Xenopus laevis exposed to 

environmentally relevant concentrations of nitrate. Journal of Herpetology. 41(4):590-596. 

 

Berger, L., R. Speare, P. Daszak, D.E. Green, A.A. Cunningham, C.L. Goggin, R. Slocombe, 

M.A. Ragan, A.D. Hyatt, K.R. McDonald,  H.B. Hines, K.R. Lips, G. Marantelli, H. Parkes. 

1998. Chytridiomycosis causes amphibian mortality associated with population declines in the 

rain forests of Australia and Central America. PNAS. 95:9031-9036. 

 

Berger L., R. Speare, A.D. Hyatt 1999. Chytrid fungi and amphibian declines: overview, 

implications and future directions. In: Campbell A. (ed) Declines and disappearances of 

Australian frogs. Environment Australia: Canberra. 23-33. 

 

Blaustein A.R., P.D. Hoffman, D.G. Hokit, J.M. Kiesecker, S.C. Walls, J.B. Hays. 1994. UV 

repair and resistance to solar UV-B in amphibian eggs: A link to population declines? PNAS 

91:1791-1795.  

 

Bosch J., I. Martinez-Solano, M. Garcia-Paris. 2001. Evidence of a chytrid fungus infection 

involved in the decline of the common midwife toad (Alytes obstetricians) in protected areas of 

central Spain. Biological Conservation 97:331-337. 

 

Brown-Sullivan K., K.M. Spence. 2003. Effects of sublethal concentrations of atrazine and 

nitrate on metamorphosis of the African clawed frog. Environmental Toxicology and Chemistry. 

22(3) 627-635. 

 

Camargo JA, A. Alonso, A. Salamanca. 2005. Nitrate toxicity to aquatic animals: a review with 

new data for freshwater invertebrates. Chemosphere. 58:1255-1267. 

 

Carey M., M. Cohen, L.A. Rollins-Smith. 1999. Amphibian declines: an immunological 

perspective. Developmental and Comparative Immunology. 23:459-472.  

 

Carnaval A.C.O.Q., R. Puschendorf, O.L. Peixoto, V.K. Verdade, M.T. Rodrigues. 2006. 

Amphibian chytrid fungus broadly distributed in the Brazilian atlantic rain forest. EcoHealth. 

3:41-48.  

 

Carpenter S.R., N.F. Caraco, D.L. Correll, R.W. Howarth, A.N. Sharpley, V.H. Smith. 1998. 

Nonpoint pollution of surface waters with phosphorus and nitrogen. Issues in Ecology: 

Ecological Applications 8(3): 559-568.    

 

Cohen M.M. 2001. Frog decline, frog malformations, and a comparison of frog and human 

health. American Journal of Medical Genetics. 104:101-109. 

 



69 

 

Davidson C., M.F. Benard, H.B. Shaffer, J.M. Parker, C. O‟Leary, J.M. Conlon, L.A. Rollins-

Smith. 2007. Effects of chytrid and carbaryl exposure on survival, growth and skin peptide 

defenses in foothill yellow-legged frogs. Environmental Science and Technology. 41:1771-1776. 

 

Davidson E.W., M. Parris, J.P. Collins, J.E. Longcore, A.P. Pessier, J. Brunner. 2003. 

Pathogenicity and transmission of chytridiomycosis in Tiger Salamanders (Ambystoma 

tigrinum). Copeia. 3:601-607.  

 

Delgado M.J., P. Gutierrez, D. Alonso-Bedate. 1987. Melatonin and Photoperiod Alter Growth 

and Larval Development in Xenopus laevis Tadpoles. Comparative Biochemistry and 

Physiology Part A: Physiology. 86(3):417-421. 

 

Edwards M.L.O., E.B. Pivorun. 1991. The effects of photoperiod and different dosages of 

melatonin on metamorphic rate and weight gain in Xenopus laevis Tadpoles. General and 

Comparative Endocrinology. 81(1):28-38. 

 

Edwards T.M., K.A. McCoy, T. Barbeau, M.W. McCoy, J.M. Thro, L.J. Guillette. 2006. 

Environmental context determines nitrate toxicity in southern toad (Bufo terrestris) tadpoles. 

Aquatic Toxicology. 78:50-58. 

 

Fenn M.E., J.S. Baron, E.B. Allen, H.M. Rueth, K.R. Nydick, L. Geiser, W.D. Bowman, J.O. 

Sickman, T. Meixner, D.W. Johnon, P. Neitlich. 2003. Ecological Effects of Nitrogen Deposition 

in the Western United States. BioScience. 53(4):404-420. 

 

Fisher M.C., T.W.J. Garner, S.F. Walker. 2009. Global emergence of Batrachochytrium 

dendrobatidis and amphibian chytridiomycosis in space, time and host. Annual Review of 

Microbiology. 63:291-310.  

 

Frog Decline Reversal Project, Inc (FDRP). Cairnes, AU. 

http://www.fdrproject.org.au/index.html (Accessed April 19, 2010). 

 

Garner T.W.J., S. Walker, J. Bosch, S. Leech, J.M. Rowcliffe, A.A. Cunningham, M.C. Fisher. 

2009. Life history tradeoffs influence mortality associated with the amphibian pathogen 

Batrachochytrium dendrobatidis. Oikos. 2009. 

http://www.herpetologica.org/nuevos_hallazgos/Garner_etal09.pdf.  

 

Griffis-Kyle K.L., M.E. Ritchie. 2007. Amphibian survival, growth and development in response 

to mineral nitrogen exposure and predator cues in the field: an experimental approach. 

Oecologia. 152: 633-642. 

 

Guillette L.J., T.M. Edwards. 2004. Is Nitrate an ecologically relevant endocrine disruptor in 

vertebrates? Integrative and Comparative Biology.  45:19-27. 

 

Guillette L.J. 2006. Endocrine disrupting contaminants-beyond the dogma. Environmental 

Health Perspectives. 114:9-12. 

 



70 

 

Garner T.W.J., S. Walker, J. Bosch, A.D. Hyatt. 2005. Chytrid fungus in Europe. Emerging 

Infectious Diseases. 11(10):1639-1640. 

 

Hecnar S.J. 1995. Acute and chronic toxicity of ammonium nitrate fertilizer to amphibians from 

southern Ontario. Environmental Toxicology and Chemistry 14(12):2131-2137. 

 

Houck A., S.K. Sessions. 2006. Could atrazine affect the immune system of the frog, Rana 

pipiens? Bios 77(4):107-112. 

 

Kiesecker J.M., A.R. Blaustein, L.K. Belden. 2001. Complex causes of amphibian population 

declines. Nature. 410:681-684.  

 

Lips K.R. 1999. Mass mortality and populations declines of Anurans at an upland site in western 

Panama. Conservation Biology. 13(1):117-125. 

 

Longcore J.E., A.P. Pessier, D.K. Nichols. 1999. Batrachochytrium dendrobatidis gen. sp. nov., 

a chytrid pathogenic to amphibians. Mycologia. 91(2):219-227. 

 

Marco A., A.R. Blaustein. 1999. The effects of nitrate on behavior and metamorphosis in 

cascades frogs (Rana cascadae). Environmental Toxicology  and Chemistry 18: 946-949. 

 

New South Wales Government, Department of Environment, Climate Change and Water. 2008.  

Frog Chytrid Fungus. www.environment.nsw.gov.au/plantsanimals/FrogChytridFungus.htm. 

2008. 

 

Nichols D.K., E.W. Lamirande. 2001. Successful treatment of chytridiomycosis. The Newsletter 

of the Colorado Herpetological Society. 28:11. 

  

Olsen V., A.D. Hyatt, D.G. Boyle, D. Mendez. 2004. Co-localisation of Batrachochytrium 

dendrobatidis and keratin for enhanced diagnosis of chytridiomycosis in frogs. Diseases of 

Aquatic Organisms. 61:85-88. 

 

Ortiz M.E., A. Marco, N. Saiz, M. Lizana. 2004. Impacts of ammonium nitrate on growth and 

survival of six European amphibians. Archives of Environmental Contamination and 

Toxicology. 47(2): 234-239. 

 

Ouellet M., I. Mikaelian, B. Pauli, J. Robrigue, D.M. Green. 2005. Historical evidence of 

widespread chytrid infection in North American amphibian populations. Conservation Biology. 

19(5): 1431-1440. 

 

Ortiz-Santaliestra M.E., A. Marco, M.J. Fernandez, M. Lizana. 2006. Influence of developmental 

stage on sensitivity to ammonium nitrate of aquatic stages of amphibians. Environmental 

Toxicology and Chemistry. 25(1):105-111. 

 



71 

 

Parker J.M., I. Mikaelian, N. Hahn, H.E. Diggs. 2002. Clinical diagnosis and treatment of 

epidermal chytridiomycosis in African clawed frogs (Xenopus tropicalis). Comparative 

Medicine. 52:265-268. 

 

Parris M.J., D.R. Baud. 2004. Interactive effects of a heavy metal and chytridiomycosis on gray 

treefrog larvae (Hyla chrysoscelis). Copeia. 2:34. 

 

Parris M.J., T.O. Cornelius. 2004. Fungal pathogen causes competitive and developmental stress 

in larval amphibian communities. Ecology. 85(12):3385-3395. 

 

Pough F.H., C.M. Janis, J.B. Heiser. 2009. Vertebrate Life. 8
th

 edition. Benjamin Cummings. 

San Francisco.  

 

Pounds J. 2007. Widespread amphibian extinctions from epidemic disease driven by global 

warming. Nature. 439:161-167.  

 

Rabalais N.N. 2002. Nitrogen in aquatic ecosystems. Ambio: Royal Swedish Academy of 

Sciences. 31(2):102-112.  

 

Reading C.J. 2007. Linking global warming to amphibian declines through its effect on female 

body condition and survivorship. Oecologia. 151:125-131. 

 

Rollins-Smith L.A. 1998. Metamorphosis and the amphibian immune system. Immunological 

Reviews. 166:221-230.  

  

Rollin-Smith L.A., L.K. Reinert, C.J. O‟Leary, L.E. Houston, D.C. Woodhams. 2005. 

Antimicrobial peptide defenses in amphibian skin. Integrated Comparative Biology. 45(1):137-

142. 

 

Rouse J.D., C.A. Bishop, J. Struger. 1999. Nitrogen pollution: an assessment of its threat to 

amphibian survival. Environmental Health Perspectives. 107(10):799-803. 

 

Schuytema G.S., A.V. Nebeker. 1999. Effects of ammonium nitrate, sodium nitrate, and urea on 

red-legged frogs, pacific treefrogs, and African clawed frogs. Bulletin of Environmental 

Contamination and Toxicology 63:357-364. 

 

Semelitsch R.D., D.E. Scott, J.H.K. Pechmann. 1988. Time and size at metamorphosis related to 

adult fitness in Ambystoma talpoideum. Ecology. 69(1):184-192. 

 

Skerratt L.F., L. Berger, R. Speare, S. Cashins, K.R. McDonald, A.D. Phillott, H.B. Hines, N. 

Kenyon. 2007. Spread of chytridiomycosis has caused the rapid global decline and extinction in 

frogs. EcoHealth. http://www.jcu.edu.au/school/phtm/PHTM/frogs/papers/skerratt-2007.pdf. 

 

Stuart S.N., J.S. Chanson, N.A. Cox, B.E. Young, A.S.L. Rodrigues, D.L. Fischman, R.W. 

Waller. 2001. Status and trends of amphibian declines and extinctions worldwide. Sciencexpress. 

IUCN. http://people.nnu.edu/jocossel/Stuart%20et%20al%202004.pdf. 



72 

 

 

Sullivan, K. B., K.M. Spence. 2003. Effects of sublethal concentrations of atrazine and nitrate on 

metamorphosis of the African Clawed Frog. Environmental Toxicology and Chemistry. 

22(3):627-635. 

 

Taylor S.K., E.S. Williams, K.W. Mills. 1999. Effects of malatonin on disease susceptibility in 

Woodhouse‟s toads. Journal of Wildlife Diseases. 35(3):536-541.  

 

United State Environmental Protection Agency. 1999. Background Report on Fertilizer Use, 

Contaminants and Regulations.  National Program Chemicals Division, Office of Pollution 

Prevention and Toxics. http://www.epa.gov/oppt/pubs/fertilizer.pdf EPA 747-R-98-003. 

 

Voyles J., S. Young, L. Berger, C. Campbell, W.F. Voyles, A. Dinudom, D. Cook, R. Webb, 

R.A. Alford, L.F. Skerratt, R. Speare. 2009. Pathogenesis of chytridiomycosis, a cause of 

catastrophic amphibian declines. Science. 326:582-585.  

 

Weldon C., L.D.V. Atherton, L.H. duPreez. 2007. Quantification of the trade in Xenopus laevis 

from South Africa, with implications for biodiversity conservation. African Journal of 

Herpetology. 56(1): 77-83. 

 

Weldon C., L.H duPreez, A.D. Hyatt, R. Muller, R. Speare. 2004. Origin of the amphibian 

chytrid fungus. Emerging Infectious Diseases: Center for Disease Control. 10(12):2100-2105. 

 

Woodhams D.C., R.A. Alford, G. Marantelli. 2003. Emerging disease of amphibians cured by 

elevated body temperature. Diseases of Aquatic Organisms. 55:65-67. 

 

Wilbur H.M., J.P. Collins. 1973. Ecological aspects of amphibian metamorphosis. Science. 

182(4119):1305-1314. 

 

Xu Q., R.S. Oldham. 1997. Lethal and sublethal effects of nitrogen fertilizer ammonium nitrate 

on common toad (Bufo bufo) tadpoles. Archives of Environmental Contamination and 

Toxicology. 32(3):298-303.  

 

Young B.E., K.R. Lips, J.K. Reaser, R. Ibanes, A.W. Salas, J.R. Cedenzo, L.A. Coloma, S. Ron, 

E. La Marca, J.R. Meyer, A. Munoz, F. Bolanos, G. Chaves, D. Romo. 2001. Population declines 

and priorities for amphibian conservation in Latin America. Conservation Biology. 15(5):1213-

1223. 

 

Young B.E., S.N. Stuart, J.S. Chanson, N.A. Cox, T.M. Boucher. 2004. Disappearing Jewels: the 

status of new world amphibians. NatureServe. Global Amphibian Assessment. Center for 

Applied Biodiversity Science. IUCN: The World Conservation Union.  Arlington, VA. 

 

 

 

 

 


	ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	Results
	DISCUSSION
	References

