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The current rate of global biodiversity loss and extinctions is unparalleled and a 

major concern. Freshwater organisms are facing particularly rapid rates of biodiversity 

loss. Amphibians, which require an aquatic environment for part of their life cycle, are 

one of the most vulnerable vertebrate groups. Amphibians are experiencing population 

declines, range reductions and a number of extinctions worldwide and between 30 to 40 

percent of amphibian species are threatened with extinction. No single cause is 

accountable for all amphibian population losses though these causes include habitat 

destruction, environmental contaminants, invasive species, climate change and disease.  

 Emerging infectious diseases have gained attention due to their increasing 

prevalence in wildlife, including amphibians. One pathogen, the fungus 

Batrachochytrium dendrobatidis (Bd) that causes chytridiomycosis, has been associated 

with amphibian mortality events and some population declines. Amphibian host response 

varies widely to Bd and can depend on species, population, life stage and pathogen strain. 

Though a variety of factors may influence this range in host response, one hypothesis is 

that other stressors may increase host susceptibility to the disease.  



 

 

 

 To explore the hypothesis that pollutants can exacerbate the effects of 

chytridiomycosis, I investigated whether a ubiquitous environmental contaminant, nitrate, 

can increase mortality when larval amphibians are exposed to Bd. I used a 3 x 2 

experimental factorial design to expose two amphibian host species, the Pacific treefrog 

(Pseudacris regilla) and the Cascades frog (Rana cascadae) to three levels of nitrate (no 

nitrate, low, or high) and two levels of Bd (absent or present).  

 Nitrate alone and Bd alone did not significantly affect mortality in either species. 

However, the high nitrate treatment in combination with Bd significantly reduced 

survival in P. regilla, and treatments with both high and low nitrate and Bd significantly 

reduced survival in R. cascadae. The treatments with nitrate and/or Bd increased growth 

and development for both species in comparison to the control treatments overall.  

 This research provides evidence to support the hypothesis that contaminants may 

increase the severity of chytridiomycosis and induce other sublethal effects. My results 

show that sublethal levels of two environmentally relevant stressors can increase 

mortality in amphibians when in combination. Because nitrate is a pervasive contaminant 

that amphibians commonly encounter in water, the importance of understanding how 

nitrate contamination can affect amphibians cannot be overstated. Identifying 

contaminants that may increase mortality when in the presence of a pathogen is a crucial 

step toward understanding how to manage amphibian populations at risk of declining.  
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CHAPTER 1: INTRODUCTION 

Human encroachment into natural ecosystems has spurred mass biodiversity loss 

and extinctions. The current extinction rate leads some researchers to conclude that over 

75% of species worldwide can be lost in as little as 240 years (Barnosky et al. 2001), 

marking a sixth mass extinction event (Wake and Vredenburg 2008). Unlike former mass 

extinction events, this one is unique in that it is speculated to be caused primarily by 

human impact (Barnosky et al. 2001; Dirzo et al. 2014). Aquatic organisms are at the 

forefront of this crisis (Strayer and Dudgeon 2010) with over 50 percent of turtles 

(Kiester and Olson 2011), over 40 percent of freshwater fishes (Reid et al. 2013), and 

about 30 to 40 percent of amphibians (Stuart et al. 2004; McCallum 2007; Hoffmann et 

al. 2010) vulnerable to losses. One estimate is that about 43% of amphibian species are 

declining with a number of extinctions occurring worldwide (Stuart et al. 2004; Wake 

and Vredenburg 2008). Several factors are linked to these population declines and 

extinctions, including environmental contaminants, invasive species, climate change, 

habitat destruction and disease (Daszak et al. 1999; Collins and Storfer 2003; Blaustein 

and Bancroft 2007; Bucciarelli et al. 2014). Biodiversity loss is a complex, multifaceted 

problem with no single cause accountable for all amphibian population declines and our 

understanding of how stressors interact to reduce populations is limited (Blaustein and 

Kiesecker 2002; Blaustein et al. 2011; Dirzo et al. 2014).   

Amphibian biodiversity loss is especially significant because amphibians are 

sensitive bioindicators allowing us to measure environmental change or track human 

impact on the ecosystem (Blaustein and Wake 1995; Daszak et al. 1999). Many 
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amphibian species remain within a relatively small home range and are thus good 

indicators for tracking environmental change within local habitats (Blaustein and Wake 

1995). Several characteristics of amphibian ecology determine their vulnerability to 

environmental degradation. Amphibians have a biphasic life cycle, with a larval life stage 

completely dependent on water and an adult stage usually dependent on a moist, 

terrestrial habitat (Blaustein 1994). Their semi-permeable skin allows for water to pass 

through and their unshelled eggs offer little protection against toxins (Blaustein 1994; 

Blaustein and Wake 1995; Blaustein and Bancroft 2007).  

Furthermore, amphibian conservation is crucial as amphibians form a vital 

component of ecosystems. For example, amphibian larvae are mostly herbivorous and 

larval populations can greatly affect aquatic systems by influencing phytoplankton and 

algal biomass and impacting primary production rates in ponds (Seale 1980; Connelly et 

al. 2008). Adult amphibians may be both predators and prey and form an important part 

of terrestrial and aquatic environments (Hecnar 1995; Crump 2010). In some ecosystems 

amphibians can make up a considerable proportion of vertebrate biomass (Gibbons et al. 

2006) and their disappearance can have large-scale consequences on other organisms 

within their habitat (Daszak et al. 1999) and on environmental processes (Whiles et al. 

2013).  

THE ROLE OF DISEASE IN AMPHIBIAN POPULATION DECLINES 

Emerging infectious diseases (EIDs) may have a significant impact on 

biodiversity, may induce population declines and in some cases can be a factor in wildlife 



4 

 

 

extinctions (Daszak et al. 2001). An EID is a disease that has recently increased its 

pathogenicity, virulence, frequency, distribution or host range or is caused by a recently 

evolved pathogen that has been newly discovered (Daszak et al. 1999, 2001, 2003). 

Examples of EIDs are West Nile virus, white-nose syndrome in bats, (Tompkins et al. 

2014), Ebola, HIV and Nipah (Daszak et al. 2001). It appears that humans may influence 

the increasing prevalence of EIDs by altering or destroying habitat which may facilitate 

the transfer of pathogens into new areas (Daszak et al. 2001).  

Among amphibians, disease is implicated as one of the causes for population 

declines (Daszak et al. 2003). Specifically, pathogens that contribute to amphibian 

population losses in the wild include water molds (Saprolegnia spp.) (Blaustein et al. 

1994; Kiesecker and Blaustein 1995), trematodes (Kiesecker 2002; Blaustein and 

Johnson 2003), ranavirus (Chinchar 2002; Hoverman et al. 2010) and fungi (Berger et al. 

1998; Daszak et al. 2003; Gillespie et al. 2015).  

Of these pathogens, Batrachochytrium dendrobatidis (hereafter Bd) has been 

particularly notable. Since Berger et al. (1998) first described Bd nearly twenty years ago, 

much attention has focused on Bd because it is considered a driver of amphibian 

population declines and extinctions worldwide (Blaustein and Kiesecker 2002; 

Piotrowski et al. 2004; Longcore et al. 2007; Wake and Vredenburg 2008; Fisher et al. 

2009; Bishop et al. 2012; Blaustein et al. 2012).  

Batrachochytrium dendrobatidis range and life cycle  
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Bd has been identified on all continents where amphibians are found (Olson et al. 

2013) and over 200 species of amphibians have experienced population declines that are 

likely to be in part due to Bd (Fisher et al. 2009). Bd is a generalist pathogen and has 

been found in samples from over 500 species of amphibians (Olson et al. 2013). While 

the exact mechanisms of transmission are not fully understood, Bd may spread more 

efficiently when amphibians are involved in close contact social behavior (Rowley and 

Alford 2007) such as larval schooling or adult breeding aggregations (Piotrowski et al. 

2004).  

Bd is an aquatic, fungal pathogen within phylum Chytridiomycota and is 

recognized as the first species within this phylum to parasitize a vertebrate host 

(Longcore et al. 1999). Chytridiomycota is a diverse phylum with both free-living and 

parasitic species that infect algae, invertebrates, fungi, plants and some vertebrates 

(Daszak et al. 1999; Pessier et al. 1999; Bishop et al. 2012). Bd reproduces asexually and 

has a complex life cycle with both a motile and a non-motile stage (Berger et al. 2005b; 

Rosenblum et al. 2010). The mobile stage consists of an infective, flagellated zoospore 3-

5 microns in diameter (Longcore et al. 1999) with no cell wall (Berger et al. 2005b). The 

non-mobile stage consists of a zoosporangium within which the zoospores develop 

(Berger et al. 2005b). Bd zoospores infect the keratinized epidermis of post-metamorphic 

amphibians (Berger et al. 1998) and the keratinized jaw sheaths and tooth rows of larval 

mouthparts (Altig 2007; Blaustein et al. 2012; McMahon and Rohr 2015). The mobile 

zoospore stage generally lasts less than 24 hours before zoospores encyst in their host 

(Greenspan et al. 2012). Zoospores find their hosts through chemotaxis (Moss et al. 
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2008), attach themselves to the epidermis of the host and insert a germination tube into 

the host cell (Berger et al. 2005b). Bd possibly releases digestive enzymes to enter the 

host epidermis (Rosenblum et al. 2010). Zoospore cellular contents empty into host tissue 

through the germination tube and form a zoosporangium. Zoospores develop within the 

zoosporangium and are discharged from the skin of the amphibian into the aquatic 

environment (Greenspan et al. 2012). This process can happen relatively quickly and 

encystment has been observed within 12 hours of experimental exposure (Greenspan et 

al. 2012).  

Relatively little is known about Bd survival outside of the host (Chestnut et al. 

2014). Different Bd strains flourish under different abiotic parameters but some evidence 

of how Bd is affected by various abiotic parameters is available. Johnson and Speare 

(2003) tested how long two Bd strains can live in water in the absence of a host and 

found that Bd can live for 3 weeks in tap water, 4 weeks in deionized water and 7 weeks 

in lake water. It is unknown whether there are Bd resting spores that are resistant to many 

environmental conditions (Longcore et al. 1999; Johnson et al. 2003) but it has been 

hypothesized that Bd is a saprobe that can survive for long periods of time outside of a 

host in nature (Longcore et al. 1999).  

Though tolerant to a range of conditions, such as variable pH and temperatures 

(Piotrowski et al. 2004), Bd cannot withstand desiccation which can kill it in under 3 

hours (Johnson et al. 2003). Some laboratory studies have shown that Bd cultures have an 

optimal temperature range between 17 and 25º C, and that growth slows down 

considerably in temperatures below 10º C and above 25º C. Temperatures above 30º C 
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kill Bd cultures outside of the host (Piotrowski et al. 2004) and temperatures above 37º C 

have cleared Litoria chloris of infection within 16 hours (Woodhams et al. 2003). 

Woodhams et al. (2008) showed that Bd zoosporangia mature more rapidly at warmer 

temperatures but more zoospores are produced at cooler temperatures. Though Bd may 

have an optimal temperature range, it has been detected year-round in North American 

amphibian breeding sites (Chestnut et al. 2014). The optimal pH for growth may be 

between 6 and 7, although zoospores can survive outside this range (Piotrowski et al. 

2004). The variations of temperatures and pH that Bd can survive in can make it a fairly 

hardy pathogen, potentially allowing it to survive outside of the host for some time 

(Piotrowski et al 2004).  

Chytridiomycosis symptoms and variation in host response  

  Infection with Bd can produce few if any visible symptoms (Gaietto et al. 2014), 

sublethal effects (Parris and Baud 2004) or cause the disease chytridiomycosis which can 

lead to mortality (Nichols et al. 2001). Chytridiomycosis can cause hyperkeratosis 

(thickening of the outer layer of epidermis), epidermal hyperplasia, skin sloughing, 

lethargy, skin lesions and anorexia in post-metamorphic amphibians (Nichols et al. 2001). 

Amphibian skin is imperative in maintaining homeostasis by regulating electrolyte, water 

and gas exchange. Bd disrupts osmoregulation of the skin, leading to death by cardiac 

arrest (Voyles at al. 2009). It is hypothesized that Bd releases toxins that disturb ion 

channels in the epidermis and accelerate the onset of symptoms (Blaustein et al 2005; 

Voyles et al. 2009; McMahon et al. 2013), or that secondary bacterial infections which 

occur in empty sporangia can worsen the symptoms of the disease (Berger et al. 2005b). 
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In larval amphibians, Bd infection is confined to their mouths because they lack a 

keratinized epidermis (Altig 2007; Blaustein et al. 2012; McMahon and Rohr 2015). 

Larvae are less susceptible to mortality from Bd than post-metamorphic amphibians 

possibly due to this lack of keratin (Gervasi et al. 2013a), but larval mortality from Bd 

exposure has been observed in some species (Blaustein et al. 2005). Bd-induced mortality 

in larvae may be a consequence of impaired feeding from mouthpart abnormalities 

(Venesky et al. 2009).  

Though laboratory studies show that Bd is lethal to some amphibian species 

(Berger et al. 2005a; Blaustein et al. 2005; Carey et al. 2006; Searle et al. 2011; Gervasi 

et al. 2013b) and field studies have linked Bd to mass-mortality events (Lips et al. 2003, 

2006; Muths et al. 2003; Gillespie et al. 2015), not all amphibians succumb to 

chytridiomycosis and susceptibilities differ greatly between species (Blaustein et al. 

2005; Bancroft et al. 2011; Searle et al. 2011; Gervasi et al. 2013a) and between 

populations (Briggs et al. 2005; Woodhams et al. 2007; Bradley et al. 2015) and life 

history stage within the same species (Gervasi et al. 2013a; Ortiz-Santaliestra et al. 2013). 

It is possible that some of this variation is due to the presence of other stressors (such as 

contaminants) in amphibian habitats where Bd is present (Blaustein and Kiesecker 2002).   

THE ROLE OF AGRICULTURE IN AMPHIBIAN POPULATION DECLINES 

 Agriculture is a continuing threat to wildlife through habitat modification and 

fragmentation and the introduction of contaminants into the environment (Daszak et al. 

2001; Relyea 2005a; Schmutzer et al. 2008). Currently, over five billion hectares of land 
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are used for agriculture; this is over 50% of the earth’s surface in which human habitation 

is possible (i.e., land that does not have ice cover or desert) (Tilman and Clark 2015) and 

over 38% of the earth’s ice-free terrain (Foley et al. 2011). As the demand for food 

continues to rise, the quantity of pesticides and fertilizers needed to sustain a growing 

human population will rise rapidly (Foley et al. 2005; Tilman and Clark 2015). Terrestrial 

application of agricultural chemicals causes runoff into aquatic ecosystems, thus 

imperiling aquatic wildlife and threatening biodiversity (Carpenter et al. 1998; Relyea 

2005a).  

As amphibians spend a large portion of their life cycle living in or near water, 

they may be particularly vulnerable to the detrimental effects of agricultural runoff, and 

some researchers hypothesize that pollutants may be one of the drivers of amphibian 

population losses (Blaustein and Kiesecker 2002; Collins and Storfer 2003; Egea-Serrano 

et al. 2012; Brühl et al. 2013). Agricultural areas may be correlated with reduced species 

diversity or reproductive success in areas where amphibians come into contact with 

runoff. For example, de Solla et al. (2002) found reduced hatching success for some 

amphibian species reproducing in agricultural areas. Bishop et al. (1997) found that both 

species diversity and density were lower for some anuran species in agricultural areas, 

and one species tested also had lower hatching success in an agricultural site. The authors 

concluded that agricultural runoff may play a role in amphibian biodiversity loss by 

lowering reproductive success.  

Various contaminants are found near agricultural areas including insecticides, 

herbicides, fungicides and fertilizers. The impacts of agro-chemicals on amphibians vary 
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greatly and they can result in both lethal and sublethal effects (reviewed in Mann et al. 

2009). Contaminants can cause deformities, reduced development and growth, abnormal 

behaviors and mortality in amphibians (e.g., Hecnar 1995; Marco et al. 1999; Allran and 

Karasov 2001; Relyea 2005b; Boone et al. 2007; Krishnamurthy and Smith 2011; Buck et 

al. 2012; Biga and Blaustein 2013; Brühl et al. 2013). Of the agro-chemicals found in 

amphibian habitats, nitrogen input from fertilizers may be one of the most significant and 

pervasive contaminants in aquatic systems (Vitousek et al. 1997; Camargo and Alonso 

2006).  

Nitrogenous fertilizers  

 Nitrogen is one of the most abundant elements in the Earth’s atmosphere though it 

is mostly prevalent as N2, an unreactive form that is unavailable for use to the majority of 

organisms, with the exception of some nitrogen fixing bacteria. For atmospheric nitrogen 

to be fixed into a form that organisms can use for nutrients, its triple bond must be broken 

and this process requires an enormous amount of energy (Galloway et al. 2003). 

Therefore, the majority of ecosystems, including agricultural areas, are nitrogen limited 

(Vitousek et al.1997). With the advent of the Haber-Bosch process, a method by which 

ammonia, a biologically available form of nitrogen, can be fixed from atmospheric 

nitrogen, the mass production of fertilizers became possible (Erisman et al. 2008). This 

process has undoubtedly increased global food production (Erisman et al. 2008) but also 

created an influx of massive quantities of biologically available nitrogen into aquatic and 

terrestrial ecosystems (Vitousek et al. 1997).  
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 The consequences of increasing levels of reactive nitrogen on Earth are far-

reaching. When nitrogenous fertilizers are applied terrestrially to food crops, only about 

50% of nitrogen is incorporated into plants and the other half is released into the 

atmosphere or nearby bodies of water (Tilman and Clark 2015). Surplus nitrogen can 

enter the atmosphere as ammonia (NH3), nitrous oxide (N2O) or nitric oxide (NO) 

(Galloway et al. 2003). Nitric oxide is reactive in the atmosphere and forms nitric acid 

(HNO3), which is transported back into aquatic ecosystems, increasing both the acidity of 

freshwater and the amount of nitrate (NO3ˉ) available (Camargo and Alonso 2006). In 

addition to atmospheric deposition of nitrogenous compounds into aquatic systems, 

nitrogen enters water through runoff from crop and farmland. Nitrate is a highly soluble 

and very mobile ion which can be transported from soil to surface and ground waters 

(Rouse et al. 1999). Excess nitrate in aquatic systems results in eutrophication, hypoxic or 

anoxic conditions, toxic algal blooms and overall degradation of aquatic habitats 

(Vitousek et al. 1997; Carpenter et al. 1998; Galloway et al. 2003; Camargo and Alonso 

2006).  

 Nitrogenous compounds may be toxic to aquatic biota including invertebrates, 

fishes and amphibians (reviewed in Camargo and Alonso 2006). Several forms of 

reactive, inorganic nitrogen may be encountered by aquatic organisms, with ammonium 

(NH4+), ammonia (NH3), nitrite (NO2ˉ) and nitrate (NO3ˉ) as the most common forms 

(Camargo and Alonso 2006). In the presence of oxygenated water, ammonia and nitrite 

oxidize to nitrate by bacteria, thus rendering nitrate as the most abundant nitrogenous 

compound that amphibians are likely to encounter. However, ammonia and nitrite can 
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also be present in elevated concentrations from the discharge of human and industrial 

effluents or other point sources (Rouse et al. 1999).  

 Amphibian sensitivity to nitrogen-based fertilizer varies with species tested and 

ionic form of nitrogen used (reviewed in Mann et al. 2009). Exposure of amphibians to 

nitrogenous compounds has resulted in reduced mass or length, delayed metamorphosis, 

reduced activity or feeding, physical abnormalities and mortality (e.g., Hecnar 1995; 

Marco et al. 1999; Johansson et al. 2001; Ortiz-Santaliestra and Sparling 2007; 

Krishnamurthy et al. 2008; Miaud et al. 2011). Conversely, several studies have reported 

an increase in larval mass, length or development after exposure to nitrate (de Wijer et al. 

2003; Hatch and Blaustein 2003; Smith et al. 2005, 2006; Boone et al. 2007), however 

this is generally presumed to be caused by an increase in periphyton, a source of food for 

larval amphibians, from the nitrate addition (de Wijer et al. 2003; Boone et al. 2007).  

 Nitrate tolerance can differ within populations of the same species (Johansson et 

al. 2001; Hatch and Blaustein 2003; Egea-Serrano et al. 2009, 2011). Generally, the 

populations with less sensitivity to nitrate are those collected from areas with agriculture, 

however Miaud et al. (2011) did not find that toad populations from agricultural areas 

were more tolerant to nitrate exposure. There is also a variation in response based on life 

history stage of the host. Several studies suggest that early embryonic stages of 

amphibians are more sensitive to nitrogenous fertilizer than later stages (e.g. Schuytema 

and Nebeker 1999a, 1999b; Bellezi et al. 2015), however Meredith and Whiteman (2008) 

found no effects of nitrate on survival of three amphibian species during embryonic 

stages. 
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 The effects of nitrogenous fertilizers in combination with abiotic and biotic 

stressors have also been tested. Ultraviolet-B (UVB) and nitrogenous fertilizers in 

combination can increase mortality or reduce the mass of amphibians (e.g., Hatch and 

Blaustein 2003; Macías et al. 2007). Exposure to nitrogenous compounds and pesticides 

can result in an increase in mortality and sublethal effects (Boone et al. 2007) or little to 

no interactive effects (Krishnamurthy and Smith 2011). Exposure of Rana sphenocephala 

to nitrate and perchlorate, an environmental contaminate, produced an interactive 

negative effect on development and an additive effect on mortality, though the effect on 

mortality was not significant (Ortiz-Santaliestra and Sparling 2007). Low levels of nitrate 

can impede the ability of larval amphibians to detect predator cues (Polo-Cavia et al. 

2016). The effects of nitrate and disease can vary. Forson and Storfer (2006) found that 

nitrate exposure reduced the levels of peripheral leukocytes in Ambystoma tigrinum 

larvae and also their rate of infection with Ambystoma tigrinum virus (ATV). They 

concluded that while nitrate acted as an immunosuppressant, it may also directly interact 

with ATV by lowering the rate of infection. Buck et al. (2016) found no interactive 

effects of nutrient addition and Bd on larval amphibians. Romansic et al. (2006) found 

that in the absence of nitrate Rana aurora larvae had reduced survival when challenged 

with Saprolegnia, but in the presence of nitrate Saprolegnia did not increase mortality.   

Whereas the mechanisms of nitrate toxicity are not fully understood, sublethal and 

lethal effects may be caused by the reduction of nitrate to nitrite by bacteria in the 

intestines. Nitrite is a substantially more toxic chemical than nitrate because it converts 

hemoglobin into methemoglobin and reduces oxygen transport in the body, as 
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methemoglobin does not bind oxygen (Huey and Beitinger 1980). This can eventually 

lead to tissue hypoxia and death (Marco and Blaustein 1999). In humans this condition, 

known as methemoglobinemia or “blue baby syndrome”, can be fatal to infants (Wentz et 

al. 1998). Huey and Beitinger (1980) showed that bullfrog larvae also exhibit 

methemoglobinemia after being exposed to sublethal levels of nitrite. Due to the health 

risks associated with nitrate, the EPA set 10 mg/L N-NO3ˉ as the maximum allowable 

level of nitrate in drinking water (USEPA 2016). Surface waters, however, do not have 

the same regulations, and nitrate concentrations can frequently exceed drinking water 

limits, especially near agricultural areas. In North America, nitrate levels as high as 100 

mg/L N-NO3ˉ in watersheds have been recorded, and average nitrate levels in streams in 

or around agricultural areas range from 2 to 40 mg/L N-NO3ˉ (Rouse et al. 1999). In the 

Willamette basin, which has nutrient inputs from agriculture, nitrate levels are between 

0.054 and 22 mg/L N-NO3ˉ (Wentz et al. 1998). These quantities, combined with the fact 

that nitrate enters water during spring thaw and fertilization events which overlap with 

periods of larval development and amphibian breeding (Hecnar 1995), show more focus 

needs to be turned to the role of nitrate in amphibian population declines.   

Despite the presence of nitrogenous compounds in many aquatic habitats, there is 

an overall lack of consistency between experiments, with different forms of nitrogen 

being tested (e.g. sodium nitrate, ammonium nitrate, sodium nitrite, urea, etc.), resulting 

in huge variation in amphibian response (Mann et al. 2009). For example, studies using 

ammonium nitrate show a more pronounced effect of nitrate on amphibians because of 

highly toxic ammonia (Hecnar 1995; Schuytema and Nebeker 1999a; Bellezi et al. 2015). 
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In nature, however, amphibians are much more likely to be exposed to high levels of 

nitrate rather than ammonia (Rouse et al. 1999). The effects of nitrate (administered as 

sodium nitrate) on anurans are summarized in Appendix A (Table S1).  

USING EXPERIMENTS TO UNDERSTAND MULTIPLE STRESSORS 

 Amphibians face a multitude of biotic and abiotic stressors simultaneously and 

the impacts of potential stressor interactions are poorly understood. Here I define a 

stressor as a factor (natural or anthropogenic) that has a negative impact on a system, 

community or species because it is either introduced or overabundant in that system 

(Barrett et al. 1976). Predicting the outcome of stressors acting simultaneously may be 

especially difficult as the effects of co-stressors may be additive, antagonistic or 

synergistic (Folt et al. 1999). Furthermore, not only are freshwater habitats suffering very 

high levels of biodiversity loss (Strayer and Dudgeon 2010), but some believe freshwater 

systems are impacted more by the effects of multiple stressors than other systems due to 

anthropogenic factors and water use (Ormerod et al. 2010).  

USING AMPHIBIANS AS MODELS 

 Considering the rapid declines of some amphibian populations, research using 

amphibians as models is warranted. Amphibians are a largely underrepresented group in 

toxicological studies and this may lead to a gap in knowledge on how contaminants may 

contribute to population declines (Hoke and Ankley 2005). For example, many 

toxicological studies use fishes as models to assess contaminant toxicity, but contaminant 

levels considered nontoxic to fish may be highly toxic to amphibians. Marco et al. (1999) 
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found that levels recommended by the EPA to be protective of warm water fish are 

substantially more toxic to some amphibian species. While comparing the effects of 

toxicants on amphibian and mammal skin, Quaranta et al. (2009) found that the passage 

of chemicals through amphibian skin happens many times more rapidly than mammal 

skin due to its higher permeability.  

 One standard toxicological test using an amphibian model, Xenopus laevis, is 

used to assess relative toxicity of contaminants to amphibians. This test, the Frog Embryo 

Teratogenesis Assay-Xenopus (FETAX) uses X. laevis embryos in a 4-day, acute 

exposure to contaminants (Martini et al. 2012). FETAX allows for the detection of lethal 

and sublethal effects, and the data can be used to compute median lethal concentrations 

(LC50) and median effective concentrations (EC50) (Hoke and Ankley 2005). However, 

a critical review comparing FETAX to acute exposures of the same chemicals on aquatic 

organisms traditionally used in toxicological testing and to other species of amphibians, 

found that FETAX is not a particularly sensitive test (Hoke and Ankley 2005). The use of 

FETAX for assessing the toxicity of contaminants for native amphibians may therefore 

not be suitable and this underlines the importance of using local amphibian species to test 

the effects of contaminants.  

 In addition, amphibians are also useful models to study diseases because they are 

hosts to a large variety of pathogens including fungi, viruses, bacteria and helminths 

(Densmore and Green 2007). Because of the increasing incidences of emerging infectious 

diseases in facilitating amphibian population losses worldwide, amphibians may be 
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particularly useful in understanding the impact of diseases on wildlife (Blaustein et al. 

2012).  

OBJECTIVES 

Nitrate and Bd are two ecologically relevant stressors that amphibians can be 

exposed to simultaneously. Understanding how these stressors may potentially interact is 

one step toward identifying factors that contribute to amphibian population declines. 

Using the larvae of two amphibian host species, the Pacific treefrog (Pseudacris regilla) 

and the Cascades frog (Rana cascadae), I experimentally tested the combined effects of 

Bd and nitrate to determine if these two factors alone or in combination affect amphibian 

mortality, growth rate or development. The ranges of these species overlap and both are 

exposed to Bd in their habitats (Piovia-Scott et al. 2011). Pseudacris regilla can be found 

in agricultural areas (Lannoo 2005) and are exposed to higher levels of nitrate than R. 

cascadae (Wentz et al. 1998), however some nitrate may enter streams in R. cascadae 

habitat from forest fertilization (Hatch and Blaustein 2000). This is the first study 

examining the effects of nitrate and Bd on these two species in the laboratory and the first 

time a comparison is made between two species after exposure to nitrate and Bd.  

I predicted that there would be no significant effects of treatments with a single 

stressor on either species because previous work has shown that experimental exposure of 

P. regilla and R. cascadae larvae to Bd ((Blaustein et al. 2005; Gervasi et al. 2013a) and 

to nitrate (Hatch and Blaustein 2000; Romansic et al. 2006) does not affect survival. 

However, I expected that treatments with nitrate and Bd in combination would negatively 
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affect survival, growth and development because previous studies have shown that 

exposure to contaminants in combination with other stressors can negatively affect 

amphibians (Hatch and Blaustein 2003; Relyea 2005b; Boone et al. 2007). Finally, I 

predicted that P. regilla would be less sensitive than R. cascadae to the treatments in 

which there are nitrates and Bd because P. regilla is able to thrive near agricultural areas.  
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ABSTRACT 

 Aquatic organisms are faced with many stressors simultaneously. These stressors can be 

abiotic and biotic, and can be natural or anthropogenic. Amphibians are particularly 

vulnerable to a variety of stressors, especially those associated with agro-chemicals and 

emerging infectious disease. These factors are contributing to high rates of amphibian 

population losses and range reductions. We experimentally tested the combined effects of 

a ubiquitous agricultural contaminant, nitrate, and an emerging amphibian pathogen, 

Batrachochytrium dendrobatidis (Bd), associated with amphibian population declines 

worldwide, on the larvae of two amphibian species, the Pacific treefrog (Pseudacris 

regilla) and Cascades frog (Rana cascadae). We used a 3 x 2 fully factorial design with 3 

levels of nitrate (no nitrate, low nitrate, and high nitrate) and the presence or absence of 

Batrachochytrium for a 4-week exposure. Treatments with nitrate and Bd significantly 

lowered R. cascadae survival and the high-nitrate level with Bd treatment significantly 

lowered P. regilla survival. For P. regilla we found that: 1) larvae in all treatments except 

the high-nitrate only treatment had significantly higher mass gain than larvae in control 

treatments (not exposed to nitrate or Bd); 2) larvae in all treatments increased in 

developmental stage compared to controls; and 3) there were no significant effects of 

treatments on larval length. For R. cascadae: 1) mass increased in all but the high-nitrate 

level with Bd treatment; 2) developmental stage increased in the nitrate-only treatment and 

the high-nitrate with Bd treatment; and 3) length increased in the Bd-only and low-nitrate 

level with Bd treatments in comparison to controls. Our results indicate that sublethal levels 
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of environmental stressors may have significant negative combination effects on survival 

when larvae are exposed to them simultaneously.  

INTRODUCTION 

 The present rate of biodiversity loss, range reductions and extinctions is 

unparalleled and of pressing concern to conservation ecologists (Barnosky et al. 2001). 

Agriculture is a continuing threat to biodiversity, as large portions of terrestrial habitats 

are converted to crop and farmland (Foley et al. 2005). Agro-chemicals such as pesticides 

and fertilizers permeate terrestrial and aquatic habitats (Foley et al. 2005). Terrestrial 

application of agricultural chemicals causes runoff into aquatic ecosystems and imperils 

aquatic wildlife (Carpenter et al. 1998; Relyea 2005). 

  Nitrogen-based fertilizers pose a serious threat to aquatic organisms (Carpenter et 

al. 1998; Foley et al. 2005; Camargo and Alonso 2006). Humans have greatly influenced 

the global nitrogen cycle by substantially increasing the amount of fixed nitrogen into the 

ecosystem and this consequently can lead to eutrophication and reduction in overall 

biodiversity of the affected area (Vitousek et al. 1997). Nitrogenous fertilizers are also 

directly toxic to aquatic biota (reviewed in Camargo and Alonso 2006). Of the four forms 

of nitrogen in water (ammonium, ammonia, nitrite and nitrate), nitrate (NO3ˉ) is the least 

toxic yet most pervasive, and high concentrations (~100 mg/L N-NO3ˉ, measured as N) 

have been recorded in North American watersheds (Rouse et al. 1999). These levels are 

much higher than levels in human drinking water. The US Environmental Protection 

Agency (USEPA) has established 10 mg/L N-NO3ˉ as the maximum contaminant level 
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(MCL) of nitrate in drinking water because concentrations above this can be lethal to 

infants (USEPA 2016).  

 Agricultural chemical runoff in habitats where amphibians live is especially 

significant because amphibians are experiencing some of the most drastic population 

declines recorded in vertebrates (Hoffmann et al. 2010). Between 30 to 40 percent of 

amphibian species are threatened, placing them at higher risk of biodiversity loss and 

extinctions than birds and mammals (Stuart et al. 2004; Hoffmann et al. 2010). 

Amphibians may be useful for assessing toxicity because they are completely dependent 

on water for their larval stage and during reproduction, increasing their risk of fertilizer 

runoff exposure (Mann et al. 2009). The timing of spring fertilization events also 

overlaps with the breeding season of many species, and larval development frequently 

occurs in water contaminated by agricultural runoff (Hecnar 1995). Furthermore, 

amphibians have semi-permeable skin and unshelled eggs, leaving them with little 

protection against contaminants (Blaustein and Wake 1995). 

Amphibian sensitivity to nitrogen-based fertilizer varies with species tested and 

ionic form of nitrogen (reviewed in Mann et al. 2009). Exposure of amphibians to 

nitrogenous fertilizers has resulted in reduced size, lower feeding and activity levels, 

physical abnormalities and mortality (e.g. Hecnar 1995; Marco et al. 1999; Schuytema 

and Nebeker 1999; Hatch and Blaustein 2000, 2003; Johansson et al. 2001). Despite the 

relatively low toxicity of nitrate, it can be converted internally to nitrite and cause 

methemoglobinemia, a condition that can result in tissue hypoxia and death because 

oxygen transport is reduced (Camargo and Alonso 2006). Methemoglobinemia has been 
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experimentally induced in bullfrog larvae after exposure to nitrite (Huey and Beitinger 

1980).  

In addition to direct toxicity from nitrogenous fertilizers on amphibians, exposure 

to sublethal levels of nitrogenous compounds with other stressors can potentially increase 

mortality. For example, ultraviolet-B (UVB) and fertilizers can have a significant 

negative effect on survival when amphibians are exposed to both stressors simultaneously 

(Hatch and Blaustein 2003). Additionally, low levels of nitrate can impede the ability of 

larval amphibians to detect predator cues, putting them at higher predation risk in 

polluted areas (Polo-Cavia et al. 2016). Combinations of environmentally relevant levels 

of nitrate with pesticides and predators also may lead to high mortality of amphibians 

after exposure, whereas nitrate alone may not (Boone et al. 2007). Studies investigating 

the effects of multiple stressors on amphibians are imperative because amphibians are 

exposed to many stressors simultaneously in the wild and synergisms are little understood 

(Blaustein and Kiesecker 2002).  

Because of rising episodes of emerging infectious diseases among amphibian 

populations, it is posited that contaminants may play a key role in increasing 

susceptibility to disease (Blaustein and Kiesecker 2002). This may be the case for 

chytridiomycosis, an emerging infectious disease caused by the fungal pathogen 

Batrachochytrium dendrobatidis (hereafter Bd). Bd has been detected worldwide (Olson 

et al. 2013), and host response to Bd can differ drastically between species, with some 

species responding with high mortality when exposed to Bd and others showing little to 

no response (e.g., Blaustein et al. 2005; Gervasi et al. 2013). Furthermore, populations 
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(Bradley et al. 2015) and life history stage within the same species (Gervasi et al. 2013) 

can differ in their susceptibility to Bd. Variation in host susceptibility to Bd depends on 

many factors, one of which may be a lowered immune response after contaminant 

exposure (e.g., Forson and Storfer 2006; Rohr et al. 2013).  

To investigate the combined effects of nitrate and Bd, we exposed two amphibian 

species, the Pacific treefrog (Pseudacris regilla) and Cascades frogs (Rana cascadae), to 

sublethal levels of both stressors. Because previous work has shown that the same nitrate 

concentrations as those used in the present experiment (Hatch and Blaustein 2000; 

Romansic et al. 2006) and exposure to Bd during larval stages (Blaustein et al. 2005; 

Gervasi et al. 2013) do not affect survival, we predicted that exposure to each stressor 

alone would not affect survival but that exposure to nitrate and Bd in combination would 

reduce survival in both species. Because we expected to see negative effects in 

combination treatments, we also predicted that surviving larvae from the treatments with 

nitrate and Bd would have reduced growth and development. We also expected R. 

cascadae to be more sensitive than P. regilla to any treatments with nitrates, as P. regilla 

is able to persist near agricultural areas.  

MATERIALS AND METHODS 

Animal collection and husbandry  

We collected P. regilla and R. cascadae egg masses that were less than 48 hours 

old from breeding ponds in February and March 2015. Pseudacris regilla were collected 

in the Willamette Valley, Oregon (Benton County, OR; elevation = 72 m) and R. 
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cascadae were collected in the Cascade Range, Oregon (Linn County, OR; elevation = 

1022 m). Collecting animals as developing embryos within an egg mass precludes the 

possibility of a preexisting Bd infection, as infection does not occur at that life stage 

(Longcore et al. 1999). Clutches were moved to a temperature-controlled laboratory (14° 

C) with a 14:10 hour light:dark photoperiod and housed in 38-L glass aquaria filled with 

dechlorinated water. Species were kept separate, but clutches within species were mixed 

and kept in densities of about 200 larvae per tank after hatching. Larvae were fed a 3:1 

mixture of ground alfalfa pellets to fish food flakes ad libitum. We began the experiment 

once P. regilla larvae reached Gosner developmental stages 26-28 and R. cascadae larvae 

reached stages 26-29, characterized by hind limb bud formation (Gosner 1960).  

Experimental design  

 We conducted a 29-day experiment to test for effects of nitrate and Bd alone and 

for interactions of nitrate and Bd using a 3 x 2 fully factorial design. Nitrate had three 

treatment levels: 0 mg/L, 5 mg/L and 20 mg/L measured as nitrate (or 0 mg/L, 1.13 mg/L 

and 4.52 mg/L N-NO3ˉ), consistent with previous work on R. cascadae and P. regilla 

(Hatch and Blaustein 2000; Romansic et al. 2006). Bd had two treatment levels: absent or 

present. Each of the six treatment groups had 24 replicate larvae (n=144 larvae examined 

per species) (Appendix Table S2). Larvae were haphazardly selected from aquaria and 

kept individually in 600 mL glass beakers with 500 mL of the appropriate treatment 

solution (either dechlorinated water or nitrate solution). Treatments were randomly 

assigned to beakers and arranged along the laboratory bench using a randomized block 

design. We measured mass, snout-vent length (SVL) and Gosner (1960) developmental 
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stage prior to placement in beakers. We measured SVL using ImageJ 1.49v software 

(National Institutes of Health, USA). Animals were fed every other day for the duration 

of the experiment. Complete water changes were done every seven days and treatment 

solutions were renewed at each water change in a static-renewal test. We checked beakers 

every 24 hours for mortality and removed any dead larvae. Animals exhibiting obvious 

signs of distress were immediately removed from the experiment and euthanized using 

MS-222 in accordance with IACUC protocols (ACUP # 4725 Oregon State University). 

At the end of the experiment, all animals were euthanized with MS-222 and had their 

mass, SVL and developmental stage recorded. 

Nitrate solution procedure 

Nitrate solutions were prepared by dissolving sodium nitrate (NaNO3, 99+% 

purity, Fisher Scientific Company, LLC) in dechlorinated tap water for nominal levels of 

nitrate. Fresh solutions were made prior to each water change.  

Bd inoculation  

 We cultured Bd strain JEL 646 (originally isolated from P. regilla in California) 

on sterile tryptone agar plates using previously described methods (Blaustein et al. 2005; 

Gervasi et al. 2013). Bd was grown for up to 30 days before inoculation. We flooded agar 

plates with 10 mL of dechlorinated water for 15 minutes before scraping the surface of 

the agar to collect zoospores. We combined the inoculum from the plates and diluted it 

with dechlorinated water to reach the desired concentration of zoospores. Zoospores were 

counted from the combined inoculum using a hemocytometer. Larvae in Bd treatments 
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were exposed to 5 mL of inoculation broth containing 10,000 zoospores per mL, resulting 

in a total of 50,000 zoospores per individual (Gervasi et al. 2013). Control larvae (those 

not exposed to nitrate or Bd) and nitrate-only larvae were exposed to 5 mL of “sham” 

inoculation broth consisting of liquid contents from tryptone agar only plates.  

Quantitative PCR procedure  

 Upon death, all animals had their mouthparts swabbed 5 times with a sterile rayon 

swab (Medical Wire and Equipment, Corsham, England) and swabs were then kept 

frozen in 1.5-mL microcentrifuge tubes. We extracted DNA from the swabs by adding 60 

µL of PrepMan Ultra (Applied Biosystems, California, USA) to each microcentrifuge 

tube, made a 1:10 dilution and then analyzed it using Applied Biosystems 7500 Software 

v.2.0.6. The protocol we used for qPCR is modified from Boyle et al. (2004); we used the 

same methods with the exception that we used 60 µL of PrepMan Ultra instead of 40 µL. 

To ensure that animals not exposed to Bd did not have Bd, we randomly subsampled 5 

larvae per non-exposed treatment for qPCR analysis. To calculate the percentage of Bd-

exposed animals that became infected, we randomly subsampled 13 Bd-exposed animals 

for qPCR analysis. We ran the qPCR in triplicate and calculated the mean Bd zoospore 

genome equivalents (ge) per animal. To compare Bd zoospore ge between treatments, we 

compared all 13 of the subsampled Bd-exposed animals for P. regilla. Of the 13 

subsampled R. cascadae, we compared the Bd zoospore ge of the larvae that survived to 

day 29. Individuals were considered Bd-positive if each of the three replicates were 

positive after analysis. If only 2 of the 3 replicates were Bd-positive, then larvae were 

considered positive only if the mean ge was greater than 0.5. We used 0.5 ge as the cutoff 
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for marking an individual as Bd-positive so that we could identify small infection loads 

without marking low contamination levels as Bd-positive (Romansic et al. 2011).  

Statistical Analysis 

 Survival within species was analyzed using a logistic linear regression. Due to a 

non-normal distribution, initial mass, SVL and developmental stage were analyzed using 

the Kruskal-Wallis H test, a non-parametric one-way ANOVA on ranks. We used a one-

way analysis of variance (ANOVA) to compare growth among treatments within species. 

If a significant p-value (< 0.05) was found, we used Tukey’s HSD (honest significant 

difference) test to compare mean responses of each treatment group. We used the 

Kruskal-Wallis H test to compare differences in developmental stage within species. If a 

significant p-value (< 0.05) was found, we used the Dunn’s test to make pairwise 

multiple comparisons. Bd infection load was transformed (we log transformed ge average 

per individual +1) and then analyzed using an analysis of covariance (ANCOVA) with 

treatment as the main effect and mass and SVL as covariates. All data were analyzed 

using R statistical software (Version 3.2.4. R Foundation for Statistical Computing, 

Vienna, Austria). 

RESULTS 

Effects on Mortality  

Pseudacris regilla survival was negatively affected by the 20 mg/L NO3ˉ and Bd 

(HBD) treatment (Table 1; Figure 1). We excluded the control treatment from the 
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survival analysis because there was no mortality in this group. Instead, we used the HBD 

group as the baseline for comparison and found that all of the remaining treatments had 

significantly lower mortality than the HBD group (5 mg/L NO3ˉ only (LN): p = 0.0304; 

20 mg/L NO3ˉ only group (HN): p = 0.0149; Bd only (BDO): p = 0.0361; 5 mg/L NO3ˉ 

and Bd (LBD): p = 0.0149). There were no differences between randomized blocks 

(placement) for mortality. One individual in the BDO treatment died during a water 

change and was excluded from our analysis.   

In R. cascadae, the HBD and LBD treatments had higher mortality than the 

control treatment (HBD: p <0.0001; LBD: p < 0.0001) (Table 1; Figure 1). No other 

treatments differed in mortality from the control treatment. There were no differences 

between randomized blocks (placement) for mortality.    

Effects on growth and development 

 Initial mass, SVL and Gosner (1960) stage did not differ between treatments in 

both species (Appendix Table S3). We analyzed growth and development of larvae that 

survived to day 29 (Appendix Table S4). For P. regilla there were no differences in SVL 

change (final SVL – initial SVL) between treatment groups (p = 0.4718; Table 2). Mass 

gain (final mass – initial mass) and development (final stage – initial stage) differed 

between treatment groups (mass: p < 0.0001; stage: p = 0.0004; Table 2). Mean mass 

gain was higher in the LN, BDO, LBD and HBD treatments than the control group (Table 

3; Figure 2). Development was higher than the control in all treatments (LN: p = 0.0106; 

HN: p = 0.0018; BDO: p < 0.0001; LBD: p = 0.0001; HBD: p = 0.0083; Figure 2). There 
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were no differences between randomized blocks (placement) for mass gain or 

development (mass: p = 0.6926; stage: p = 0.7454). 

For R. cascadae, growth and development differed between treatments (mass: p = 

0.004; SVL: p = 0.0012; stage: p = 0.0496; Table 2). There were no differences between 

randomized blocks (placement) for growth or development (mass: p = 0.6546; SVL: p = 

0.3958; stage: p = 0.9613). Mean mass gain was higher than the control in the LN, BDO 

and LBD treatments (Table 3; Figure 2). SVL change was greater than the control 

treatment in the BDO and LBD treatments (Table 3; Figure 2). Development was higher 

than the control in the BDO group (p =0.0033; Figure 2). All other treatments did not 

differ in development from the control treatment.  

Bd load comparison 

All randomly subsampled Bd-unexposed animals tested negative for Bd. Of the 

randomly subsampled larvae, 46.2% of Bd-exposed P. regilla tested positive for Bd and 

33.3% of Bd-exposed R. cascadae tested positive for Bd. There were no differences in 

Bd loads (mean Bd zoospore ge) between treatments in P. regilla (p = 0.2224). Mass and 

SVL did not affect Bd load (mass: p = 0.2935; SVL p = 0.9869). There were no 

differences in Bd loads between treatments in R. cascadae (p = 0.4273). SVL did not 

affect Bd load (p = 0.8212). Mass affected Bd load (p = 0.0444), with lighter animals 

having a higher infection load.  

DISCUSSION 
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The effects of nitrate and Bd on survival  

Nitrate alone, at both concentrations, and Bd alone had no significant effects on P. 

regilla or R. cascadae survival. High nitrate with Bd reduced P. regilla survival, and R. 

cascadae survival was reduced at both low and high levels of nitrate with Bd. These 

increases in mortality in both species supports the hypothesis that although larvae were 

exposed to sublethal levels of nitrate and Bd, exposing animals to both stressors in 

combination magnified effects of one stressor alone. This combination effect was more 

pronounced in R. cascadae than P. regilla (Table 1; Figure 1).  

These same nitrate concentrations have been previously tested on both amphibian 

species but with different combinations of stressors. In R. cascadae, high nitrate 

significantly increased mortality in treatments with low pH and UVB (Hatch and 

Blaustein 2000). In P. regilla, no significant effects on survival were found with these 

same nitrate concentrations in combination with the water mold, Saprolegnia (Romansic 

et al. 2006).  

Our results are generally consistent with other studies on P. regilla and R. 

cascadae host response to Bd. The larvae of these species largely showed no effects of 

Bd on mortality previously (Blaustein et al. 2005; Gervasi et al. 2013; Rumschlag et al. 

2014). When tested concurrently with other species, P. regilla and R. cascadae 

experienced less mortality from Bd than other species (Blaustein et al. 2005; Gervasi et 

al. 2013). However, there is some variation in host response within these species from 



45 

 

 

experimental exposure to Bd. For example, P. regilla larvae responded to Bd treatments 

with reduced survival in a study by Kleinhenz et al. (2012).  

There is some evidence that nitrate tolerance not only varies between species, but 

also between populations of the same species, and this difference in sensitivity may have 

to do with the proximity of populations to agriculture (Johansson et al. 2001). In fact, P. 

regilla larvae collected from the Cascade Range, Oregon experienced high mortality 

(~80%) after exposure to 10 mg/L of nitrate and UVB, whereas larvae from the 

Willamette Valley, Oregon did not (Hatch and Blaustein 2003). In this same population 

of animals, exposure to 10 mg/L of nitrate (only) did not result in mortality, suggesting 

that exposure to low levels of multiple stressors may significantly affect survival (Hatch 

and Blaustein 2003). Other research has shown that P. regilla does not respond to high 

levels of nitrate exposure. Marco et al. (1999) found little sensitivity of P. regilla larvae 

collected as eggs from the Willamette Valley to nitrate levels of up to 25 mg/L N-NO3ˉ. 

High nitrate concentrations are environmentally realistic for larval amphibians in the 

Willamette River basin, where nitrate levels in streams as high as 22 mg/L N-NO3ˉ have 

been detected (Wentz et al. 1998). In the Cascade Range, where there is no agricultural 

activity, small amounts of nitrate may enter streams from forest fertilization (Hatch and 

Blaustein 2000). Our findings indicate that R. cascadae was more sensitive than P. 

regilla to exposure to nitrate and Bd and suffered higher mortality. This may be because 

amphibians in the Cascade Range do not encounter concentrations of nitrate as high as 

those in the Willamette Valley.  
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These data suggest that some form of interaction may be occurring to increase 

mortality when larvae are exposed to nitrate and Bd simultaneously. We do not know 

whether there is a mechanism in which nitrate and Bd directly interact, however because 

we did not find significant differences in infection loads between treatments in either 

species we have no support that this is the case. A more likely explanation is that 

exposure to multiple environmental stressors may exacerbate the effects of each stressor 

alone on amphibians (Boone et al. 2007). Additionally, nitrate may be acting as an 

immunosuppressant, increasing mortality caused by Bd. Although we did not analyze 

whether nitrate affects leukocyte levels, this is an area in need of research, particularly 

because nitrate has been considered an immunosuppressant in another amphibian species 

(Forson and Storfer 2006).   

The effects of nitrate and Bd on growth and development 

Larval growth and development generally increased from exposure to all 

treatments in comparison to controls, with the exception of SVL change in the P. regilla 

HBD treatment and development in the R. cascadae HN treatment, although these two 

treatments were not significantly different from the control treatments (Appendix Table 

S4). Generally, the control groups for both species remained the smallest and least 

developed. In previous studies, the effects of Bd only on larval growth and development 

were negative (e.g., Parris and Baud 2004; Davidson et al. 2007) and in some cases no 

significant effects of Bd on growth and development were found (Gaietto et al. 2014). 

However, the effect of Bd on amphibian hosts varies greatly with experimental 

conditions, host stage (Gervasi et al. 2013), species (Blaustein et al. 2005; Gervasi et al. 
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2013), population (Bradley et al. 2015), strain (Berger et al. 2005) and dose (Gervasi et 

al. 2013), therefore a range of host responses have been recorded. For example, one 

experiment showed that exposure to Bd during the larval stage through metamorphosis in 

P. regilla resulted in an increased rate of development and shorter time until 

metamorphosis (Romansic et al. 2011). Similarly, an increase in mass and length were 

observed in larval R. cascadae exposed to Bd (Searle et al. 2014). Our results reiterate 

that host response to Bd is highly context dependent, and experimental exposure can 

result in differential host response even within the same species.  

 Previous studies on exposure of amphibians to nitrogen-based fertilizers also 

showed a varied response in host growth and development. Johansson et al. (2001) found 

that nitrate reduced the growth rate and size at metamorphosis of Rana temporaria larvae. 

Hecnar (1995) found that weight loss occurred after acute exposure (96 hours) of several 

amphibian species to ammonium nitrate, but chronic exposure (100 days) did not result in 

any significant weight differences in multiple amphibian hosts. In P. regilla embryos 

(stage 12), exposure to several forms of nitrogenous fertilizers (ammonium and nitrate 

ions) resulted in reduced mass and length (Schuytema and Nebeker 1999). Some 

evidence suggests that amphibians eat less when exposed to fertilizers (Marco et al. 1999) 

and this may lead to reduced growth or development. In addition, a meta-analysis on the 

effects of agricultural contaminants on amphibians found that pesticides and fertilizers 

reduce amphibian growth overall (Baker et al. 2013). Conversely, we found that nitrate 

increased larval growth and development. Our results are consistent with some 

experiments that found an increase in mass, length or development in nitrate treatments 
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versus control treatments (de Wijer et al. 2003; Hatch and Blaustein 2003; Boone et al. 

2007). However, these experiments were conducted in outdoor mesocosms, and the 

increase in growth and development may have been due to an increase in food available 

to larvae and not the effect of the fertilizer itself. In fact, Boone et al. (2007) showed that 

periphyton, a source of food for larval amphibians, increased with the addition of nitrate. 

In our experiment, however, this cannot be the case due to our controlled laboratory 

conditions. Furthermore, in the R. cascadae LBD and HBD treatments there were only 5 

and 4 surviving larvae, respectively and it is possible that small sample sizes may have 

affected our analysis. However, because we observed similar trends in both species with 

almost all of the nitrate treatments having a larger mass, SVL and stage increase, our 

results indicated that nitrate directly affected larval growth and development.   

Because larvae responded to treatments with increased growth and development 

in the same treatments in which survival was reduced, we do not consider nitrate or Bd to 

be beneficial to larvae. Since we only measured growth and development in surviving 

larvae, we cannot exclude the possibility that only the larger animals survived in the 

treatments with nitrate and Bd. However, because we see the same pattern of growth and 

development in treatments that did not have significant mortality, our results suggest that 

the treatments increased mass, SVL and stage in comparison to control animals. Although 

the reasons for why this occurred are unknown, it is possible that the larvae may be 

accelerating their growth and development as a direct response to prolonged exposure to 

pathogens and/or contaminants in the water. To reduce contact with an aquatic stressor, 

larvae that develop quickly and exit the water more rapidly may have an advantage over 
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those that develop slowly, and this may ultimately reduce mortality from aquatic stressors 

in nature. This form of plastic response has been observed in amphibians exposed to 

other stressors. For example, Rana temporaria larvae metamorphosed more quickly but 

at a smaller size as a response to lowered water levels (Laurila and Kujasalo 1999). 

Generally, a large body size at metamorphosis is advantageous over a small body size 

and it increases survival in amphibians (Altwegg and Reyer 2003). Our experiment did 

not continue until metamorphosis and we cannot determine whether this increase in 

growth and development would have resulted in a larger size at metamorphosis. Future 

studies would benefit from exposing developing larvae to nitrate and Bd and then 

allowing them to metamorphose to determine whether the trend of increased body size is 

retained.   

Conclusion 

  Our results show that nitrate and Bd, alone and in combination, generally 

increased larval amphibian growth and development but survival was significantly 

reduced when larvae were exposed to both stressors. These findings suggest that 

sublethal levels of contaminants and pathogens can become lethal when encountered 

together. Whether nitrate is directly affecting Bd or lowering amphibian immunity, 

rendering them more susceptible to disease, warrants further investigation.  

 Amphibian response to contaminants and disease are context dependent and 

highly varied. Our results emphasize the need for testing multiple stressors because 

amphibians frequently come into contact with numerous biotic and abiotic stressors at 
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once (Blaustein and Kiesecker 2002). Our results indicate that levels far below the 10 

mg/L N-NO3ˉ drinking water standard set by the EPA may not protect some species of 

sensitive fauna, particularly when animals encounter contaminants in combination with 

other aquatic stressors. Furthermore, understanding how increased contaminant levels 

may exacerbate the effects of disease merits additional examination.  
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TABLE 1. The number of Pseudacris regilla and Rana cascadae 

survivors with percent mortality in parentheses. Treatments that share 

a letter within a species are not significantly different from one 

another. For P. regilla, we dropped the control group out of analysis 

because it had no mortality. All other treatments were then compared 

to one another using a logistic regression. 

Treatment P. regilla   R. cascadae 

C 24 (0%) 22 (8.3%)a 

LN 21 (12.5%)a 22 (8.3%)a 

HN 22 (8.3%)a 22 (8.3%)a 

BDO 20 (13%)a 19 (20.8%)a 

LBD 22 (8.3%)a 5 (79.2%)b 

HBD 14 (41.7%)b 4 (83.3%)b 

Notes: Treatment abbreviations: C = control (no nitrate, no 

Batrachochytrium dendrobatidis [Bd]); LN = 5 mg/L NO3ˉ only; HN 

= 20 mg/L NO3ˉ only; BDO = Bd only; LBD = 5 mg/L NO3ˉ and Bd; 

HBD = 20 mg/L NO3ˉ and Bd.   
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TABLE 2. Results of one-way analysis of variance for the effect of 

Batrachochytrium dendrobatidis (Bd) and nitrate on mass (final mass – initial mass) 

and snout-vent length (final snout-vent length – initial snout-vent length) of 

Pseudacris regilla and Rana cascadae. All measurements were taken on day 29 from 

surviving larvae. 

Response DF SS Mean Sq F value    P 

      

Pseudacris regilla      

Mass                 5 0.1542 0.0308 9.2904 <0.0001 

Snout-Vent Length              5 0.0433 0.0087 0.9183                   0.4718 

      

Rana cascadae      

Mass                 5 0.1171             0.0234 3.7487   0.0040 

Snout-Vent Length           5 0.2530 0.0506 4.4455   0.0012 
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TABLE 3. Results of Tukey HSD (honest significant 

difference) test for comparisons between each treatment 

and the control for mass (final mass – initial mass) and 

snout-vent length (final SVL – initial SVL) of Pseudacris 

regilla and Rana cascadae. All measurements were taken 

on day 29 from surviving larvae. The difference column is 

the difference in means between the treatment listed and the 

control group. 

Response Difference    P 

   

Pseudacris regilla   

Mass – LN + 0.102  <0.0001 

Mass – HN + 0.019   0.8848 

Mass – BDO + 0.071   0.0013 

Mass – LBD + 0.065    0.0028 

Mass – HBD + 0.060   0.0294 

   

Rana cascadae   

Mass – LN + 0.071   0.0415 

Mass – HN + 0.068   0.0588  

Mass – BDO + 0.086   0.0103 

Mass – LBD + 0.124   0.0248 

Mass – HBD + 0.045   0.8977 

   

SVL – LN + 0.084   0.1033 

SVL – HN + 0.090   0.0668 

SVL – BDO + 0.138   0.0012 

SVL – LBD + 0.176   0.0157 

SVL – HBD + 0.093   0.5948 

 

Note: Treatment abbreviations: C = control (no nitrate, no 

Batrachochytrium dendrobatidis [Bd]); LN = 5 mg/L NO3ˉ 

only; HN = 20 mg/L NO3ˉ only; BDO = Bd only; LBD = 5 

mg/L NO3ˉ and Bd; HBD = 20 mg/L NO3ˉ and Bd.    
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FIGURE 1. Kaplan-Meier survival curves for larvae of Pseudacris regilla and Rana 

cascadae. Bd = Batrachochytrium dendrobatidis. Control = no nitrate, no Bd. Nitrate levels 

are 0, 5, and 20 mg/L NitrateNO3ˉ. An asterisk (*) next to a treatment indicates that it is 

significantly different from treatments with no asterisk (p < 0.05).  
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FIGURE 2. Mean difference in mass ± SE, snout-vent length (SVL) ± SE and stage ± SE 

of surviving Pseudacris regilla (A) and Rana cascadae (B) larvae exposed to nitrate and 

Batrachochytrium dendrobatidis (Bd). All values are final values – initial values. Open 

circles indicate treatments with no Bd and filled circles indicate treatments with Bd. An 

asterisk (*) next to a treatment group indicates it is statistically different from the control 

(no nitrate, no Bd) treatment (p < 0.05).  
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CHAPTER 3: CONCLUSIONS 

 My thesis investigated the combination effects of sublethal levels of two common 

amphibian stressors. I experimentally manipulated levels of nitrate with or without the 

presence of Bd and recorded mortality, growth and development of Pseudacris regilla 

and Rana cascadae larvae (Chapter 2). I found that treatments that had both nitrate and 

Bd significantly reduced the survival of R. cascadae, and the treatment with high nitrate 

and Bd significantly reduced the survival of P. regilla. In addition, I found that nitrate 

and Bd, separately and in combination, tended to increase growth and development in 

both species in comparison to the control treatments. These findings indicate that nitrate 

levels far below the EPA drinking water standard can cause lethal effects when in the 

presence of a pathogen in two amphibian species of the Pacific Northwest.  

 Additionally, I summarized experimental work on the effects of sodium nitrate 

alone on anurans by organizing the results of 26 papers from the Web of Science 

database (Appendix A, Table S1). I found that 37.5 percent of the publications that 

measured survival reported a negative effect of nitrate on survival and that 47.8 percent 

of the publications measuring sublethal endpoints reported significant sublethal effects 

(both positive and negative). Taken together, my results and other work on nitrate show 

that it is an ecologically relevant stressor and can induce detrimental effects on 

amphibians living in agricultural landscapes.  

 My research provides evidence to support the hypothesis that contaminants may 

be one of the factors exacerbating the effects of emerging infectious diseases in wildlife. 
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The impact of Bd on amphibian populations has been relatively perplexing, in part due to 

the huge range of host responses that have been recorded in the laboratory and in the field 

(Blaustein et al. 2005; Briggs et al. 2005; Ortiz-Santaliestra et al. 2013) and this may due 

to contaminants increasing disease susceptibility or suppressing the immune system of 

amphibians (Kiesecker 2002; Forson and Storfer 2006; Rohr et al. 2013). 

 While my work shows that the combination of Bd and nitrate increased mortality 

in both amphibian hosts, it is noteworthy that all treatments including those in which 

there was significant mortality, increased growth and development as well. To determine 

whether this size increase after treatment exposure is retained until metamorphosis, a 

similar study can be designed in which larval amphibians are exposed to nitrate and Bd 

but then allowed to develop through metamorphosis. Because fertilizer application is 

seasonal, amphibians are more likely to encounter nitrate as a pulsed exposure in nature 

(i.e., the concentration of nitrate is reduced over time as it would after runoff from crop 

fertilization) (Hatch and Blaustein 2000). Therefore, if studying the effects of nitrate and 

Bd through metamorphosis, the larvae can still be exposed for 3 or 4 weeks and 

monitored until metamorphosis. By administering nitrate for a shorter period of time as 

opposed to the entire duration of metamorphosis, this may reduce the risk of having such 

high mortality that no animals in the nitrate and Bd treatments reach metamorphosis.  

 For my research I was interested in comparing sensitivity to nitrate and Bd in 

species that are exposed to different levels of nitrate in their habitats. I chose P. regilla 

and R. cascadae because previous work has demonstrated that these species do not 

respond with high mortality from Bd exposure in the larval stage (Blaustein et al. 2005; 
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Gervasi et al. 2013) and that the same concentrations of nitrate as those used in my 

experiments do not significantly increase mortality (Hatch and Blaustein 2000; Romansic 

et al. 2006). Future work can also compare the sensitivity of sympatric species that 

overlap in agricultural areas to determine whether there is a different response from 

larvae that encounter the same concentrations of nitrate in their home range. Investigating 

the effects of these stressors on more sensitive species may be beneficial for determining 

whether there are species that are at a higher risk of mortality as a result. Future work is 

needed to determine the extent to which nitrate and other agro-chemicals may be 

worsening disease or driving amphibian population losses.  

 The results obtained from this research can be useful for understanding disease 

dynamics within amphibian hosts. Elucidating factors that may act to spread pathogens or 

worsen their impact is crucial for the conservation of amphibian populations that may be 

experiencing losses or maintaining populations not currently in decline, especially for 

those inhabiting agricultural landscapes. This work also highlights the importance of 

studying the effects of multiple stressors, as it demonstrates how low levels of each 

stressor can significantly and negatively impact survival when in combination.  

 Human activities are greatly affecting the environment and accelerating 

biodiversity loss globally (Barnosky et al. 2001; Dirzo et al. 2014). Amphibians 

worldwide are experiencing drastic population losses and between 30 to 40 percent of 

species are threatened (Stuart et al. 2004). Disentangling the causes responsible for 

amphibian biodiversity loss and extinctions is challenging yet crucial for conservation. 

By identifying factors that drive population losses even at a local scale, conservation 
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ecologists can begin to employ methods to maintain amphibian populations and attempt 

to prevent further losses.    
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APPENDIX A: Supplementary materials to Chapter 1 

 

 

INTRODUCTION AND METHODS 

 Below is a summary of experimental data on the effects of nitrate on anurans 

(Table S1). Publications were found using the terms “amphibians” and “nitrate” in the 

Web of Science database. Only publications on experiments using sodium nitrate 

(NaNO3) were included. Publications without at least one treatment with NaNO3 only 

were omitted. Only the results of the effects of nitrate in comparison to the control 

treatment (0 mg/L N-NO3ˉ) are reported. If more than one species was tested, the results 

reported in the table apply to all species listed unless otherwise noted. Median lethal 

concentrations (LC50) are reported, but LC10, LC90, no observed adverse effect level 

(NOAEL) and lowest observed adverse effect level (LOAEL) are not included in this 

table. All nitrate values in this table are reported as N-NO3ˉ. If values were originally 

reported as nitrate ion concentration rather than nitrogen, I converted the values so that 

the results can more easily be compared across studies. Many studies did not report an 

exact length of time for the experiment but rather reported that they tested the effects of 

nitrate through metamorphosis. For those experiments I listed a range of time that 

encompasses the duration of metamorphosis as reported in those publications. This table 

summarizes the effects of NaNO3 on anurans from one public database and therefore is 

not an exhaustive summary of the subject.   

RESULTS AND DISCUSSION 
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 Using the Web of Science database, 26 publications fit the selection criteria. 

These studies measured lethal and sublethal endpoints after exposure of 19 anuran 

species to NaNO3. Of these publications, 42.3% only used nitrate levels that fell at or 

below the 10 mg/L N-NO3ˉ Environmental Protection Agency (EPA) drinking water 

standard. Although nitrate levels in North American watersheds as high as 100 mg/L N-

NO3ˉ have been reported, levels do not generally exceed 40 mg/L N-NO3ˉ in surface 

waters even when in or near agricultural areas (Rouse et al. 1999). Seven publications 

(26.9%) in this table used nitrate concentrations above 100 mg/L N-NO3ˉ. Of the 24 

publications that measured mortality as an endpoint, 15 (62.5%) reported no effects of 

nitrate only on survival in at least one of the species tested. Of the 23 publications that 

measured sublethal effects as endpoints (e.g., behavior, growth or development), seven 

(30.4%) reported no effects of nitrate only on any sublethal endpoint listed in at least one 

of the species tested, six (26.1%) reported a decrease in mass, length or development and 

five (21.7%) reported an increase in mass, length or development.  

 The effects of nitrate on amphibians varies greatly and can depend on dose, 

exposure time, methods used and species tested (reviewed in Mann et al. 2009). There is 

an overall lack of consistency between experiments and relatively few standardized 

methodologies in place for testing contaminants on amphibians (Hoke and Ankley 2005; 

Mann et al. 2009). The papers in this table differed in methodology, however some 

general conclusions can still be drawn. Over half of the studies reported no effects on 

survival and this is especially interesting because over a quarter of the publications in the 

table use levels of nitrate greater than 100 mg/L N-NO3ˉ. This is consistent with several 
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reviews that report that nitrate is a relatively non-toxic nitrogenous compound (Rouse et 

al. 1999; Camargo and Alonso 2006; Mann et al. 2009). The publications vary greatly on 

sublethal endpoints. Most frequently, sublethal effects on growth and development were 

reported, however a large portion of publications reported no significant sublethal effects. 

Measuring sublethal endpoints is extremely important because even when there is not 

significant mortality, sublethal effects such as a delay in metamorphosis or small size at 

metamorphosis, can still negatively affect amphibian survival (Altwegg and Reyer 2003). 

Further, five (19.2%) of these publications included at least one experiment that was of 

relatively short duration (≤ 96 hours), and it is possible that lethal or sublethal effects 

would have been detected had the experiment lasted longer. Overall, although nitrate is 

less toxic than other forms of inorganic nitrogen, it is still apparent that it can negatively 

impact growth rate, development or survival in a number of amphibian species and 

therefore it can be considered a very relevant ecological stressor to amphibians in 

agricultural landscapes.  
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TABLE S1. Summary of the effects of sodium nitrate (NaNO3) on anurans from laboratory and mesocosm experiments. 

 

Concentration 

mg/L N-NO3ˉ 

 

 

Type & Length 

of Experiment 

 

Species 

 

Initial Gosner 

Stage 

 

Effects of nitrate  

 

References 

(0, 5, 30) 138 d laboratory Rana pipiens 27 No significant effect on % metamorphosis, 

TTM, survival, mass at metamorphosis, or 
hematocrit 

Significantly decreased larval length 

 

Allran & Karasov 2000 

(0, 843, 1211, 

1740, 2500) 

48 h laboratory  Hypsiboas faber 13, 20, & 25 Sensitivity to nitrate was highest in stage 

13 

Stage 13 LC50: 1245.4 mg/L 
Stage 20 LC50: 1998.8 mg/L 

Stage 25 LC50: 1923.8 & 2085.7 mg/L 

 

Bellezi et al. 2015 

(0, 1, 2.5, 5) B. americanus: 32 
d laboratory  

H. chrysoscelis: 

through 
metamorphosis 

laboratory 

 

Bufo americanus 
Hyla chrysoscelis  

24-25 B. americanus: no effect on survival, % 
deformities, stage, directional asymmetry 

(DA), fluctuating asymmetry (FA) 

H. chrysoscelis: increased DA & no effect 
on survival 

Earl & Whiteman 2009 

(0, 5, 15, 30) 
 

~ 8 wk laboratory  Bufo terrestris 25 No effect on growth rate, hepatosomatic 
index, TTM, or survival 

Thyroxine concentration was significantly 

affected 
 

Edwards et al. 2006 

(8.2, 82.4)* 21 d laboratory  Pelophylax perezi 25 No effect on survival or mass 

Decreased food consumption 
Response differed based on population 

 

Egea-Serrano et al. 2009 
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(8.2, 82.4)* 21 d laboratory  Pelophylax perezi 25 Increased activity & decreased use of 

bottom in low N treatments 
Response differed based on population 

 

Egea-Serrano et al. 2011 

(0, 1.1, 4.5) *ǂ 3 wk laboratory   Rana cascadae 23-24 Reduced activity level 

No effect on survival 
 

Hatch & Blaustein 2000 

Willamette:(0, 

1.1, 4.5) *ǂ 
Cascades: (0, 

2.3)* 

 

3 wk mesocosm 

for each 
population 

Pseudacris regilla 26 Willamette population: increased mass 

Cascades population: no effects on 
survival  

Response differed based on population 

 

Hatch & Blaustein 2003 

(0, 2.5, 10) 21 d laboratory 

 

Hypsiboas faber 26 No effects on survival, mass, or behavior  

 

Ilha & Schiesari 2014 

(0, 0.1, 1, 2.5, 

5) for both 
experiments 

72 h & ~10 wk 

laboratory  

Rana temporaria  25 10 wk: delayed metamorphosis, reduced 

growth rate & size at metamorphosis in 
one population. No effects on survival  

72 h: no effects on survival 

Response differed based on population 
 

Johansson et al. 2001 

(0, 0.1, 2.5, 5) ~35-92 d 

laboratory 

Nyctibatrachus 

major 
Fejervarya 

limnocharis 

 

25 Increased incidences of abnormalities & 

reduced survival 
Sensitivity to nitrate varied by species  

Krishnamurthy et al. 2008 

(0, 8, 16) 14 d laboratory  Rana sylvatica 25 No effects on survival, length, mass, 
abnormalities, or feeding behavior  

 

Krishnamurthy & Smith 
2011 

(0, 2.3, 5.6, 9)* 13-23 d laboratory  Rana sylvatica 
Bufo americanus 

 Embryos, no 
exact stage given  

R. sylvatica: no effect on hatching success 
or abnormalities 

B. americanus: no effect on hatching 

success 

Laposata & Dunson 1998 
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(0, 5, 10, 30, 

60, 100, 300, 
500) 

 

64-96 h laboratory  Hyla chrysoscelis 

Rana clamitans  

2 No effect on survival  Meredith & Whiteman 

2008 

(0, 50, 100, 

500, 1000) 

72 h laboratory  Bufo calamita 25 Reduced activity at higher concentrations, 

but some populations had increased 
activity at low concentrations 

No effect on survival 

Response differed based on population 
 

Miaud et al. 2011 

(0, 2.3, 11.3, 

22.6, 45.2, 
113)* 

 

15 d laboratory  Rana temporaria 25 High nitrate reduced survival & length Oromí et al. 2009 

(0, 22.6)* 15 wk laboratory  Rana 

sphenocephala  

25 Reduced larval survival, reduced body 

length at metamorphosis, & reduced 
development 

No effect on mass 

 

Ortiz-Santaliestra & 

Sparling 2007 

(0, 10)  ~10-12 wk 

laboratory  

Rana pipiens 27-28§ Reduced mortality, change in sex ratios, 

faster maturation of gonads  

No effects on length or development 
 

Orton et al. 2006 

(0, 1.1, 4.5) *ǂ 7 d laboratory Rana aurora 

Pseudacris regilla 

 

R. aurora: 25-30 

P. regilla: 25-28 

 No effect on survival  Romansic et al. 2006 

(0.1, 24.8, 

56.7, 111, 

230.4, 470.4, 
979.2, 2716) 

P. regilla: 10 d 

laboratory 

X. laevis: 4 & 5 d 
laboratory  

Pseudacris regilla 

Xenopus laevis 

P. regilla: 12 

X. laevis: 10-11 

Reduced size, activity, & survival 

Increased incidences of deformities (in all 

but 4 d X. laevis exposure)  
P. regilla: 4 d LC50 = 643 mg/L 

               10 d LC50 = 578 mg/L 

X. laevis:  4 d LC50 = 871.6 mg/L 

                 5 d LC50 = 438.4 mg/L 
 

Schuytema & Nebeker 

1999a 
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(0.3, 30.1, 

65.6, 126.3, 
259.1, 494.4, 

1,025.2, 

2,986.5) 

10 d laboratory   Pseudacris regilla 

Xenopus laevis 

26-27  Survival, length, & weight decreased as 

nitrate concentration increased  
P. regilla: 4 d LC50 = 1749.8 mg/L 

               10 d LC50 = 266.2 mg/L 

X. laevis:  4 d LC50 = 1655.8 mg/L 

               10 d LC50 = 1236.2 mg/L  
 

Schuytema & Nebeker 

1999b 

(0, 1.25, 2.5, 5, 

10, 20) 

15 d laboratory Rana catesbeiana  

Rana clamitans  

26 R. catesbeiana: reduced survival at high 

dose, increased mass at intermediate dose 
R. clamitans: reduced survival at high 

dose, no effect on mass 

 

Smith et al. 2005 

(0, 5)  42 d mesocosm  Rana catesbeiana  

Rana clamitans  

25 Rana catesbeiana: reduced survival, no 

effect on mass 

Rana clamitans: no effect on survival, 

increased mass 
 

Smith et al. 2006 

(0, 8) ~23-61 d 

mesocosm   
 

Bufo americanus 

Rana sylvatica 

22 No effect on survival or size (SVL, mass) 

at metamorphosis 

Smith et al. 2011 

Experiment 1: 

(0, 7, 37, 73, 
146, 292) 

Experiment 2: 

(0, 37, 292) 

~48-80 d 

laboratory  

Xenopus laevis 25-26 Experiment 1: increased weight at 

metamorphosis, no effect on survival or 
TTM 

Experiment 2: no effect on weight at 

metamorphosis, TTM, hematocrit, SVL, or 

body condition 
 

Sullivan & Spence 2003 
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(0, 10, 50, 100) 78 d laboratory Bufo gargarizans 26 Reduced survival, reduced % reaching 

metamorphosis, increased body & 
intestinal mass, increased body, tail & hind 

limb length, reduced T3 & T4 levels, 

reduction in Dio2 mRNA in intestines & 

hind limb but not tail, increase in Dio3 
mRNA in intestines, hind limb, & tail 

 

Wang et al. 2015 

Notes:       TTM = time to metamorphosis  
                  LC50 = median lethal concentrations 

                  * = These values were not originally reported in N-NO3ˉ and were converted for consistency 

                   ǂ = These values match the values in Chapter 2  

                  § = These stages were originally reported as Taylor-Kollros stages and converted to Gosner (1960) stages
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APPENDIX B: Supplementary materials to Chapter 2 

 

 

 

 

 

 

 

 

TABLE S2. Experimental replicates (24) per species used in a 3 x 2 factorial design of 

nitrate levels by Batrachochytrium dendrobatidis (Bd) treatment. Nitrate concentrations 

are reported as Nitrate-NO3ˉ.     

Bd Treatment Nitrate Treatment 

0 mg/L                          5 mg/L                                   20 mg/L 

No Bd                            24                                  24                                           24 

Bd                                  24                                  24                                           24 
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TABLE S3. Mean initial mass, snout-vent length (SVL) and Gosner (1960) Stage 

of Pseudacris regilla and Rana cascadae. Nitrate values are reported as Nitrate- 

NO3ˉ and Batrachochytrium dendrobatidis (Bd) values are present (+) or absent 

(-).  

Nitrate            Bd          Mass (g) ± SE       SVL (cm) ± SE       Gosner Stage ± SE 

 

Pseudacris regilla 

0 mg/L            -            0.150 ± 0.012          0.792 ± 0.026             26.708 ± 0.153  

5 mg/L            -            0.142 ± 0.008          0.800 ± 0.025             26.750 ± 0.162  

20 mg/L          -            0.161 ± 0.015          0.808 ± 0.024             26.833 ± 0.197 

0 mg/L           +            0.148 ± 0.012          0.809 ± 0.023             26.667 ± 0.143 

5 mg/L           +            0.175 ± 0.013          0.836 ± 0.023             26.667 ± 0.177 

20 mg/L         +            0.146 ± 0.012          0.823 ± 0.026             26.750 ± 0.162 

 

Rana cascadae 

0 mg/L           -             0.207 ± 0.018          1.039 ± 0.033             27.417 ± 0.180 

5 mg/L           -             0.230 ± 0.018          1.081 ± 0.032             27.500 ± 0.181 

20 mg/L         -             0.221 ± 0.018          1.065 ± 0.030             27.333 ± 0.197 

0 mg/L          +             0.201 ± 0.019          1.028 ± 0.028             27.250 ± 0.193 

5 mg/L          +             0.217 ± 0.019          1.049 ± 0.035             27.333 ± 0.177 

20 mg/L        +             0.236 ± 0.018          1.106 ± 0.034             27.542 ± 0.170 
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TABLE S4. Mean difference in mass, snout-vent length (SVL) and Gosner (1960) 

Stage of Pseudacris regilla and Rana cascadae survivors (d 29). Nitrate 

concentrations are reported as Nitrate-NO3 and Batrachochytrium dendrobatidis 

(Bd) values are present (+) or absent (-).  

Nitrate Bd Mass (g) ± SE SVL (cm) ± SE Gosner Stage ± SE 

     

Pseudacris regilla    

0 mg/L              - 0.099 ± 0.010 0.237 ± 0.018 2.500 ± 0.147 

5 mg/L              - 0.202 ± 0.016 0.289 ± 0.023 3.143 ± 0.210 

20 mg/L            - 0.118 ± 0.013 0.247 ± 0.020 3.318 ± 0.191 

0 mg/L             + 0.170 ± 0.012  0.265 ± 0.022 3.850 ± 0.233 

5 mg/L             + 0.165 ± 0.011 0.246 ± 0.019 3.591 ± 0.299 

20 mg/L           + 0.159 ± 0.016 0.233 ± 0.030 3.357 ± 0.269 

     

Rana cascadae    

0 mg/L              - 0.081 ± 0.015 0.178 ± 0.019 1.955 ± 0.259 

5 mg/L              - 0.152 ± 0.017 0.262 ± 0.026 2.500 ± 0.321 

20 mg/L            - 0.149 ± 0.020 0.268 ± 0.024 1.909 ± 0.286 

0 mg/L             + 0.167 ± 0.015 0.315 ± 0.023 3.105 ± 0.295 

5 mg/L             + 0.205 ± 0.047 0.354 ± 0.049 2.600 ± 0.600 

20 mg/L           + 0.127 ± 0.021 0.271 ± 0.066 2.500 ± 0.500 

 

Note: Mass = final mass – initial mass; SVL = final SVL – initial SVL; Gosner Stage = 

final stage – initial stage.  
 



 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 


