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Climate change is predicted to affect ecosystems, including systems already 

stressed by human impacts. One ecosystem that is already highly impacted by human 

land use is the cold headwater stream system of the Pacific Northwest. One method of 

assessing the function of an ecosystem is by using an indicator species. Rhyacotriton 

variegatus is one such indicator species, sensitive to disturbance, and especially to 

temperature elevation.  This study combines field measurements from the warmest 

edge of the range of R. variegatus, laboratory determination of thermal tolerance, and 

modeling. These diverse experimental sources combine to clarify the potential risks 

of climate change on R. variegatus, and the headwater streams they occupy.  



 

 

 Abiotic factors are important determinates of the range of species. Predicted 

range shifts under climate change are based on the assumption that temperature 

increases will make habitat at the edge of the known range unsuitable in the future. In 

order to accurately predict such changes, a quantification of the current thermal 

boundary is needed. In Chapter Two, I placed temperature loggers and measured 

other environmental variables in 28 streams: 8 in the cool core of the range of R. 

variegatus, 10 as far east and south as R. variegatus has ever been found, and 10 

outside the known range of R. variegatus. The variables which best defined the range 

edge were degree days (number of days over specific temperatures), and the slope of 

the stream bed.  

 Specific physiological tolerance information is also essential for accurate 

modeling of species habitats. Physiological limits should be determined 

experimentally using procedures that mimic natural conditions as closely as possible, 

so that the results will be applicable to natural systems. Forecasting the effects of 

human activities on populations also requires an understanding of how specific 

abiotic changes will impact different life stages.  I used a realistic cycling temperature 

treatment in Capters Three and Four, based on the data collected in Chapter One. I 

tested the survival of larval R. variegatus at a chronic exposure (21 days), and the 

level of stress as measured by corticosterone in adult R. variegatus. Larval R. 

variegatus survived up to a daily maximum of 23 o  C, beyond this the larvae died (LT 

50 value of 24o C). I found that daily maximum temperatures over 18 o  C caused a 

doubling of corticosterone.  



 

 

 There are many ways of modeling future climate change and the effect of this 

change on species’ distribution. I chose to use large array of potential climate futures, 

modeling methods, and time periods to forecast the change in R. variegatus’ range. 

This allowed me to compare the variation between the predictions for climate change, 

and find averages across the models. I used two correlative models, and one 

mechanistic model. The mechanistic model incorporated the relationship between air 

and water temperature from Chapter Two, and the physiological limits from Chapters 

Three and Four. All models predicted decreases in areas of the map classified as 

excellent habitat for R. variegatus. As expected, the reduction in range was most 

severe at longer time periods into the future, with higher C02 amounts in the 

atmosphere, and in models that incorporated more abiotic variables. R. variegatus are 

sensitive indicators for headwater stream ecosystem function, and will have a reduced 

range under climate change.  
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Chapter One 

General Introduction 

 

Global climate change is likely to exacerbate already extensive human alterations 

to forest ecosystems, especially stream-riparian communities, because they are among the 

most threatened and vulnerable ecosystems on earth (Johnson et al. 2006). In particular, 

headwater streams of the Pacific Northwest (PNW) are vital and abundant, but 

challenged ecosystems with an uncertain future. 

The forests of the PNW, and the streams embedded in them, have been logged, 

burned, mined, grazed, and crisscrossed with roads (DeMaynadier and Hunter Jr. 2000, 

Franklin et al. 2002, 2002, Westerling et al. 2006). Of these disturbances, clear-cut 

logging has been the most deleterious (Bury and Corn 1988, Torgersen et al. 1999, 

Ashton et al. 2006, Dunham et al. 2007). Global warming adds another layer of impact 

that will affect areas that previously avoided significant disturbance.  

In the PNW, highly threatened headwater streams provide essential downstream 

services and are linked to other natural systems. Streams are integral to the surrounding 

forest ecosystem, and the two systems are reciprocally responsive to disturbance. 

Headwater streams provide nutrients and insects to downstream, fish-bearing waters 

(Wipfli and Gregovich 2002, Richardson and Danehy 2007) and are the least protected of 

the lotic systems in the PNW (Young 2000, Moore et al. 2005). 

Indicator species are windows into ecosystem dysfunction. These sensitive 

species often reveal the first signs of dysfunction in an ecosystem (Odum 1992). In cold 

water streams, a variety of indicators have proven useful: e.g., benthic macro-

invertebrates, fishes, and amphibians (Hughes 2000). Amphibians are particularly useful 
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as metrics of ecosystem health because of their trophic importance, environmental 

sensitivity, low vagility, and research tractability (Hopkins 2007, Wake and Vredenburg 

2008).  

Although the response of organisms to certain aspects of climate change has been 

well investigated, few animal studies have examined the impact of climate change on 

physiological responses at local geographic scales. Several papers specifically call for 

integrated analysis of climate and physiology at fine spatial scales (Carey and Alexander 

2003, Root and Schneider 2006). My project focused on one species with a small range. 

My unique perspective combined modeling, ground truth assessments, and physiological 

ecology. Physiological ecology, has focused attention on the need for causative and 

applied research into anthropogenic climate change (Navas and Otani 2007). I applied the 

methods of physiological ecology to the pressing concern of global climate change. 

Although R. variegatus has been identified as a sensitive indicator (Bury 2008, Welch 

and Hodgson 2008), its thermal physiological ecology has not been well examined. I 

determined the physiological traits that limit survival in anthropogenically-disturbed 

environments and that are likely to be of critical importance to future conservation.  

R. variegatus is an excellent indicators of climate change because they are highly 

sensitive to thermal disturbance. R. variegatus is restricted to the coast range from central 

Oregon to northern California, with some eastward projections (Good and Wake 1992). 

R. variegatus are small salamanders that live in the splash zone of low-order creeks, 

seeps, and springs; oftenin late seral stage, closed canopy forests (Nussbaum and Tait 

1977, Bury and Corn 1988, Welsh 1990, Welsh et al. 2005a, Welsh Jr et al. 2005). The 

extreme thermal sensitivity of R. variegatus is revealed by its low critical thermal 
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maxima (CTM), the lowest of all salamander species tested by Brattstrom (1963). CTM 

is the temperature at which an animal stops basic body functions and, if not removed 

from that temperature, will die imminently (see ((Hutchinson and Dupre 1992). Studies 

of R. variegatus population biology show that these amphibians are extremely sensitive 

to habitat degradation, especially to the thermal increases often seen with clear-cut 

logging (Corn and Bury 1989, Welsh et al. 2005b). Consequently, further study of the 

ecology, life process, and physiology of this species will provide essential information for 

a mechanistic understanding of the impacts of global climate change. 

Using one of the most sensitive PNW species, the Southern Torrent Salamander 

(Rhyacotriton variegatus), I took a synthetic and multidisciplinary approach to gain an 

integrated perspective on how global climate change affects cold water streams, as 

indicated by this sensitive species. Specifically, I found the extent of the range of R. 

variegatus to the east and southern edge, the level of temperature which produced stress 

in adults and was lethal to larvae, and finally modeled future climate impacts based on 

these limits.  

The goal of my second chapter was to determine if streams outside the range of R. 

variegatus were different in temperature or other abiotic variables than streams inside the 

range. I used field surveys for the presence of R. variegatus, and recorded temperatures at 

28 streams for three summers. I found that the edge of the range of R. variegatus was 

defined by the slope of the stream bed and degree days or heat load. 

In my third chapter I found the level of temperature that elicited a stress 

(corticosterone) response in adult R. variegatus. I used cycling temperature treatments of 

the same magnitude as the daily cycle of the streams from Chapter Two. I increased the 
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temperature in three degree intervals from a control equivalent to the stream temperature 

from streams where R. variegatus live. I determined the level of corticosterone from 

miniscule blood samples, and also from body wash. Corticosterone doubled when the 

daily maximum temperature was over 18o C. I also determined the level of temperature 

which was fatal to R. variegatus larvae, in Chapter Three. I again used a realistic daily 

cycling temperature treatment based on my temperatures measured in chapter one. I 

continued the experiment up to 21 days, or until the larvae in the treatment died. The 

LT50 value was 24o C. 

 In my last chapter (Chapter Five), I modeled the impact of climate change on the 

potential range of R. variegatus. I used three models: a MaxEnt correlative model with 14 

abiotic input variables, a MaxEnt correlative model with one variable that changed 

(yearly maximum air temperature), and a mechanistic model. The mechanistic model was 

based on the physiological limits from the literature and my experiments from Chapters 

Three and Four, as well as the relationship between air and water temperature that I found 

in chapter one. These models revealed that the potential range of R. variegatus decreased 

in scenarios with higher global temperature, and further into the future.  
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Chapter Two 

Abiotic Determinates of Range Extent in a Sensitive Indicator Species, the Southern 

Torrent Salamander (Rhyacotriton variegatus)  

 

Gwendolynn W. Bury, R. Bruce Bury, Cristina Baggett, Kali Doten 

 

Headwaters are an important component of lotic ecosystems, as well being closely linked 

to forest systems. Human impacts to small streams are projected to increase and be 

exacerbated by climate change. Indicator species presence or abundance is a robust 

method of analyzing headwater function when streams are disturbed. Rhyacotriton 

variegatus are one such thermally sensitive indicator species. This study determined the 

abiotic factors that limit the southern range of R. variegatus. We measured components 

of air and headwater stream temperature, both inside, at the edge of, and outside the range 

of R. variegatus. We also measured other abiotic stream variables that previous studies 

showed influenced the presence or abundance of R. variegatus. The most important 

variables in this study were the number of hours that the water temperature was over 11-

16 o C, and the slope of the stream bed. Streams outside the range of R. variegatus met 

this warmth criterion more frequently than those inside the range. Thus, the range of R. 

variegatus is thermally limited, which will be important in the future under warming 

scenarios given their use as a cold-water indicator species. 

 

Introduction 

 

Lotic systems are ecologically important, but imperiled, systems. Fresh waters are 

a disproportionally large source and support for biodiversity and are severely affected by 

human use (Benke 1990, Strayer and Dudgeon 2010, Caruso 2011). Flowing fresh water 

systems supply human drinking water, agricultural food production, habitat for 

freshwater aquatic organisms such as fish, and many nutrients to marine systems (Karr 

2006, Smith et al. 2006). Human activities degrade lotic systems in a variety of ways 

including mining, recreation, pollution, logging, urbanization, and dams (Wallace 1990, 

McCully 1996, Wohl 2006, Tu 2011, Roche et al. 2013, Zia et al. 2013, Wallace and Ely 

2014, Zhang et al. 2014). 
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Cold headwaters are an essential and understudied part of the lotic system 

(Richardson and Danehy 2007, Brooks 2009). We define headwaters as including 

intermittent, first, and second order streams (Strahler 1952). Headwaters are important for 

many reasons. They comprise up to 80% of the length of the river continuum and drain 

up to 80% of the catchment area (Meyer and Wallace 2001, Gomi et al. 2002). In 

addition to being a large part of the river continuum  headwaters are important in many 

lotic and terrestrial processes (Vannote et al. 1980).  

Headwaters link terrestrial and aquatic ecosystems. The upslope and riparian area 

surrounding headwater streams are essential to aquatic productivity, biodiversity, and 

nutrient cycling (MacDonald et al. 1998). Both living and dead organisms from 

headwaters enrich the terrestrial system in significant ways. For example, post-breeding 

salmon carcasses provide marine-derived nutrients to predators, scavengers, and 

decomposers, and that energy flows through them to the nearby terrestrial system 

(Helfield and Naiman 2001, Gende et al. 2002). The nutrient inputs to headwater streams 

from surrounding vegetation can comprise up to half of the energy budget for salmonids, 

and the export of emergingheadwater invertebrates is equally important to small 

terrestrial vertebrates (Nakano and Murakami 2001, Baxter et al. 2004, 2005). In this 

study we refer to the coupled systems of headwaters and surrounding forests as 

headwater ecosystems (as in Meyer 1979, Rosi-Marshall et al. 2007, Benstead et al 

2009).   

Headwaters are sources and regulators of flow levels, sediment, nutrients, woody 

debris, and aquatic insects (Gomi et al. 2002, May and Gresswell 2003, Cummins and 

Wilzbach 2005). These exports are essential to downstream organisms and processes, 
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such as food and habitat for many taxa of fish, including the economically important 

salmonid species (Wipfli and Gregovich 2002, Cummins and Wilzbach 2005, Sullivan et 

al. 2012). Dysfunction in headwaters can affect downstream bodies of water, damaging 

human drinking water supplies, fish and other downstream processes (Robson et al. 

2013). 

Human actions stress headwaters, sometimes resulting in increased water 

temperature (Durance and Ormerod 2007). A few human impacts that increase 

temperature include: logging, mining, cattle grazing, and direct water removal causing 

lower flows (Armour et al. 1991, Jackson et al. 2001, Poole and Berman 2001). In 

addition, human activity such as vegetation management, activities leading to the 

introduction of invasive species, and fire suppression have altered the natural fire regime, 

leading to more catastrophic fires (Mitchell et al. 2009).  

In the future, historic and current human impacts to headwaters will interact with, 

and likely be exacerbated by, climate change. For example, climate change is predicted to 

not only increase temperature, but also increase the likelihood of severe weather events, 

including droughts (Parry et al. 2007). Drought lowers water flow, leading to higher 

water temperatures, and increases the risk of catastrophic fires (Lenihan et al. 2003, 

Westerling et al. 2006). Climate change is also predicted to decreased snow pack, change 

the timing of precipitation and thaw, and increase incidence of disease (Mote et al. 2003, 

2005, Stewart et al. 2004, 2005, Hamlet et al. 2005, Rohr and Raffel 2010). Aquatic 

organisms are often stressed during spring and fall, respectively the most common 

breeding time and lowest water flow. Spring and fall are expected to be warmer and drier 

under future climate conditions (Scavia et al. 2002).  
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Researchers and managers use a variety of methods, including indicator species, 

to detect and gauge the severity of environmental change, including human effects, on 

lotic systems. Abiotic measurements are by definition a snapshot of current conditions, 

where as indicator species reflect a larger scale of both time and interacting effects (Karr 

1981). Especially when a suite of indicator species is used, indicators can evaluate at the 

functioning ecosystem level (Johnson et al. 1993, Carignan and Villard 2002). Natural 

resource managers need to know the details of individual species used as indicators to 

apply that knowledge for relevant environmental monitoring. Some species are especially 

sensitive to one or more perturbations, and understanding the physiological and 

geographic boundaries of each indicator species used is useful for designing informative 

monitoring frameworks (Landres et al. 1988). For a species to be deemed a good 

indicator, it must vary in some measurable way in relation to specific impacts on the 

habitat (Karr 1981, Landres et al. 1988). 

Amphibians are sensitive indicators of human impacts on lotic systems. The most 

common indicators used in lotic systems are benthic macroinvertebrates, cold water fish, 

periphyton, and various combinations of these organisms (Ebersole et al. 2003, 

Hodkinson and Jackson 2005), but amphibians are also included in many indicator arrays 

and used alone as indicators of specific ecological impacts (Welsh and Ollivier 1998, 

Hughes et al. 2004). Amphibians are good indicator species due to their specific life 

history requirements and environmental sensitivity (Waddle 2006). Amphibians are 

sensitive to changes in both the aquatic and terrestrial ecosystems because of their 

biphasic life history (Vitt et al. 1990, Biek et al. 2002), and their response to many kinds 

of human disturbances, from chemical pollution, habitat degredation and loss, and 
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climate change (Bridges and Semlitsch 2000, Blaustein et al. 2001, Hayes et al. 2002, 

Parmesan and Yohe 2003, Corn 2005, Cushman 2006). 

In the Pacific Northwest, several headwater stream amphibians are sensitive 

indicators of water temperature and other human impacts on streams. Of these, Torrent 

salamanders in the genus Rhyacotriton have the narrowest thermal tolerance. The genus 

Rhyacotriton consists of four species of small, streamside salamanders, all endemic to the 

Pacific Northwest (Nussbaum et al. 1983, Good and Wake 1992). This study concentrates 

on the Southern Torrent Salamander, Rhyacotriton variegatus, the only species to occur 

as far south as California (Nussbaum et al. 1983), where our study took place. These 

small salamanders have many attributes that make them good indicator species. First, 

many publications document the negative response of R. variegatus to habitat disturbance 

(Corn and Bury 1989, Welsh and Lind 1996, Welsh et al. 2005, Welch and Hodgson 

2008). Second, R. variegatus have the lowest thermal tolerance of any amphibian in 

North America (Brattstrom 1963).  

Third, these small salamanders have very limited dispersal abilities due to a very 

low desiccation tolerance, consequently each population is relatively isolated, especially 

at the edge of the species range, where suitable habitat is separated by grassland-

dominated ridges (Ray 1958, Good and Wake 1992, Miller et al. 2006, Filipe et al. 2013). 

R. variegatus also meet many other criteria for inclusion as a sensitive indicator species, 

such as habitat specificity, and sensitivity to multiple anthropogenic stressors (Hutto 

1998, Welsh and Ollivier 1998). Given their suitability, R. variegatus have been used in 

biomonitoring for decades, and are considered an excellent indicator for the conditions 

needed to support economically important salmonid fishes because of their shared 
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requirement for cold water (Welsh and Ollivier 1998, Hughes et al. 2004, Welch and 

Hodgson 2008).  

The purpose of our study is to determine if the southern range edge of R. 

variegatus is thermally defined, an important question because of the use of R. variegatus 

as an indicator for temperature effects. Interest in the effects of anthropogenic climate 

change has increased scientific attention to how physiological limits define biogeographic 

ranges (Tomanek 2008, Somero 2010). If the distribution of R. variegatus is limited by 

high temperatures, then we would expect to see a reduction in the species’ range under 

climate change. Since R. variegatus are an indicator of ecosystem dysfunction, the 

association between a specific temperature boundary informs management and research 

of both R. variegatus and the headwater ecosystem as a whole. Our approach was to 

survey the historically occupied streams at the warmest edges of the range of R. 

variegatus and compare the temperature of those streams to the nearest stream outside the 

known range.  
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Methods 

Site selection  

We focused on the genetic clade of R. variegatus south of the Smith River, in 

California, because this population includes the warmest edge of the range of R. 

variegatus (Miller et al. 2006). We focused a single genetic clade for this study to avoid 

possible between clade differences in thermal tolerance (Travis et al. 1999).  

We surveyed 28 stream sites divided into three categories: (1) core sites within 

the range of R. variegatus with cool maritime weather (8 sites), (2) historical edge sites, 

on the eastern and southernmost boundaries of the range R. variegatus have (10 sites), 

and (3) extralimital sites which were very close to but outside of the recorded range of R. 

variegatus (10 sites). Latitude and longitude of all sites in Appendix 2.1.  

We selected reliable sites where R. variegatus had been historically found. We 

limited our sites to public lands, primarily in California State Parks (Figure 2.1). The sites 

where R. variegatus were known to live were selected based on one of two criteria: sites 

published in peer reviewed literature, or in the unpublished field notes of a reputable 

herpetologist (R. C. Stebbins, R. B. Bury, H. H. Welsh, Jr.). Site accessibility was an 

additional criterion because we surveyed all 28 of our sites in two weeks to limit 

temporal effects, and needed to be able to reach them all in that amount of time. 

Our core sites were located at the center of the range of R. variegatus, near the 

coast, inside the coastal Redwood region, which is characterized by mild winters and 

cool, foggy, summers (Dawson 1998). These eight sites were in three clusters, one in 

Prairie Creek State Park, one in Humboldt Redwoods State Park, and one in two small 
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coastal State Parks. This clustering was due to the availability of historically occupied 

sites on public land.  

Historical edge sites were located on the eastern and southernmost boundaries of 

the range of R. variegatus . We limited these sites to headwater streams on public land, 

because we did not have access to some of the southernmost sites on private timber lands.  

Extralimital sites were chosen by finding the closest suitable stream on public 

land to the east or south of the historical edge sites. We first searched a USGS 1:24000 

scale map and looked for candidate streams, then visited the streams to visually assess if 

the stream had the characteristics of R. variegatus habitat, such as being a small, fast-

flowing stream with large rocks (Welsh and Lind 1996). As before, all sites were on 

public lands and easily accessible. To the east of the cool center of R. variegatus range, 

records are clustered near rivers (Klamath and Trinity Co., CA). Our site selection criteria 

produced a linear eastward pattern of one to two known R. variegatus edge sites followed 

by one to two sites outside the range of R. variegatus, but in the same large river valley 

(Figure 2.1).  
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Figure 2.1. Topographic map of Northern California. The upper boundary of the map is 

the state border with Oregon. Historical core sites used in this study are shown as white 

triangles, historic edge sites are shown as white diamonds. Extralimital sites surveyed in 

this study are shown as white circles. 

 

 

Amphibian surveys   

We searched the 28 core, historical edge, and extralimital sites to determine if R. 

variegatus were present, and measured all R. variegatus that we found. We also recorded 

all other amphibian species that we encountered during the searches. The stream surveys 

were performed by a two or three person crew.  

We searched each stream for a total of three person-hours, each hour at a different 

visit to the site, or until we captured the first R. variegatus. A person-hour was one hour 

Core  

Historic Edge 

Extralimital 
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of effort searching for one individual, for example if there were two people searching, 

one person-hour would be 30 minutes of both searching. A time of three person-hours 

was based on the findings of (Bury and Corn 1988) for the minimum time needed to find 

the first R. variegatus in the survey, if R. variegatus were present at a given site. We 

performed the searches in June 2012, March 2013, June 2013, and September 2014 (see 

Appendix 2.2). Not all streams were surveyed during each field season. 

We captured R. variegatus using small nets and measured the size of each 

salamander from a digital photograph. We conducted surveys using the Bury and Corn 

(1991) method, we used small, hand held nets, and gently turned rocks just upstream of 

the net. The net was then searched for any R. variegatus that had washed into the net. We 

placed each R. variegatus that we captured into a petri-dish with a 3 cm section of clear 

ruler glued to it, and photographed the ventral side of the salamander from below. We 

measured the snout to vent length (SVL) of each R. variegatus using ImageJ, a computer 

program which allows for precise measurements of animals in photographs.  

 

Temperature logger placement 

 Because the goal of this study was to determine if temperature limited the range 

of R. variegatus, we made extensive measurements of air and water temperature at each 

of the 28 sites. Two temperature data loggers were placed in each stream to record 

temperatures, and one data logger was placed on a nearby tree to record air temperature. 

We used Madgetech MicroTemp recorders. Each data logger was set to begin recording 

on June 15th, and stop recording on September 15th. The data loggers recorded 

temperature every 15 minutes. We placed two data loggers in each creek because many 
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of the creeks become intermittent late in the summer, and on several occasions, one of the 

data loggers was no longer submerged when we retrieved it in the fall  

The specific location of the data loggers was primarily chosen by the location of 

suitable water recording sites. We placed water data loggers in deep pools with a steady 

inflow of water, and the air data logger on a tree more than 10 meters from the stream 

edge. We placed the first stream data logger more than 30 m upstream from the edge of 

the road to decrease any edge effects from the lack of trees at the road (Moore et al. 

2005). The second water data logger was placed between 10 and 50 m upstream of the 

first data logger, depending on the availability of a location to place the data logger where 

it would still be submerged during low-flow conditions at the end of the summer. The air 

data logger was placed on a tree between the two water data loggers. We chose a tree that 

was at least 10 m away from the stream, outside of the visible riparian zone. Streams are 

associated with cooler microclimates, we wanted to measure the upland air temperature 

(Brosofske et al. 1997). In the Pacific Northwest, the thermal effect of the stream was 

found to be much decreased outside 10 m from the stream (Rykken et al. 2007). The air 

data logger was placed on the side of the tree away from the stream, at approximately 1.5 

meter above ground level. 

Madgetech data loggers are encased in a steel container, and direct sunlight on 

this container would have altered the temperature recorded. To avoid this effect, each 

water dat logger was shaded by a 15 cm long section of 5 cm diameter grey schedule 80 

PVC pipe. We drilled through the top of the pipe, forming two holes, each less than ½ cm 

from the end. Madgetech data loggers have a small metal loop on the top, and we 

attached them to the PVC shade by placing the data logger inside, and then lacing a 
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section of wire through the loop to suspend the data logger in the center of the shade 

(using the two holes). This wire was doubled, and twisted into a large loop on the end. An 

approximately 120 cm section of green paracord (Secureline) was also attached to each 

data logger using a separate piece of wire.   

We secured the data loggers in a single location using a large nail and paracord so 

the data loggers would not move downstream, away from the location we had selected. 

When a suitable location was found for the data logger, we pounded a 30.5 cm nail into 

the stream bed. When there was less than 7.5 cm of the nail above the stream bed, the 

loop of wire on top of the shade was slipped over the nail and twisted to hold it in place. 

The paracord was then tied around a nearby root or large rock to secure the data logger in 

case the wire broke or slipped off the nail. The data logger, inside the shade, was then 

further concealed by placing flat rocks on top of the nail and shade. We hid the data 

loggers because unhidden data loggers were stolen from our sites. This method of 

concealment meant that occasionally we needed a metal detector (White’s Coinmaster) to 

locate hidden data loggers.   

The data loggers placed on the trees to record air temperature were also shaded, 

but in a different way from the water data loggers. To construct fabric and wire shades, 

we formed a wire frame, and glued knit wool fabric in dark green over the frame to form 

a tent. The tent was placed over the data logger on the tree. Two air data loggers were 

stolen during the summer of 2012.  
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Measurement of other abiotic variables 

During the last year of the study, we measured several characteristics of each 

stream to determine if other abiotic variables besides temperature were important in 

defining the edge of the range of R. variegatus. We chose characteristics of the stream 

and surrounding forest that have been established in other studies as important for R. 

variegatus presence and abundance (Welsh and Lind 1996, Sheridan and Olson 2003, 

Welsh and Hodgson 2011). The environmental variables were mostly measured on site. 

These included the slope of the stream bed, slope of the sides, width, flow, and aspect. 

We also visually estimated the percent of pool versus riffle, degree of embeddedness, and 

percentage of transects for each size class of substrate: sand, gravel, small cobble, large 

cobble, and boulder. We used a GPS unit (Garmin GPSMAP 62S) to determine latitude 

and longitude of each site. We used Google Earth to determine elevation and the straight 

line distance west to the Pacific Ocean.   

We measured the water flow rate at the end of the summer to obtain the minimum 

flow rate for each creek. Because the streams in our study varied in size over the course 

of the summer, we measured water flow when the streams were most similar to one 

another, at low flow. We were unable to use a propeller-based flow measuring system 

because most of the streams in this study were too shallow (overall average depth of 6 

cm). Instead, we measured flow by finding the cross sectional area of the stream and the 

velocity. Cross section was calculated by measuring the width of the stream, and the 

depth at the center, ¼ and ¾ of the width. Velocity was measured by recording the time it 

took a very small fishing float to travel 1 meter downstream. We laid a meter tape along 

the flow direction of the stream, measuring 1 meter of stream flow length. We dropped a 
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small fishing float into the main flow of the stream at the upstream end of the 1 meter 

section, and used a stopwatch to time how many seconds the fishing float took to reach 

the bottom of the one meter reach. We calculated flow (cm3/sec) using the formula   

Flow = ALC / T, 

where A is the stream cross section area (cm2), L is the length of reach (cm), C is a 

unitless constant for stream bed roughness (0.8 for a rocky bottom stream), and T is the 

time (seconds) for the float to travel the length L.  

 In addition to flow, we measured a variety of other stream characteristics. The 

slope of the stream bed and both sides of the stream bank were measured with an eye-

level pole, meter tape, and a Suunto clinometer. One member of the crew stood in the 

center of the creek, while another stood 10 m away, up stream. One crew member looked 

through the clinometer while the other held a pole the exact height as eye level on the 

person with the clinometer. We measured aspect with a Suunto compass. We estimated 

the percent of pool versus riffle in a 10 m section, substrate embeddedness, and a single 

cross-flow line for the size of the rock in the stream. The size of the substrate was 

classified as sand (which also included other fine particulates such as silt), gravel, small 

cobble, large cobble, and boulder (which also included bedrock). Embeddedness was 

scored 1-5, with 1 being lowest and 5 being almost totally embedded. All the 

measurements except the side slopes were taken at two locations within the site. We used 

the mean of the two measurements for statistical analyses  
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Statistical analysis 

In data analysis we focused on temperature and environmental predictors of 

Rhyacotriton presence and absence at our sites. After initial data exploration, we 

restricted the analysis of air and water temperature to July 1st to August 31st. We chose 

this interval of time because it contained the highest temperature of the summer and 

revealed a single relationship between air and water temperature (See example in Figure 

2.2).  

 
Figure 2.2. Water-air temperature relationship for Azalea Creek, Hendy Woods State 

Park, CA. Air and water temperature were recorded every 15 minutes between July 1 and 

August 31st in 2011, 2012, and 2013 5952 recorded temperatures). Values shown are the 

mean of up to six measured values at each time point. 
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Figure 2.3. Air and water temperature for Azalea Creek, Hendy Woods State Park. Air 

and water temperature were recorded every 15 minutes between July 1 and August 31st 

(5952 recorded temperatures). Shown are the mean of measured values at each time point 

for 2011, 2012, and 2013. 

 

In data analysis, we calculated 12 summary values for the sets of air and water 

temperatures recorded for each of the 28 streams (Table 2.1). First, we found the mean 

for each 15 minute interval across the three summers measured (a mean of 6 values in 

most cases), yielding 5952 data points for the air and water temperature for every stream 

(see example in Figure 2.3). From the mean of three summers’ data, we calculated the 12 

measures of temperature for each stream. Two of these 12 measures were air temperature, 

the maximum and mean. We calculated two measures of the relationship between air and 

water temperature for each stream, the R2 value and slope (see example in Figure 2.2). As 

with the air temperature, we used the maximum and mean of the water temperature, as 

well as the minimum. We also determined the Julian day that the maximum temperature 

occurred at each stream, the median temperature, and the number of 24 hour days over 

13o C. We calculated the percentage of the water temperature data points that was within 

one degree of the median and the maximum. Using the statistical program R, we 

calculated skew and kurtosis for the water temperature for each site, after standardizing 
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the temperature data so that they were distributed with a mean of zero and standard 

deviation of 1,  

STi=Ti - µ / σ, 

where STi is the standardized temperature at time i, Ti is the mean of three years’ data for 

that time (̊ C), µ is the mean of the three years’ data, and σ is the standard deviation of the 

mean temperatures for that stream (see example in Figure 2.4) (R Core Team 2012).  

 

 

 
Figure 2.4. Standardized values of water temperatures recorded from Azalea Creek, 

Hendy Woods State Park, CA (n=6). Temperatures were recorded every 15 minutes 

between July 1 and August 31st (5952 recorded temperatures). Standardized temperature 

is the mean of each time point over three sample years. For this distribution, skew is 0.4, 

and kurtosis is -1.17.  
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Table 2.1. Temperature and Environmental variables used in the correlation matrix. 

Variables with an R value lower than 0.04 were retained for subsequent analysis, are 

marked with an *. 

Measures of Temperature ( ͦC) Environmental Measurements 

Maximum of Air Temperature % Slope of the Stream Bed* 

Mean of Air Temperature % Slope of the Side Walls of the 

Stream 

Maximum of Water Temperature Stream Width (cm) 

Mean of Water Temperature Stream aspect (degrees)* 

Minimum of Water Temperature Percent Pool versus Riffle 

Median Water Temperature Embeddedness (categorical) 

Julain Day of Maximum Water Temperature 

* 

Water Flow (cm3?/s)* 

Number of 24 Hour Days Over 13o C* Latitude* 

Percent of 15 Minutes Water Temperature 

Readings Within 1oC of the Median 

Longitude 

Percent of 15 Minutes Water Temperature 

Readings Within 1oC of the Maximum 

Measurement to Pacific Ocean, strait 

line West from Site (km) 

Slope of Air to Water Temperature 

Relationship  

Elevation (m) * 

R2 Air -Water Temperature Relationship * Sand (% of stream bed) * 

Skew of Standardized Water Temperature * Gravel (% of stream bed) * 

Kurtosis of Standardized Water Temperature 

* 

Small Cobble (% of stream bed) * 

 Large Cobble (% of stream bed) 

 Boulder (% of stream bed) 

 Number of D. tenebrosus found 

 

We computed product-moment correlations amoung all the environmental 

variables and different measures of temperature, as well as the number of D. tenebrosus 

present at each site (Table 2.1 and Appendix 2.3). If two variables had an R value of 

greater than 0.4, we eliminated one of the two variables. The retained variables were: the 

Julian day of maximum temperature, the number of days over 13oC, the R2 value of the 

relationship between air and water, the slope of the stream bed, stream aspect, the amount 

of sand and gravel and small cobble, the amount of water flow, the latitude, elevation, 

skew and kurtosis of standardized temperature (Table 2.1). We used the retained 
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variables in a Multivariate Adaptive Regression Splines (MARS) analysis, which yielded 

the most important variables predicting whether a stream was inside or outside the range 

of R. variegatus. We used a general linear model (GLM) to determine effect sizes and p-

values.  

We choose to use the MARS approach because it is robust for our situation: many 

environmental variables and a logistic dependent variable (Elith et al. 2006). MARS uses 

flexible model fitting to determine which of many variables are the most important. 

MARS allows for analysis of complex ecological responses by using sectional linear fits 

rather than one unified smooth function, with forward and backward recursive 

partitioning (Lewis and Stevens 1991, Yee and Mitchell 1991). In addition, MARS model 

output gives predictor variable contributions and interactions that can be analyzed using 

analysis of variance (ANOVA) or general linear model (GLM) to find p-values and effect 

sizes of the variables (Lewis and Stevens 1991, Leathwick et al. 2006). We used the earth 

package in R to perform the MARS analysis (Milborrow 2011, R Core Team 2012). In 

addition to the MARS analysis, we attempted a principal components analysis (PCA) and 

a GLM with forward and backward variable selection on the 13 variables. The GLM did 

not run due to overfitting. The PCA gave too many important principal components, each 

of which had a great many variable associated with the component. We were unable to 

identify important variables from either analysis, and decided to report only the results of 

the MARS analysis.  

We used program PRESENCE to find the probability of not detecting R. 

variegatus when it is actually present at a site (detectability, MacKenzie et al. 2003). We 

used a single season model with two covariates, slope and maximum summer water 
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temperature (from the initial aims of this study). Models in PRESENCE are fit by 

maximum likelihood (MacKenzie 2006).We ran all possible combinations of the 

covariates for occurrence and detection. PRESENCE allowed us to store the result of 

each model, and compare them to each other and to a null model with no covarites using 

both Akaike's Information Criterion (AIC) and model weight (as in Pilliod et al. 2010). 

Model weight represented the probability that the model was the best of the set under 

consideration (Burnham and Anderson 2002). 

Results 

 

Figure 2.5. Total number of stream amphibians captured at each of the 28 study streams. 

The data are partitioned by species: Rhyacotriton variegatus (RHVA), Dicamptodon 

tenebrosus (DITE), and Ascaphus truei (ASTR).  
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Table 2.2. 28 streams in this study, site name, the formal USGS stream name, stream 

location relative to the known range of R. variegatus, the total number of person hours 

searched in the 3 summers of study, and how many of each species of stream amphibian 

were found (RHVA = Rhyacotriton variegatus, DITE = Dicamptodon tenebrosus, and 

ASTR = Ascaphus truei).  
Site Name Name of Stream Site Category Number of 

Person Hours 

Searched 

RHVA DITE ASTR 

Azalea Azalea Creek Extralimital 3 0 3 0 

Big Tree Big Tree Creek Core 3 0 12 5 

Cabin Cabin Creek Core 3 0 35 7 

E.Walker East Walker Creek Extralimital 3 0 10 3 

Fox  Fox Creek  Historical Edge 3 0 10 0 

Good Good Creek Core 1 3 5 0 

Gros Unnamed tributary of 

Grider Creek 

Historical Edge 3 1 4 0 

Icebox Icebox Creek Historical Edge 3 2 9 0 

Little Bidden Bidden Creek Historical Edge 1 1 1 3 

Little French Little French Creek Extralimital 3 0 6 0 

Manzanita Manzanita Creek Extralimital 3 0 2 0 

Matthews Matthews Creek Core 2 1 14 0 

Mill Mill Creek Extralimital 3 0 4 0 

Montgomery Unnamed tributary of 

Montgomery Creek 

Extralimital 3 0 11 0 

Mystery Unnamed tributary of 

North Fork Trinity 

River 

Historical Edge 1 4 0 0 

Not Post Unnamed tributary of 

Rattlesnake Creek 

Extralimital 3 0 4 0 

Paul Unnamed tributary of 

Chamberlin Creek 

Extralimital 3 0 28 0 

Russian Gulch Russian Gulch Core 3 0 12 0 

Skunk Angelo Skunk Creek Historical Edge 1 5 14 0 

Skunk Hoopa Skunk Creek Historical Edge 1 4 17 0 

Stebbins Unnamed tributary of 

Burns Creek 

Core 1 5 0 0 

Swift Swift Creek Historical Edge 3 0 4 0 

Tank  Tank Creek Historical Edge 1 7 6 0 

Ten Taypo Ten Taypo Creek Core 2 1 8 2 

Ti  Ti Creek Historical Edge 1 14 0 0 

Upper 

Rattlesnake 

Upper Rattlesnake 

Creek 

Extralimital 3 0 5 0 

VanDamme Unnamed tributary of 

Little River 

Core 1 7 17 0 

W.Chamberlin West Chamberlin Extralimital 3 0 14 0 

 

Salamanders found 

We found R. variegatus in 13 of 28 streams: 0 in the 10 extralimital streams, 5 of 

the 8 core streams, and 9 of 10 historical edge streams. We estimated that 48% of our 

sites were occupied (SE=0.10, CI=29-66%). We stopped searching once R. variegatus 
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was found, so the streams inside the range of R. variegatus were searched for an average 

of 1.78 hours, while all streams outside the range of R. variegatus were searched for 3 

person hours. We found R. variegatus in 80% of the sites inside the range, and none of 

the streams outside the range. D. tenebrosus were found at all of the creeks outside the 

range of R. variegatus, and at all but three inside. We found A. truei in only five of the 

creeks one of which was outside the range.  

If a site was occupied by R. variegatus, we had a 72% chance of detecting them 

(SE=0.10, CI=49-87%). The probability that a site was occupied, when we did not find R. 

variegatus in our searches was 2% (SE=0.02, CI=0.2-16%). The statistical program 

PRESENCE a produced set of models predicting species and detection probility of R. 

variegatus, each with AIC and model weight. When judged by AIC and model weight, 

the models with covariates (slope, maximum air temperature) were no different from the 

null model. Neither slope nor maximum water temperature influenced detection 

probability. 

Streams where we found the highest number of R. variegatus had few or no D. 

tenebrosus. For example at Ti Creek we found 14 R. variegatus but no D. tenebrosus 

(Figure 2.5). The converse was also true, in the sites where we found the most D. 

tenebrosus, we did not find R. variegatus. The most common pattern within the range of 

R. variegatus was to find twice as many D. tenebrosus as R. variegatus at each site 

(Table 2.2).  
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Abiotic variable differences inside and outside range of R. variegatus 

After the correlation analysis and elimination of related variables, we retained 13 

of 31 variables (See Tables 2.1 and 2.2). The MARS analysis revealed that two variables 

were important in determining the range edge of R. variegatus: the number of days that 

the stream temperature was over 13o C and the slope of the stream bed (Figure 2.6). We  

fit a GLM to determine the effect sizes and significance of slope and the number of days 

over 13o C (Table 2.4). Both slope and days over 13o C were significant (p = 0.0237 and p 

= 0.0356). The association with the days over 13o C was negative; sites were inside the 

range of R. variegatus when warm days were fewer. The pattern in the slope data was the 

opposite, streams inside the range of R. variegatus had a higher gradient. For slope, the 

streams inside the range of R. variegatus varied in slope from the minimum to the 

maximum, while the sites outside the range of R. variegatus had low slopes. We found 

the opposite for the days over 13o C, sites outside the range of R. variegatus had many 

days over 13o C, and sites inside the range had the full range of possible days over 13o C.  
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Table 2.3. MARS and GLM analyses. MARS analysis of the 13 response variables and 

covariates identified slope and the number of days over 13oC as important predictors of 

site location inside or outside the range of R. variegatus. The variables were measured 

from 28 streams in Northern California, 10 outside the range of R. variegatus, the 

remainder within the range. The predictors identified by the MARS analysis were used in 

a GLM prediction of site location which estimated the following parameters. 

 

 Estimate Standard Error z value p 

Intercept 0.59906 1.41958 0.422 0.6730 

Slope 0.14818 0.06549 2.262 0.0237 

# Days over 

13oC 

-0.06216 0.02957 -2.102 0.0356 

 

 

Figure 2.6. Location of each of the 28 study streams (either inside or outside the range of 

R. variegatus) as a function of the number of 24 hour days over 13o C and the slope of the 

streambed. The predicted logistic regression break points were determined by MARS 

analysis. The temperature values, and hence days over 13o C were measured between 

June 30th and August 29th over three summers.  

 

 The MARS and GLM analyses focused on the warm days index (days over 13o 

C) as a predictor of sites being inside or outside the range of R. variegatus We also 

investigated other indices of warm days inside and outside the range of R. variegatus by 

using temperatures from 8 to 19o C. At the extremes, the temperature did not differ 

between sites inside and outside of the range (Figure 2.7). Between 11 and 16o C, the 
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number of days differed between streams inside and outside the range of R. variegatus. 

For the range of temperatures 11-16o C, streams outside the range of R. variegatus were 

above each of the boundary temperatures for a mean of 8.42 days more than streams 

inside the range (Figure 2.8). The intercepts were significantly different, with an 

estimated difference of 8.421 (Table 2.5). The slopes of the lines were not statistically 

different (p = 0.864). 

 

 

Figure 2.7. Mean number of 24 hour days over each degree C of water temperature 

measured over three summers from June 30-August 29th. Each point is a mean of 

measured temperature inside or outside the range of R. variegatus (18 stream inside the 

range, and 10 streams outside).  
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Figure 2.8. Mean number of 24 hour days over degrees C of water temperature between 

11 and 15, each point is a mean of measured temperature inside or outside the range of R. 

variegatus (18 streams inside the range, and 10 streams outside). Temperatures were 

measured over three summers from June 30-August 29th. The slopes of the lines are not 

statistically different (p = 0.864). The intercepts are significantly different, with an 

estimated difference of 8.42.   
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Table 2.4. ANOVA results for the comparison of stream gradients inside and outside the 

range of R. variegatus. Data is number of 24 hour days over each degree C between 11 

and 19, and was measured in 28 streams over three summers.  

Test for interaction 

 Estimate Standard Error t value p 

(Intercept) 193.97     23.73  8.18  <0.0001 

# Days over 

13oC 

-11.48 1.81 -6.32 <0.0001 

Inside or 

Outside  

-8.42 29.59 -0.29 0.78 

# of Days over 

13oC X Inside 

or Outside 

-0.39 2.26 -0.17 0.86 

 

Test for significant difference of intercepts 

 Estimate Standard Error t value p 

(Intercept) 197.20 14.28 13.81 <0.0001 

# Days over 

13oC 

-11.73 1.08 -10.86 <0.0001 

Inside or 

Outside 

-13.46 3.19 -4.22 4.43e-05 

 

Test for significance of slope for sites outside the range of R. variegatus.  

 Estimate Standard Error t value p 

(Intercept) 193.97 19.96 9.72 <0.0001 

# Days over 

13oC 

-11.48 1.53 -7.52 <0.0001 

 

 Test for significance of slope for sites inside the range of R. variegatus.  

 Estimate Standard Error t value p 

(Intercept) 185.55      19.05 9.74 <0.0001 

# Days over 

13oC 

-11.87       1.46 -8.15 <0.0001 

 

 

Streams inside the range where R. variegatus were not found 

Of the 18 sites inside the range of R. variegatus (core and historical edge), we did 

not find R. variegatus in five streams. We analyzed these streams separately from the 
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streams where R. variegatus were found. In this analysis, there are three categories, the 

streams outside the range of R. variegatus, the streams inside the range where we found 

R. variegatus, and the streams inside the range where R. variegatus were not found.  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Mean number of 24 hour days over 13o C, of the water temperature of 28 

streams, 10 outside the range of R. variegatus, 5 inside the range but where R. variegatus 

were not found, and 13 where R. variegatus were found. Temperatures were measured 

over three summers from June 30-August 29th.  

 

 

We first looked at the pattern of water temperature days over 13o C. For this 

variable, the sites inside the range of R. variegatus all had a very similar pattern, 

regardless of whether we found R. variegatus (Figure 2.9). The streams outside the range 

had more days over 13o C (mean 50.6), with a smaller range in the data, while streams 

inside the range exhibited a lower mean but much higher variability (found mean 29.1, 
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not found inside mean 30.4). None of the differences were significant (ANOVA overall 

p-value 0.06, pairwise in Table 2.6, none significant).  

 

Table 2.5. ANOVA of the mean number of 24 hour days over 13o C. Data are the water 

temperature of 28 streams, 10 outside the range of R. variegatus, 5 inside the range but 

where R. variegatus were not found, and 13 where R. variegatus were found. 

Temperatures were measured over three summers from June 30-August 29th.  

 Mean 

SE Number of 

Streams 

Inside 29.12 6.68 13 

Not Found Inside 30.37 11.86 5 

Outside 50.65 3.02 10 

 

Overall ANOVA of days over 13oC 

 DF Sum of 

Squares 

Mean Square F value p 

Variables 2     2888   1444 3.01 0.07 

Residuals 25 11974 479   

 

Pairwise Comparison (Tukey adjustment)   

 Diff Lower Upper p 

NotFoundIn-Inside 1.24 -27.44 29.93 0.99 

Outside-Inside 21.52 -1.41 44.44 0.07 

Outside-NotFoundIn 20.28 -9.58 50.13 0.23 
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Figure 2.10. Mean percent slope of the stream bed of 28 streams, 10 outside the range of 

R. variegatus, 5 inside the range but where R. variegatus were not found, and 13 where 

R. variegatus were found. Values were measured over three summers from June 30-

August 29th. 

 

The pattern for stream bed slope was the opposite of that we found for the days 

over 13o C. Where R. variegatus were found, the slope is, on average, steeper (32.4 

percent, Figure 2.10). The data range of the slope in streams where R. variegatus was 

found is greater than in the streams where R. variegatus was not found (overall p value = 

0.001). We found the mean percent slope where R. variegatus were not found inside their 

range to be 15.7, and outside the range to be 10.85. We found no significant difference 

between the slope in streams where R. variegatus were not found (p = 0.76), but both 

streams outside the range and the streams inside but without R. variegatus were 
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significantly different from the streams where R. variegatus were found (p = 0.04 and 

0.001, Table 2.7).  

 

Table 2.6. ANOVA of the mean slope of 28 streams, 10 outside the range of R. 

variegatus, 5 inside the range but where R. variegatus were not found, and 13 where R. 

variegatus were found.  

 Mean 

SE Number of 

Streams 

Inside 32.38 4.28 13 

Not Found Inside 15.70 4.95 5 

Outside 10.85 1.63 10 

 

Overall ANOVA of stream slope 

 DF Sum of 

Squares 

Mean Square F value p 

Variables 2 2841 1420.7 8.94 0.001 

Residuals 25 3971 158.8   

 

Pairwise Comparison (Tukey adjustment)   

 Diff Lower Upper p 

NotFoundIn-Inside -16.68 -33.20 -0.17 0.05 

Outside-Inside -21.53 -34.74 -8.33 0.001 

Outside-NotFoundIn -4.85 -22.04 12.34 0.76 
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Figure 2.11. Mean kurtosis of the water temperature of 28 streams, 10 outside the range 

of R. variegatus, 5 inside the range but where R. variegatus were not found, and 13 where 

R. variegatus were found. Values were measured over three summers from June 30-

August 29th. 

 

The kurtosis of the standardized measurements of water temperature was not large 

across the range limit of R. variegatus. Mean kurtosis of streams outside the range of R. 

variegatus was 2.49, streams where we found R. variegatus 2.67, but the streams inside 

the range of R. variegatus where we did not find them had a mean kurtosis of 3.22 

(Figure 2.11). The overall ANOVA was significant (p = 0.04), but the only pairwise 

comparison that was significant was the one between the streams outside the range of R. 

variegatus and the streams inside the range where R. variegatus were not found (p = 0.03, 

Table 2.8).    
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Table 2.7. ANOVA of the mean kurtosis of water temperature of 28 streams, 10 outside 

the range of R. variegatus, 5 inside the range but where R. variegatus were not found, and 

13 where R. variegatus were found. Temperatures were measured over three summers 

from June 30-August 29th.  

 Mean 

SE Number of 

Streams 

Inside 2.67 0.15 13 

Not Found Inside 3.22 0.26 5 

Outside 2.49 0.09 10 

 

Overall ANOVA of kurtosis 

 DF Sum of 

Squares 

Mean Square F value p 

Variables 2 1.82 0.91 3.71 0.039 

Residuals 25 6.13 0.25   

 

Pairwise Comparison (Tukey adjustment)   

 Diff Lower Upper p 

NotFoundIn-Inside 0.56 -0.09 1.21 0.10 

Outside-Inside -0.17 -0.69 0.34 0.68 

Outside-NotFoundIn -0.73 -1.41 -0.06 0.03 
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Figure 2.12. Mean skew of standardized water temperature of 28 streams: 10 outside the 

range of R. variegatus, 5 inside the range but where R. variegatus were not found, and 13 

where R. variegatus were found. Values were measured over three summers from June 

30-August 29th. 

 

The pattern in the skew of the water temperature of the streams was the opposite 

to that of the kurtosis. The mean skew of the streams outside the range was -0.14, the 

streams where R. variegatus were found was 0.07, and the streams inside the range where 

no R. variegatus were found was -0.32 (Figure 2.12). The overall ANOVA was 

significant (p = 0.04), but the only pairwise comparison that was significant was between 

the streams where R. variegatus were found, and the streams inside the range where they 

were not found (p = 0.04, Table 2.12).  

   

 



42 
 

 

Table 2.8. ANOVA of the mean skew of water temperature of 28 streams, 10 outside the 

range of R. variegatus, 5 inside the range but where R. variegatus were not found, and 13 

where R. variegatus were found. Temperatures were measured over three summers from 

June 30-August 29th.  

 Mean 

SE Number of 

Streams 

Inside -0.32 0.08 13 

Not Found Inside 0.07 0.14 5 

Outside -0.14 0.07 10 

 

Overall ANOVA of skew 

 DF Sum of 

Squares 

Mean Square F value p 

Variables 2 0.62 0.31 3.70 0.039 

Residuals 25 2.11 0.08   

 

Pairwise Comparison (Tukey adjustment)   

 Diff Lower Upper p 

NotFoundIn-Inside -0.39 -0.77 -0.01 0.04 

Outside-Inside -0.21 -0.52 0.09 0.21 

Outside-NotFoundIn 0.18 -0.22 0.57 0.52 
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Figure 2.13. Mean percentage of small cobble in the streambed of 28 streams, 10 outside 

the range of R. variegatus, 5 inside the range but where R. variegatus were not found, and 

13 where R. variegatus were found. Values were measured over three summers from 

June 30-August 29th. 

 

Aside from water temperature skew, water temperature kurtosis, and stream slope, 

only one other variable was a significant predictor of if a stream was inside or outside the 

range of R. variegatus, the percentage of small cobble in the stream bed (p = 0.04). The 

mean percent of small cobble where we captured R. variegatus was 17%. The mean 

percent small cobble of the stream bed outside the range of R. variegatus was 10%, and 

the percent small cobble of the streams inside the range where we did not catch R. 

variegatus was 35% (Figure 2.13). The only pairwise comparison that was significant 

was between streams outside the range and streams inside where we did not catch R. 

variegatus (p =0.03, Table 10).  
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Table 2.9. ANOVA of the mean percentage of small cobble in the channel of 28 streams, 

10 outside the range of R. variegatus, 5 inside the range but where R. variegatus were not 

found, and 13 where R. variegatus were found.  

 Mean 

SE Number of 

Streams 

Inside 17 4.65 13 

Not Found Inside 35 11.47 5 

Outside 10 2.05 10 

 

Overall ANOVA of percent small cobble 

 DF Sum of 

Squares 

Mean Square F value p 

Variables 2 2096 1047.9 3.56 0.04 

Residuals 25 7358 294.3   

 

Pairwise Comparison (Tukey adjustment)   

 Diff Lower Upper p 

NotFoundIn-Inside    18   -4.49 40.49 0.13 

Outside-Inside -7 -24.97 10.97 0.60 

Outside-NotFoundIn  -25 -48.41 -1.59 0.03 
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Discussion 

Two variables predicted the edge of the range of R. variegatus: number of 24 hour 

days that the stream temperature was over 13oC and the slope of the stream bed. The 

streams outside and inside the range did not have different maximum or minimum 

temperatures over the course of the summer. All of the streams in this study were small , 

and it is normal for headwaters to have a high proportion of groundwater input, leading to 

fairly stable temperatures (Tague et al. 2007). The number of days over a specific 

temperature are called degree days. The number of degree days differed among the 

streams in our study between 11o C and 16o C. Degree days are commonly used in crop 

science, aquatic invertebrate studies, and air conditioning management (Vannote and 

Sweeney 1980, Swan et al. 1987, Büyükalaca et al. 2001). This count is not a tally of how 

many days over the course of the study reached 11oC, but rather a summation of the 

number of 15 minute readings over that temperature. For example, if a stream was over 

11o C for two days, that would be a total of 192 15 minute readings of 11o C over the 

course of the study. In this case, each day is 24 hours. In our results, the difference 

between days inside and outside the range of R. variegatus is 8.42 days, with the streams 

outside having 8.42 more days over each temperature (11-16o C). Streams outside the 

range of R. variegatus registered temperatures over 11o C an average of 808 more times 

than the streams inside.  

Previous studies looked only at temperature on the day when R. variegatus were 

captured, while we measured the amount and duration of high temperature in each 

stream. R. variegatus were only found when water temperatures were under 15o C, and at 

an average temperature of 11.4o C (Welch and Hodgson 2008, Welsh and Hodgson 
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2011). R. variegatus displayed signs of stress at 17.28o C (Welsh and Lind 1996). R. 

variegatus are most easily captured in the field in the spring and fall when they are most 

active (Nussbaum and Tait 1977). We focused on the highest temperature found at each 

sites, and therefore measured temperatures only over the hottest part of the summer (60 

days from July 1 to August 31st of each study year).  

We were only able to measure the temperature in the surface flow of the study 

streams. This temperature may not be representative of the temperatures that R. 

variegatus experience, because they may use the hyporheic, as do other headwater stream 

animals such as crayfish, D. tenebrosus, and aquatic insects (Williams 1984, del Rosario 

and Resh 2000, Feral et al. 2005, DiStefano et al. 2009, García-Roger et al. 2011). R. 

variegatus living below the surface of the stream bed is likely because nests of R. 

variegatus have been found deeply buried under streams (Karraker 1999). R. variegatus 

are difficult to find when surface conditions are very warm or cold, which also supports 

the idea that they use the hyporheic as a refuge (Nussbaum and Tait 1977, Nussbaum et 

al. 1983).  

Several studies on the environmental determinates of R. variegatus occupancy 

included other variables in the best model (Sheridan and Olson 2003, Stoddard and Hayes 

2005). Stream slope, although significant in our analysis, seems an unlikely determinant 

for the edge of the range of R. variegatus. Slope is certainly important to the presence and 

abundance of R. variegatus (Welsh and Lind 1996, Sheridan and Olson 2003, Stoddard 

and Hayes 2005, Welsh and Hodgson 2011). However, in this study R. variegatus were 

found in both very steep habitats, and along the coast, in quite flat streams. To the east 
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and south of the range of R. variegatus, rough terrain is common as it is within the 

adjacent occupied range (Alt 1975). 

In addition to the explanatory variables for the range edge, we were also 

interested in which of our measured variables were associated with the historical sites 

inside the range of R. variegatus where we were unable to find R. variegatus. Multiple, 

and in some cases interacting, factors appear to be important. The first issue was the 

difficulty in finding R. variegatus, even at sites where they are present. For this study, our 

detection probability if a site was occupied was 72%. This probability reflects both the 

difficulty in capturing this small, well camouflaged and elusive salamander, and also site 

location inaccuracies. Welsh found R. variegatus in only 57% of the streams he surveyed, 

but in an additional study found R. variegatus in 70% of streams flowing through old 

growth and 50% of streams flowing through mature managed forests (Welsh 1990, Welsh 

et al. 2005). Though we primarily used sites recorded in publications or with voucher 

specimens in a scientific collection, some of our site locations were not highly accurate. 

Some of the notes we referred to in finding our sites gave, for example, reference a mile 

long section of stream (pers comm. Welsh, (Welsh and Ollivier 1998).   

Our sampling effort may not have been sufficient to find R. variegatus. We 

followed published protocols, and the findings that 3 person hours should be sufficient to 

detect R. variegatus at a site (Bury and Corn 1988). In a separate study, the authors of 

this paper revisited many of the streams from this study. We found R. variegatus in all 

streams where we had previously recorded them. We revisited two of the five sites inside 

the range of R. variegatus where we were unable to find them in this study, and captured 

R. variegatus in two streams. In Fox Creek R. variegatus were caught approximately 30 
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m upstream of our previous study area. In Russian Gulch, we caught R. variegatus in a 

different seep approximately ½ km from the site in this study. However, our methods 

were robust enough to locate R. variegatus, often in the first site visit, in 13 of 18 

streams.  

 Though not a predictor for the range edge of R. variegatus, the presence of D. 

tenebrosus may influence the abundance of R. variegatus. We found the most R. 

variegatus in streams were there were few or no D. tenebrosus. The presence of D. 

tenebrosus may or may not be a causative biotic factor. In streams where we found both, 

there were generally twice as many D. tenebrosus as R. variegatus (Figure 5). D. 

tenebrosus is in direct competition for aquatic invertebrates with a species of salamander 

closely related to our study species: Rhyacotriton cascadae, which is likely true of R. 

variegatus as well (Cudmore and Bury 2014). Dicamptodon have slightly different 

physical microhabitat preferences; D. tenebrosus are found more often in pools, while R. 

variegatus frequent riffles, edges, gravel beds, and seeps (Nussbaum and Tait 1977, 

Nussbaum et al. 1983, Cudmore and Bury 2014). We found D. tenebrosus in almost 

every stream we surveyed, including all of the streams we searched outside the range of 

R. variegatus. The presence of D. tenebrosus supports our assumption that the streams we 

choose outside the range of R. variegatus had the ecology to support headwater stream 

amphibians. Though D. tenebrosus have a higher thermal tolerance than R. variegatus, 

they are still adapted for cold swift streams, and their range is not much larger than that 

of R. variegatus which also supports the idea that their tolerances are not much higher 

(Nussbaum et al. 1983, Bury 2008).   
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We compared the sites inside the range where we did not find R. variegatus to the 

streams where we did, and to the streams outside the range. First we looked at the 

variables identified in the MARS analysis. The streams outside the range of R. variegatus 

had, on average, a lower slope of the stream bed. The difference in slope of streams 

inside and outside the range of R. variegatus was an issue of site selection. We were 

looking for streams as similar as possible to ideal R. variegatus habitat, but sometimes we 

were unable to find streams with all the parameters we were seeking (Nussbaum and Tait 

1977, Nussbaum et al. 1983).   

The number of water temperature days over 13oC shows a distinct pattern, the 

streams outside the range of R. variegatus have more days over 13oC. The streams inside, 

even where we did not find R. variegatus, have fewer days over 13oC. Next we analyzed 

other measures of temperature.  

  The streams inside the range where we did not find R. variegatus are unusual in 

both water temperature kurtosis and skew compared to both the streams outside the range 

and the streams inside where R. variegatus were found. These odd streams inside had 

higher kurtosis on average. High kurtosis indicates that the odd streams have a more 

pointed (leptokurtic) distributions, indicating more frequent but less dramatic deviations 

from the mean. However, all of the differences are well within what is considered a 

normal distribution, not very leptokurtic or platykurtic. 

As with kurtosis, the streams inside the range of R. variegatus have a different 

temperature distribution pattern than the other streams. In this case, the streams inside the 

range of R. variegatus where we did not find them have a lower mean skew, indicating a 

left skewed distribution, with most of the values on the higher end, but a long tail to the 
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cold side. The skew of the streams outside the range are also negative, but less so. The 

skew of streams where we found R. variegatus was a positive, right skewed distribution. 

However, all of the differences in distribution were small enough to be classified as 

symmetric, not skewed at all (analysis after Arismendi et al. 2014). 

  The last abiotic variable that we compared was the percent small cobble. Higher 

percent of small cobble means less gravel and less large cobble, which describes areas 

where we find R. variegatus. None of the differences in skew, kurtosis, or small cobble 

percentage were large. This leads us to conclude that temperature is the most important 

variable limiting the range of R. variegatus.  

  Range edges are important because human effects on ecosystems can lead to 

changes in the factors which define them. Many species range edges exist because of 

physiological boundaries (Tomanek 2008). The defining abiotic factors are often a 

gradient, but when the physiological limit is reached in the species of interest, then stress 

occurs in individuals, which can then lead to population changes or even extirpation 

(Thomas et al. 2004, Huey et al. 2009, Schweiger et al. 2012). Understanding the 

variables that control distribution and range edge is important because human land use 

leads to changes in the abiotic factors, which can then lead to species consequences 

(Urbina-Cardona and Flores-Villela 2010).  

The range edge of R. variegatus is important because these salamanders are an 

indicator of ecosystem health in headwater streams (Welsh and Ollivier 1998). One of the 

qualifications of an indicator species is a clear connection between physiological traits 

and ecosystem level patterns and responses (Dolédec and Statzner 2010). In headwater 

stream systems, groundwater warms slowly and a relatively smaller amount, however, air 
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temperature is well above the tolerance of sensitive amphibians (Bury 2008, Taylor and 

Stefan 2009, Sunday et al. 2014). With future climate change and human impacts, it is 

important to understand the mechanisms underlying indicator species’ response. Our 

results show that R. variegatus are thermally limited in range, an essential piece of 

knowledge to understand future responses to human activities. 

Healthy Pacific Northwest headwater streams have low temperatures that support 

native species (Magnuson et al. 1979, Huff et al. 2005, Welch and Hodgson 2008). 

Streams in the Pacific Northwest will see increased extreme events, higher temperatures, 

and lower water during summer months under predictions for climate change (Gasith and 

Resh 1999, Parry et al. 2007). R. variegatus have the narrowest niche of headwater 

stream amphibians and are only an indicator for headwater ecosystems (Welch and 

Hodgson 2008). However, the cold conditions R. variegatus indicate in headwaters are 

the source for downstream cold adapted species, such as the economically important 

salmonid species(Naiman and Latterell 2005, Welch and Hodgson 2008).  

 Flowing water systems are important and imperiled for many reasons. These 

systems provide essential services to humans, as well as harboring high biodiversity 

(Strayer and Dudgeon 2010, Robson et al. 2013). Lotic systems are essential to many 

terrestrial and downstream processes and ecosystems (Wipfli and Gregovich 2002, Smith 

et al. 2006, MacDonald and Coe 2007). Stream and river networks are highly impacted 

by human activities, and preserving their health is a priority (Benke 1990, Naiman et al. 

2000). The interaction of climate change and other human actions, such as logging, 

mining, recreation, and agriculture, magnifies the risk of ecosystem dysfunction in lotic 

systems (Vörösmarty et al. 2000, McCarty 2001, Bates et al. 2008). In a changing world, 
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it is important to have accurate indicators of ecosystem function. R. variegatus are one 

such sensitive indicator species. It is equally important to understand the mechanisms 

underlying such responses, and the abiotic factors limiting the range of indicator species, 

as found in this study. Projections of future impacts are often based on potential range, 

the range of an indicator species is then a proxy for the health of the ecosystem (e.g., 

Bury and Doten in prep.). Before any such projection can be made, the species’ range 

must be shown to be limited by the factor changed. In this case, this study showed that 

the range of R. variegatus is thermally limited, which makes projection under climate 

change caused increase in temperature a possibility.   
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Appendicies 

Appendix 2.1. Latitude and longitude of 28 sites surveyed for R. variegatus.  

Site Name Latitude Longitude 

Azalea 39.07642 123.4784 

Big Tree 41.3732 124.0215 

Cabin 40.34835 123.9318 

E.Walker 41.79722 123.1644 

Fox 39.72397 123.6448 

Good 41.403 124.0286 

Gros 41.82478 123.2378 

Icebox 40.87277 123.5319 

Little Bidden 40.79013 123.4537 

Little French 40.77032 123.307 

Manzanita 40.73935 123.2446 

Matthews 40.37312 123.9282 

Mill 41.78782 123.0795 

Montgomery 39.2347 123.3964 

Mystery 40.47368 123.4468 

Not Post 40.38773 123.2757 

Paul 39.37472 123.5522 

Russian Gulch 39.3311 123.7945 

Skunk Angelo 39.72397 123.6448 

Skunk Hoopa 41.15172 123.6803 

Stebbins 40.3191 124.0619 

Swift 40.37877 123.3747 

Tank 41.12408 123.6838 

Ten Taypo 41.4344 124.0391 

Ti 41.55035 123.5238 

Upper 

Rattlesnake 

40.38785 123.1885 

VanDamme 39.2774 123.7785 

W.Chamberlin 39.38375 123.5758 
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Appendix 2.2. Each site was searched for Rhyacotrition variegatus up to three times, on 

the dates specified below. The searches were one person hour each, and were conducted 

using the Bury and Corn (date) method of rock rolling with small nets.  

Site name June 2012 March 2013 June 2013 September 

2013 

Big Tree Searched   Searched Searched 

Cabin Searched   Searched Searched 

East Walker Searched Searched   Searched 

Fox Searched   Searched Searched 

Good Searched       

Gros Searched Searched   Searched 

Hendy Searched Searched   Searched 

Icebox Searched       

Little Bidden Searched       

Little French Searched Searched Searched   

Manzanita Searched Searched Searched   

Matthews Searched   Searched   

Mill Searched Searched   Searched 

Montgomery Searched Searched   Searched 

Mystery Searched       

Not Post Searched Searched   Searched 

Paul Searched Searched Searched   

Russian Gultch Searched Searched Searched   

Skunk Angelo Searched       

Skunk Hoopa Searched       

Stebbins Searched       

Swift Searched Searched   Searched 

Tank  Searched       

Ten Taypo Searched   Searched   

Ti Searched       

Upper 

Rattlesnake 

Searched 

Searched   Searched 

Van Damme Searched       

W. Chamberlin Searched Searched     
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Appendix 2.3. Correlation matrix (Pearson’s correlation coefficient) for 31 variables 

measured from 28 streams in this study. Temperature measurements were taken over 

three summers (2011, 2012, 2013).  
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Chapter Three 

Thermal Stress in a Small Streamside Salamander Measured from Miniscule Blood 

Samples and Body Wash  

 

Elevated corticosterone (CORT) is a popular and reliable method of measuring 

environmental stress in vertebrates. When using indicator species as metrics of ecosystem 

health, it is important to understand physiological mechanisms such as stress level. In this 

study, we found CORT levels of a thermally sensitive stream indicator, Rhyacotriton 

variegatus, at a range of temperatures. The treatment temperatures had a realistic daily 

variation. We determined the level of CORT in two ways, first through miniscule, non-

lethal blood samples, and second by soaking the salamander in water and determining the 

concentration of CORT from the water. Our measurements of blood and water CORT 

were well correlated (R2 = 0.67). R. variegatus showed a doubling of CORT 

concentration in treatments where the temperature was above the temperature where they 

are observed in the field. CORT was significantly higher only when the temperature 

approached lethal levels. The results of this study are informative because the CORT 

level is a sub-individual measure of impact in a species known to be sensitive to human 

activities. Non-lethal measures of CORT are needed for many types of studies including 

repeated measures, field baselines, and disease ecology.  

 

Introduction 

Humans have direct and indirect effects on lotic ecosystems and the organisms 

that occupy those habitats. Both types of effects can drastically change streams and rivers 

and include activities such as road building, urban expansion, logging, agriculture, and 

dams (Rosenberg et al. 1997, Wohl 2006, Tu 2011, Pepino et al. 2012, Roche et al. 2013, 

Zia et al. 2013, Martinuzzi et al. 2014, Wallace and Ely 2014, Zhang et al. 2014). For 

example, over two thirds of the flowing water on the earth’s surface is dammed (Petts 

1985, McCully 1996). Dams dramatically change flow regime, physical structure of the 

river and riparian zone, water temperature and many other features (Baxter 1977, Sparks 

et al. 1990, Nilsson and Berggren 2000). Human impacts on lotic ecosystems will be 
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exacerbated in the future by interactions with climate change (Meyer et al. 1999, 

Vörösmarty et al. 2000, Ficke et al. 2007, Nelson et al. 2009, Isaak et al. 2010). 

Anthropomorphic changes to ecosystems stress aquatic organisms in a variety of 

ways. Environmental stressors that impact aquatic organisms include: increased 

temperatures from clearcut logging, salinity and pollution increases from agriculture, 

temperature increase, flow changes, and pollution from urbanization (Thomas et al. 1986, 

Hopkins et al. 1997, Silva and Davies 1997, Johnson and Jones 2000, Hering et al. 2006, 

Monteiro et al. 2006, Tavzes et al. 2006). When conditions exceed organismal tolerance, 

a stress response occurs (Wingfield et al. 1998). Animals have different tolerances to 

environmental stress, which can vary widely by species, populations, and individuals 

(Hutchison 1976, Pörtner 2002). 

Elevated levels of stress hormones, especially corticosterone (CORT) levels, are a 

reliable and commonly used measurement of stress in vertebrates. CORT levels can be 

measured directly from blood, feces, scales, urine or mucus (Hopkins et al. 1997, Möstl 

and Palme 2002, Karsten and Turner 2003, Varsamos et al. 2006, Bertotto et al. 2010, 

Narayan 2013, Aerts et al. 2015). 

Physiological stress in vertebrates can be measured in a consistent way because of 

the highly conserved and predictable stress response in animals (Bonga 1997). Stressful 

events activate the hypothalamo-pituitary-adrenal cortex (HPA) axis; adrenocorticotropin 

(ACTH) is released from the anterior pituitary, resulting in release of glucocorticosteroid 

by the interrenal glands (Selye 1950, de Kloet et al. 2008). Glucocorticosteroid hormones 

cause a cascade of effects that include reduced growth and memory capacity (Axelrod 

and Reisine 1984, Bonga 1997, Gaikwad et al. 2011). The hormone cascade can also 
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cause complex changes in reproductive ability, locomotion and aggression, in both 

positive and negative directions, depending on amount and duration of stress, as well as a 

host of other responses (Schreck et al. 2001, Øverli et al. 2002, Moore and Jessop 2003).  

Hormonal changes can also affect populations, species, and species interactions 

(Klok et al. 1997). For example, stress caused by cadmium exposure reduces lifespan in 

Daphnia, which in turn reduces the population numbers and biomass. The cadmium 

exposure also increased population variability and enhanced likelihood of extinction in 

Daphnia galeata (Marshall 1978). Stress can decrease food web complexity, exacerbate 

susceptibility to other stresses, or promote population extinction (Thomas et al. 1986, 

Menge and Sutherland 1987, Relyea and Mills 2001). 

The many stress effects researchers have observed highlight the importance of 

accurately measuring stress levels in individuals (Wikelski and Cooke 2006). Sampling 

blood levels of corticosteroids, in itself, is stressful to the animal being sampled, which 

complicates measurements (Scott et al. 2008, Ellis et al. 2013). In aquatic organisms, 

stress can be measured from the direct excretions (e.g., urine, feces), body parts (e.g., 

scales, skin mucus), or from hormones passively transferred to the water surrounding the 

animal (Hopkins et al. 1997, Möstl and Palme 2002, Karsten and Turner 2003, Varsamos 

et al. 2006, Bertotto et al. 2010, Gabor et al. 2013, Narayan 2013, Aerts et al. 2015). 

Water sampling is possible because of both the hormone cascade and the permeability of 

aquatic organisms; corticosterone is released into the water surrounding the animal 

immediately after the stressful event and mirrors the internal levels of corticosterone 

(Sørensen and Scott 1994, Ellis et al. 2004, Lafont and Mathieu 2007). By sampling from 
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the surrounding water instead of from the animal itself, handling stress is decreased 

(Bertotto et al. 2010, Cook 2012).  

It is particularly important to understand physiological boundaries when using 

indicator species (Young et al. 2006). Rhyacotriton variegatus, a small streamside 

salamander, has been used as an indicator species for over a decade (Welsh and Ollivier 

1998). R. variegatus are highly sensitive to disturbance, and have one of the lowest 

critical thermal maxima of any amphibian in North America (Brattstrom 1963, Bury 

2008). R. variegatus share low thermal requirements with economically important 

salmonid fishes (Hughes et al. 2004, Welch and Hodgson 2008). 

We measured stress levels in R. variegatus in two separate experiments. Our goals 

were to (1) determine the temperature threshold that elicits a stress response in adult R. 

variegatus, and (2) test the method of sampling water for water-borne CORT using R. 

variegatus. We used cycling temperatures, scaled to reflect water levels where R. 

variegatus live, as treatments (temperatures from Bury et al. in prep.). In Experiment 

One, we measured the levels of CORT in miniscule blood samples. In Experiment Two, 

we replicated blood sampling methods, and used samples to establish a relationship 

between the amount of CORT found in the blood samples and in body wash: water in 

which R. variegatus had been set for 30 minutes.   
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Methods  

 We captured R. variegatus from a field site, and maintained animals in the lab for 

a few weeks before testing. We placed each R. variegatus into an individual test chamber 

in large water baths, which cycled in a realistic thermal profile for 24 hours. We 

performed our methods twice, the first time we sampled each R. variegatus’ blood for 

CORT level (Experiment One), the second time we sampled CORT in both blood and 

body wash (Experiment Two).  

 

Source and Maintenance of Animals 

We collected R. variegatus from Parker Creek, Benton County, Oregon between 

April 15 and May 10, 2014. We turned rocks along the side of the creek, placing a small 

net directly downstream of overturned rocks to collect displaced animals. Each 

salamander was then placed into a small plastic bag filled with moss from the collection 

site, and transported to Oregon State University in a refrigerated container. In the 

laboratory, we housed each salamander in a plastic container (15 cm square, 12.5 cm 

deep) lined with a thin layer of coarse aquarium gravel, and with a mesh-covered hole in 

the lid (see Appendix 1). We placed the containers under a drip system of declorinated 

water flowing at approximately 0.014 liters/hr, creating a damp habitat without causing 

submersion. We fed each salamander four fly larvae (Calliphora vomitoria) every two 

weeks. The maintenance room was temperature-controlled at 12.7o C and had a natural 

photoperiod. All of the R. variegatus we tested in this experiment were adults (mean 

snout-vent length was 41mm). The ratio of males to females was 3:5. R. variegatus were 
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maintained in the lab for at least 1 week, and up to 3 months, prior to experiments and 

exposure to temperature treatments.  

We constructed a set of large water baths with a realistic cycling daily thermal 

regime, using inexpensive components (see Appendix 1). The amplitude of the thermal 

profile was based on our own field studies (Bury et al. in prep.) of small streams where R. 

variegatus live in Northern California. Temperatures were highest between 1500-1700 

hours, and the lowest from 0300-0500 hours. The rate of heating and cooling was 

approximately 1o C per 2 hours. The treatments in this study had a maximum of 3o C 

difference between the daily maximum and nightly minimum, similar to the field data 

measured during the summer months.   

Our temperature treatments varied from a low of 10o C to a high of 27o C. The 

coldest treatment, the control, we based on temperatures of Parker Creek (Benton Co., 

OR) where the salamanders for this study were collected. Because this stream does not 

vary much from 11o C, the control treatment was set to 10o C at night and 12o C during 

the day. We based the second coldest treatment on the warmest stream where R. 

variegates are found at the southern end of their range. This stream had a daily maximum 

temperature of 15o C and a daily minimum of 12o C. The subsequent treatments were each 

raised 2-3o C. The values of our four temperature treatments for this study were: 10-12, 

15-18, 18-21, and 23-27o C.  

For the temperature treatment phase of the experiment, we placed each 

salamander into one of the small bins set in the water baths. The salamanders remained in 

the temperature treatments for 24 hours, after which we tested the level of corticosteroids. 

We placed animals into the treatment tanks at 1700 hours, at the lower night time 
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temperature. We tested each salamander at 1700 hours, after the peak of the water 

temperature, but before it had cooled to the night time low.  

 

Blood Sampling 

We adapted the blood sampling protocol of Homan et al. (2003a): each R. 

variegatus was temporarily anesthetized, a tiny incision was made over the large blood 

vessel in the leg, and blood was drawn into a capillary tube. The samples were taken in a 

12o C cold room. We removed each salamander as gently as possible, using gloved 

handshand, from the temperature treatment, and placed it into an individual water bath 

made with ice, MS-222, and dechlorinated water for anesthesia. We then covered the 

salamander with a paper towel and a lid was placed on the water bath and weighted to 

prevent escape. The salamander remained in the ice water for 20 minutes. At the end of 

this time, we removed each salamander from the ice bath and took a blood sample from a 

large, visible blood vessel on the upper portion of the rear leg. We held the salamander 

using a damp, lint-free, thin paper wipe (Kimwipe), and used a pointed surgical blade to 

make an incision (< 1 mm) directly over the blood vessel. Blood welled immediately 

from the incision and was collected in a heparinized capillary tube (similar to (Homan et 

al. 2003a). After the blood was collected from the animals, we sealed the end of each 

capillary tube with capillary tube clay. We returned the salamander to the water bath for 

approximately one minute to stop the flow of blood from the incision, blood ceased 

flowing within a few seconds. This procedure was non-fatal, all salamanders survived. 

Each salamander was then returned to the individual maintenance bin.  
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We centrifuged the blood samples in a LW Scientific brand capillary tube 

centrifuge for 7 minutes at 12000 rpm rotation. After centrifuging, we removed each tube 

from the centrifuge, scored it with a glass cutter, and then snapped the tube at the visible 

boundary between the packed blood cells and the plasma. We immediately expelled the 

plasma into a 0.5 ml plastic tube using a capillary tube expeller bulb. All samples were 

shipped to Endocrine Technologies Support Core (ETSC) at the Oregon National Primate 

Research Center (ONPRC) at Oregon Health Science University (OHSU) for testing via 

enzyme immunoassay (EIA) analysis. 

After this initial blood corticosterone experiment, we repeated the entire 

experiment with the addition of measurements of water-borne corticosterone. In the 

second experiment, one R. variegatus died during the highest temperature treatment.  

 

Measuring Hormones from Water, Collection from Salamander  

We followed the protocol outlined in (Gabor et al. 2013) for measuring CORT in 

salamander body wash. We transferred each salamander gently by hand from the 

treatment bins into 473 ml cups with 100 mL of dechlorinated water at 13o C, and placed 

a weighted lid at water level (see Appendix 2 for description). We left each salamander 

undisturbed in the water for 30 minutes in the 12o C cold room to create a body wash 

solution.  

 

Measuring Hormones from Water, Filtering 

We then filtered the body wash solution to concentrate the corticosteroid sample. 

The R. variegatus were gently removed from the body wash container, and placed in the 
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ice baths for blood-draw anesthesia. We ran the body wash through primed columns (see 

Appendix for details). After the body wash solution had passed through the column, we 

used 4 ml of methanol to elute the hormones into plastic vials. We then placed the vials in 

the exhaust hood at room temperature for 6 days until the methanol had evaporated. As 

with the blood samples, we shipped the samples to the Endocrine Technologies Support 

Core (ETSC) at the Oregon National Primate Research Center (ONPRC) at Oregon 

Health Science University (OHSU) for testing via enzyme immunoassay (EIA) analysis. 

 After each salamander was soaked in water, we took a blood sample, using the 

protocol described above. All salamanders that we took a blood sample from, except one 

individual, survived more than two weeks after the experiment. The individual animal 

that did not survive was killed by exsanguination during the experiment because the 

small size of the salamander made obtaining a blood sample difficult.  

 

Data Analysis 

We examined the data for treatments effects using an ANOVA of the CORT 

levels with Tukey pairwise comparisons in R (R Core Team 2012) to compare treatments. 

Blood-water correlation of CORT level were assessed using Pearson’s product moment 

correlation, also in R.  

 

Results 

Blood corticosterone mean values differed significantly between the temperature 

treatments (p <0.0001, Table 3.1, Figure 3.1). The mean CORT level for the control (10-

12o C) temperature treatment was 5.05 ng/mL (SE = 0.45). The CORT means of the next 
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two warmer treatments were similar and almost double the control, with the mean of the 

15-18o C treatment being 12.91 ng/mL (SE = 1.68), and the mean of 18-21o C being 8.7 

ng/mL (SE = 1.65). The warmest treatment (23-27o C) had a mean blood corticosterone 

measurement of 31.11 ng/mL (SE = 4.98). This CORT level in the hottest treatment was 

significantly different from each of the others (Table 3.1). No other treatments were 

significantly different from one another (Table 3.1).  

 

Figure 3.1. Mean corticosterone measured from the plasma of R. variegatus, after 24 

hours in four temperature treatments. Each temperature treatment varied proportional to 

measured stream temperatures in the range of R. variegatus. Corticosterone was 

measured from a small blood sample taken from each salamander. There were four R. 

variegatus in each treatment except the 18-21o C which had five.  
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Table 3.1. Means and ANOVA of first blood sampling for corticosterone. Blood samples 

were taken from R. variegatus which had been held for 24 hours at one of four 

temperature treatments. Each temperature varied proportional to streams within the range 

of R. variegatus.  

 

Means of corticosterone by treatment. 
Temperature oC Mean Corticosterone 

ng/mL 

SE of Corticosterone 

Measures 

10-12 5.05 0.45 

15-18 12.91 1.68 

18-21 8.70 1.65 

23-27 31.11 4.98 

 

 

Overall ANOVA on blood corticosterone  
 DF Sum of 

Squares 

Mean 

Square 

F value p value 

Treatment 3 1635.7 545.2 18.28 6.02e-05 

Residuals 13 387.8 29.8   

 

 

Pairwise Tukey comparison  
 Diff. Lower Upper P 

15-18 to 10-12 7.86 -3.48 19.19 0.23 

18-21 to 10-12 3.65 -7.10 14.40 0.75 

23-27 to 10-12 26.05 14.72 37.39 <0.0001 

18-21 to 15-18 -4.21 -14.96 6.54 0.67 

23-27 to 15-18 18.20 6.86 29.53 0.002 

23-27 to 18-21 22.41 11.65 33.16 0.0002 

 

In Experiment Two, we measured water corticosterone first, and although there 

were differences in CORT levels, none were significant (ANOVA p = 0.503, Figure 3.2). 

The mean CORT values for the three lowest treatments were all within 2 ng/mL, ranging 

from 8.67 to 12.67 (see Table 3.2). The mean CORT level for the hottest treatment (23-

27o C) was much higher at 21.33 (SE = 12), but animals from this treatment had large 

variation in CORT, the smallest result was 6 ng/mL and the highest 45 ng/mL. 



76 
 

 

 
Figure 3.2. Mean corticosterone of R. variegatus, after 24 hours in four temperature 

treatments, with three salamanders per treatment. The differences between treatments 

were not significant (ANOVA p = 0.503). Each temperature treatment varied 

proportional to measured stream temperatures in the range of R. variegatus. 

Corticosterone was measured from water that R. variegatus had been soaked in for 30 

minutes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



77 
 

 

Table 3.2. Means and ANOVA of corticosterone sampled from water that R. variegatus 

had been soaked in for 30 minutes. Samples were taken from R. variegatus which had 

been held for 24 hours at one of four temperature treatments. Each temperature varied 

proportional to streams within the range of R. variegatus.  

 

Means of corticosterone by treatment 
Temperature oC Mean Corticosterone 

ng/mL 

SE of Corticosterone 

Measures 

10-12 11.75 2.5 

15-18 8.67 0.33 

18-21 12.67 1.2 

23-27 21.33 12 

 

 

Overall ANOVA on water corticosterone  
 DF Sum of 

Squares 

Mean 

Square 

F value p value 

Treatment 3 291.7 97.22 0.853 0.503 

Residuals 8 912.0 114.00   

 

 

Pairwise Tukey comparison 
 Diff. Lower Upper P 

15-18 to 10-12 -1.33 -29.25 26.58 0.99 

18-21 to 10-12 2.67 -25.25 30.58 0.99 

23-27 to 10-12 11.33 -16.58 39.25 0.59 

18-21 to 15-18 4.00 -23.92 31.92 0.97 

23-27 to 15-18 12.67 -15.25 40.58 0.50 

23-27 to 18-21 8.67 -19.25 36.58 0.76 

 

The results from the blood corticosterone sampled just after the water 

corticosterone showed a very similar pattern to that observed in the water corticosterone 

(ANOVA p = 0.309, Figure 3.3). The three cooler treatments had similar ranges and 

means (6.46, 7.65, 12.5, Table 3.3), while the hottest treatment had a higher mean (23 

ng/mL) and also higher variability (range 6.2 to 45.8 ng/mL).  
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Figure 3.3. Mean plasma corticosterone of R. variegatus, after 24 hours in four 

temperature treatments, with three salamanders per treatment. The differences between 

treatments were not significant (ANOVA p = 0.309). Each temperature treatment varied 

proportional to measured stream temperatures in the range of R. variegatus. 

Corticosterone was measured from a small blood sample taken from each salamander.  
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Table 3.3. Means and ANOVA of blood sampling taken just after the water sampling for 

corticosterone. Blood samples were taken from R. variegatus which had been held for 24 

hours at one of four temperature treatments. Each temperature varied proportional to 

streams within the range of R. variegatus.  

 

Mean of corticosterone by treatment 
Temperature oC Mean Corticosterone 

ng/mL 

SE of Corticosterone Measurements 

10-12 16.02 4.21 

15-18 7.65 3.86 

18-21 6.47 2.05 

23-27 23.35 11.74 

 

 

Overall ANOVA on blood corticosterone  
 DF Sum of 

Squares 

Mean 

Square 

F value p value 

Treatment 3 532.5 177.5 1.41 0.309 

Residuals 8 1006.8 125.8   

 

 

Pairwise Tukey comparison 
 Diff. Lower Upper P 

15-18 to 10-12 -4.86 -34.20 24.47 0.95 

18-21 to 10-12 -6.05 -35.38 23.29 0.91 

23-27 to 10-12 10.83 -18.50 40.16 0.65 

18-21 to 15-18 -1.18 -30.51 28.15 0.99 

23-27 to 15-18 15.69 -13.64 45.03 0.38 

23-27 to 18-21 16.88 -12.46 46.21 0.32 

  

The Pearson’s product moment correlation of water versus blood CORT levels 

was 0.83 (Figure 3.4, Table 3.4). In addition, we also show, in Appendix 3.2 and Figure 

3.5, the difference for each individual in the measurements of blood and water 

corticosterone. The largest difference between the blood and water measurements for an 

individual was 12.61 ng/mL, the smallest 0.81 ng/mL.  
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Figure 3.4. Blood and water corticosterone measured from R. variegatus placed in one of 

four temperature treatments. Each treatment varied proportional to streams in the range in 

R. variegatus. Each point is the blood and water measurements from a single salamander. 

Slope was 0.69 with a SE of 0.21, and intercept 4.13 with a SE of 3.42. Blood 

corticosterone accounted for 67% of the variation in water corticosterone.  

 

 
Figure 3.5. Blood and water corticosterone measured from R. variegatus placed in one of 

four temperature treatments, without the highest point. Each treatment varied 

proportional to streams in the range in R. variegatus. Each point is the blood and water 

measurements from a single salamander. Slope was 0.14 with a SE of 0.15, and intercept 

9.32 with a SE of 1.90. Blood corticosterone accounted for 0.08% of the variation in 

water corticosterone.  
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Figure 3.6. Corticosterone measured for each R. variegatus from blood and water that the 

salamander was soaked in. Each pair of points is from a single animal. R. variegatus were 

treated in one of four diurnally varying temperature treatments proportional to streams 

where R. variegatus are found. 
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Discussion 

The baseline corticosterone (CORT) we observed in our experiments is similar to 

baseline CORT observed in other amphibian studies. The baseline CORT observed in 

other species varies, our results are consistent with the lower levels observed in other 

studies. For example, the lowest baseline CORT levels were 5 ng/ml for Plethodon 

shermani and Bufo terrestris, 3 ng/ml for Necturus maculosus and Ambysoma 

maculatum, as compared to the results of Experiment One: 5 ng/ml (Gendron et al. 1997, 

Hopkins et al. 1999, Homan et al. 2003a, 2003b, Wack et al. 2012). The baselines in 

Experiment Two (10-12 ng/ml) are also within the range of the previously described 

studies.  

We saw a doubling of CORT in Experiment One (measuring only blood CORT) 

when the treatment temperatures were outside the temperatures where R. variegatus have 

been captured in the field (15-18, 18-21o C). This difference was not statistically 

significant in our analysis, but is similar in magnitude to the differences in other 

amphibian studies that were statistically different. For example, Woodley and Lacy 

(2010) found a significant difference between a resting value of approximately 5 ng/mL 

and a post-stress mean of 10 ng/mL in Desmognathus ocoee, a significant difference 

between approximately 7 and 14 ng/mL in A. maculatum, and  a significant difference 

between approximately 20 and 30 ng/mL in Desmognathus ochrophaeus (Homan et al. 

2003b, Ricciardella et al. 2010).  

  Our findings of increased stress over 15o C agree with the literature on R. 

variegatus field temperatures. R. variegatus were not found when stream temperature, 

measured at the time of capture, was over 15o C (Welch and Hodgson 2008, 2008). 
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Additionally, generally found R. variegatus only in streams with a yearly maximum 

(measured as a mean of the maximums temperatures for three years) under 16.5o C (Bury 

et al. in prep.).  

At the maximum temperature we tested (varying up to 27o C), we saw a six-fold 

increase in CORT over CORT in the coldest treatment in Experiment One, a difference 

which was statistically significant. Our experimental R. variegatus were acclimated to 

just over 12o C; previously adult R. variegatus acclimated to 11o C had a critical thermal 

maxima of 27.9o C, less than a degree above our highest treatment temperature (Bury 

2008). One of the salamanders in the highest temperature treatment died during 

Experiment Two, so the severe CORT reaction was not unexpected. Bufo terrestris 

showed a similar CORT response to coal combustion wastes, and Rana esculenta a 

similar response to captivity stress: less than 5 pg/mL baseline, over 30 pg/mL at 30 

minutes, over 40 pg/mL at 1 hr, and over 50 pg/mL at 24 hours (Hopkins et al. 1999, 

Mosconi et al. 2006).  

In Experiment Two, when we measured both blood and water CORT in R. 

variegatus, we observed more variation around each mean, though the overall pattern was 

similar. This was likely due to our small sample size, we only had four animals per 

treatment in this experiment. In addition, one of the salamanders was observed to be 

hiding above the water level, and may not have experienced the full maximum treatment 

temperature. Furthermore, individuals vary in response to stress, some have higher CORT 

response to the same stress (Cockrem 2013, Narayan et al. 2013). With our small sample 

size, individual response to confinement stress during the water borne CORT collection 
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may help explain the wider variation in CORT in the R. variegatus in the low temperature 

treatments.  

In both of our experiments, we observed two levels of CORT response, a lower 

level observed at the middle temperatures, and a more extreme response close to the 

CTM of R. variegatus. These two levels of CORT may represent two different responses. 

First, a moderate response to intermediate temperature (emergency life history stage), and 

at the maximum temperature treatment, a severe physiological response to a life-

threatening event (Wingfield et al. 1998). As mentioned earlier, one of the salamanders 

died in the hottest treatment during Experiment Two. These findings match the results 

found in other ectothermic aquatic vertebrates, for example Oncorhynchus kisutch 

continued feeding and growing in fluctuating temperatures that approached their upper 

lethal limits (Thomas et al. 1986).  

It is important to use an experimental temperature regime that mimics natural 

fluctuations for several reasons. First, physiological reactions to cycling temperatures in 

experiments are not the same, nor predictable from, experiments done using steady 

temperatures (e.g., Hutchison and Ferrance 1970, Feldmeth et al. 1974, Wehrly et al. 

2007). Second, diel and seasonal fluctuation are a normal pattern for lotic systems (Poole 

and Berman 2001, Webb et al. 2008). Third, temperature amplitude is increased by 

human impacts such as climate change and logging (Brown and Krygier 1970, Johnson 

and Jones 2000, Parry et al. 2007). Fluctuating temperature studies are proportionally 

uncommon compared to physiological stress studies using a steady temperature 

(Cassinelli and Moffitt 2010). Instead of using a steady temperature, we used a realistic 
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cycling thermal profile in our experiment, so the results from this study should be more 

biologically relevant than if we had used a steady temperature.  

   Our blood and water CORT correlation (r= 0.82, p =0.00032) is within the 

measured ranges of the blood and water-borne CORT association measured for other 

organisms. For example, in fish, Gasterosteus aculeatus, Salmo salar, and Amatitlania 

nigrofasciata had R values of 0.82, 0.92, and 0.60, respectively, all of which were 

significant (Ellis et al. 2004, Sebire et al. 2007, Wong et al. 2008). There have been fewer 

studies in amphibians, but Gabor et al. (2013) found an R value of 0.87 for Eurycea nana, 

and 0.86 for Alytes obstetricans.   

 Without the single high CORT response we recorded, the correlation between 

blood and water is weak. The need for a range of values is mentioned in Gabor et al. 

(2013), the high values of CORT are needed to find a strong correlation between the 

blood and water values. With our small sample size, we were only able to record one high 

CORT value, which drove our association between the two. 

The blood sampling technique we used was not fatal, and should be applicable in 

field studies. We adapted our methods from Homan et al. (2003a). Their study animal, A. 

maculatum, is considerably larger than R. variegatus. A. maculatum can reach 25 cm total 

length, while R. variegatus only reach 11.5 cm total length, and most individuals are 

much smaller (Smith 1961, Stebbins 1985). Our work is the first non-fatal blood 

sampling technique applicable to R. variegatus and other salamanders of similar size. 

This non-fatal blood-draw technique is needed in order to create a baseline from which 

the relationship and validity of the water-CORT to blood-CORT levels can be 

established. This relationship is needed for each species before the water-CORT 
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technique can be widely used (Gabor et al. 2013). Our blood sampling technique could 

also be used in the field to establish field baselines.  

Our methods, both the water-CORT sampling and the non-fatal blood sampling 

required to determine the baseline levels for water-CORT sampling, fulfill a need for 

non-fatal CORT sampling techniques in small salamanders. CORT levels in response to 

specific stressors are necessary for R. variegatus because these sensitive salamanders are 

used as indicator species and it is important to understand physiological boundaries when 

using indicator species (Welsh and Ollivier 1998, Hughes et al. 2004, Young et al. 2006, 

Welch and Hodgson 2008).  

Water-borne CORT sampling has advantages over the other non-fatal CORT 

sampling methods for salamanders. Blood samples are stressful to sampled organisms, 

and it is difficult to collect fecal samples for CORT determination from aquatic 

organisms (Cook 2012). Likewise, mucus or urine sampling involves handling that can be 

stressful to the sampled organism and be challenging with small salamanders (Bertotto et 

al. 2010). Confinement while measuring water-borne CORT can also be stressful to the 

measured organism, but careful procedures can decrease or eliminate this stress (Wong et 

al. 2008, Gabor and Contreras 2012).  

We chose to measure CORT for several reasons. CORT responds quickly to both 

immediate and long-term stressors (Bonga 1997, Barton 2002, Romero 2004). CORT is 

relatively easy to measure with current methods, and is a reliable indication that the 

animal is under stress (Möstl and Palme 2002, Cook 2012). In addition, continued stress 

responses can interfere with and reduce growth, body condition, reproduction, immunity, 

and other hormone levels, as well as affecting the population and species (Marshall 1978, 
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Esch and Hazen 1980, Thomas et al. 1986, Barton and Iwama 1991, Bonga 1997, 

Wingfield et al. 1998, Romero and Wikelski 2001, Schreck et al. 2001, Cook 2012).  

It is important to study stress for many reasons in a human impacted world. Stress can 

guide management and conservation, especially through the use of indicator species 

(Hering et al. 2006, Wikelski and Cooke 2006). It is important to understanding the 

causal mechanisms of risk and decline (Wikelski and Cooke 2006). Understanding 

temperature tolerance is especially important under anthropogenic climate change, as 

temperature stress is likely to drive future ranges and survival of species (Deutsch et al. 

2008, Pörtner and Farrell 2008, Helmuth 2009, Pacifici et al. 2015).  

It is valuable to look at physiological changes before population alterations 

because the physiological changes precede and are more sensitive than the population 

alterations. By observing effects in this order, there is a potential to sense impacts before 

traditional indicator changes would be observed (Wikelski and Cooke 2006, Ellis et al. 

2012). In addition, this fine scale approach can show the variation of stress inherent in the 

species, seasonal differences in stress, identify populations and life stages most at risk, 

and assist in finding which part of disturbance is most affecting the species of interest 

(Carey 2005, Wikelski and Cooke 2006, Madliger and Love 2014). By investigating 

specific responses to stress, we can provide a causative link between environmental 

patterns and organismal response(Huey 1991, Chown and Gaston 2008, Homyack 2010).  

Testing body wash for hormones is applicable not only to CORT, but to many other 

hormones as well. This method has been used in both fish and amphibians to look for 

other stress hormones, testosterone, and estradiol (Greenwood et al. 2001, Sebire et al. 

2007). The possibility of non-invasive and serial measurements of hormone levels means 
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that studies of many kinds can benefit from water-borne CORT methods. For example, 

non-invasive methods can be used to sense reproductive readiness, gauge disease effects, 

and monitor metamorphosis among many other uses (Jaudet and Hatey 1984, Wright et 

al. 2003, Kidd et al. 2010, Gabor et al. 2013). 
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Appendixes 

Appendix 3.1, Construction of Treatment Chambers      

We constructed large water baths that fluctuated on a diurnal cycle, mimicking 

the natural fluctuations we recorded in an earlier study in streams where R. variegatus 

live. All of the materials to make the water baths were easily available and inexpensive.  

 Prior to the treatment phase, we constructed temperature controlled experimental 

chambers. First we made individual treatment containers for each salamander. We placed 

each salamander into a plastic container (15 cm square, 12.5 cm deep) with a mesh-

covered hole in the lid (2 cup size Ziploc brand plastic bins). We cut an approximately 4 

cm square hole in each lid, and covered this hole with window screen, holding it in place 

with hot glue, and glued a section of 4 cm diameter clear silicone tubing (airline tubing) 

into the corner of each hole. At the end of the tubing, we placed a new air stone on the 

inside of each bin, and attached the other end of the tubing an aquarium air pump 

(Hydrofarm brand, 15 liters per minute, 6 watts). We placed five of the small plastic bins 

into each of the large water bath tubs (see below for construction details). The small bins 

were secured at a single (constant) depth in the large water bath by placing a section of 

wire mesh, bent along the edges of the container to form a shelf. We then tied string in a 

cross hatched pattern to the wire mesh, so each container was held in place with the string 

on all four sides and the chicken wire below. 

We constructed the water baths using large plastic tubs measuring 82.3 cm by 

51.8 cm by 47.2 cm, 140 liter capacity (37 gallon Rubbermaid tubs). We drilled a 1 inch 

hole at the base of each tub, and installed a drain cap which allowed all water to drain 

completely. We placed a supporting band of acrylic webbing (seatbelt strapping) around 
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the top, sewn into a tube to keep the tubs from sagging. At the start of each experiment, 

we filled each tub with dechlorinated water. We kept the tubs in a temperature controlled 

room (12oC) with a natural light cycle. For the coldest treatment (10-12oC), the water was 

cycled through an AquaEuro USA aquarium chiller (1/13 horsepower model, 290 gallons 

per hour). For all the other treatments, we placed two submersible aquarium heaters 

(Aqueon Pro Heater, 250 watts) into each large tub which provided heat to raise the water 

temperature above 12oC. We attached the heaters to an Elitech brand temperature 

controller with a sensor that switched the heater on and off, keeping the water within 

0.3oC of the specified temperature (set on the controller). We recorded water temperature 

every one minute using Madgetech temperature loggers. For each treatment, we placed 

one logger in the large water bath, and another logger in one of the small bins used to 

house the salamanders during the temperature treatments, to make sure that the water 

bath temperature was the same as inside the small bins Temperatures were the same 

(within 0.1 C). 

The heaters and chillers were controlled by 15 amp grounded timers (Intermatic 

brand) set to run on a 12hr cycle, between 5am and 5pm. This arrangement created the 

realistic cycling temperatures of the water baths.  
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Appendix 3.2, Construction of Colander Cups for Making Body Wash 

We made an arrangement of small containers so that the salamanders would not 

experience stress while we were making the body wash. We used a sieve arrangement: a 

regular cup on the outside, with a second cup with holes inside. The cups were two 

stacked disposable plastic cups (Solo brand, 473 ml cups with 100mL of dechlorinated 

water at 13oC), we melted 7 holes into the bottom of the inner one. Each hole was 

approximately 2 mm, we did this to form a mesh that we could lift the animal without 

disturbing them. To keep the salamanders from crawling out of the water, we used a lid 

that fit inside the cup. We formed the lids by cutting a sheet of thin plastic to fit inside the 

tapered cups at the level of the water, and glued a small cup to the lid as a handle. 

After 30 minutes of soaking the salamander in dechlorinated water, we gently 

lifted the sieve portion of our cup arrangement to remove the salamander from the water 

with minimal disturbance. The salamander body wash remained in the bottom plastic cup. 
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Appendix 3.3, Details of Filtering Salamander Body Wash 

We primed Sep-Pak columns with 4 ml of methanol and 4 ml of nanopure water. 

We then ran the body wash through the columns, using a section of Tygon tubing 

attached to a vacuum block to suck the liquid up out of the cup. The vacuum block was 

maintained at approximately 15 psi pressure during the experiment by the use a Marathon 

Electric pump. 

 

 
Experimental set up: pump to the left, glass block on the right. Columns on top of 

the block with tygon tubing in the top of the columns. End of the tygon tubing in body 

wash cups (note, cups in image not those used in this study, we used larger plastic cups).  
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Appendix 3.4 

Blood and water corticosterone measured from R. variegatus placed in one of four 

temperature treatments. Each treatment varied proportional to streams in the range in R. 

variegatus.  

Temperature 

Treatment oC 

Blood 

Corticosterone 

Water 

Corticosterone 

Blood - 

Water 

10-12 5.945 5 0.945 

10-12 16.252 13 3.252 

10-12 15.347 12 3.347 

15-18 5.182 8 -2.818 

15-18 2.553 9 -6.447 

15-18 15.216 9 6.216 

18-21 8.592 11 -2.408 

18-21 8.452 12 -3.548 

18-21 2.365 15 -12.635 

23-27 18.015 6 12.015 

23-27 45.814 45 0.814 

23-27 6.206 13 -6.794 
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Chapter Four 

Survival of Southern Torrent Salamander (Rhyacotriton variegatus) Larvae at 

Elevated Realistic Cycling Temperatures  

 

Human impacts, including climate change, are raising stream temperatures in the Pacific 

Northwest. Higher stream temperatures have negative effects on economically important 

salmonids, as well as many other species and systems. To understand such effects of 

human impacts we must assess the response of multiple life stages of the affected 

organisms. Assessment needs to be accomplished in an ecologically realistic time frame 

and with relevant levels and cycles of temperature treatment. In this study I assessed the 

lethal temperatures for the larvae of a temperature sensitive stream indicator species, 

Rhyacotriton variegatus. I used a chronic thermal stress treatment (21 days) with a field-

realistic diel cycle. R. variegatus larvae died when the daily maximum of the temperature 

treatment approached previously recorded CTM levels. I found the LT50 to be 24o C. 

Because R. variegatus populations exist only in environments below 15 o C, my assays 

indicate that the thermal tolerance of the larvae does not appear to be the limiting factor 

for this species. Further research is needed on the thermal tolerance of the eggs of R. 

variegatus. If thermal boundaries can be established for species, used as indicators under 

ecologically relevant conditions, those boundaries could guide conservation and 

management.  

 

 

Introduction 

 

Ecosystems are experiencing unprecedented levels and rates of human 

disturbance, and these are becoming exacerbated by emerging patterns ofclimate change 

(Carey 2005, Parry et al. 2007). In flowing water systems, documented disturbances 

include: the introduction of invasive species, increased severity of droughts and wildfires, 

and changed host-parasite interactions (Vitousek 1994, Lenihan et al. 2003, Westerling et 

al. 2006, Budria and Candolin 2014). Climate change in the near future will result in 

additional disturbance such as decreased snow pack, changed timing of precipitation and 

thaw, and increased incidence of disease (Mote et al. 2003, 2005, Stewart et al. 2004, 

2005, Hamlet et al. 2005, Rohr and Raffel 2010).  

Human disturbance can lead to stress and eventually inhibition of normal life 

processes in organisms (Pickering and Pottinger 1989, Hamdoun and Epel 2007). 
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Dysfunction arising from human-caused stress affects populations, species, interactions 

between species, and ecological community function, as well as in individuals (Caddy 

1993, Wehrly et al. 2007, Richardson 2008, Hoffmann 2010, Isaak et al. 2010, Yang and 

Rudolf 2010). For example, Oncorhynchus nerka have lower survival due to climate 

change (Crossin et al. 2008, Martins et al. 2011). Anthropomorphic effects on ecosystems 

can interact with one another causing greater disturbances than each individual variable. 

For example, (Silins et al. 2014) show that the combination of fire and logging leads to a 

decline in the productivity of communities of algae, invertebrates, and fish. In another 

example the combined effects of predator stress and insecticide can have multiplicative 

impacts on tadpoles (Relyea 2004).  

 Simple models and experiments do not always detect important patterns; 

experimental tests need to incorporate the natural variation and complexity of ecological 

systems in order to produce relevant predictions and create necessary management 

programs (Wehrly et al. 2007, Niehaus et al. 2012). Natural systems vary in complexity 

due to individual sources of stress, interactions of combined effects and the ability of 

organisms to respond to stressors (McCullough et al. 2009). For instance, one type of 

complexity in organismal reaction to stress is how different life stages respond to 

disturbance (Crozier et al. 2008, Bryant 2009, Petitgas et al. 2013). Creating experiments 

that include multiple components can be powerful models for understanding ecological 

systems.  

  Understanding deleterious impacts across life stages is especially important for 

animals with complex life histories (Dupont et al. 2010, Appelhans et al. 2014). Each life 

stage of a species can live in a different habitat, and have different sensitivities to 
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disturbance, reflecting adaptation to specific environmental conditions (Crozier et al. 

2008, Farrell et al. 2008, Fraser et al. 2011, Kingsolver et al. 2011, Byrne 2012). 

Effective management requires knowledge of specific mechanisms of population decline 

because human-caused impacts may unevenly affect life stages (Bradford and Irvine 

2000, Pörtner and Farrell 2008).  

  Natural systems include normal variations in temperature, and individual 

organisms respond differentially to these fluctuating conditions. By testing animals using 

natural fluctuations in temperatures we can obtain results that can be used to make 

inferences about animals in the natural world (Schrank et al. 2003). Ecosystems have 

many scales of variation, for example, temperature varies by time of day and by season 

(Webb and Walling 1993). Performance and stress responses at constant temperatures can 

be strikingly different from responses at naturally fluctuating temperatures (Hutchison 

and Ferrance 1970, Niehaus et al. 2012). Therefore, it is valuable to design experiments 

that take into account the natural period and amplitude of temperature fluctuations 

observed in ecosystems.   

 The thermal limits of Rhyacotriton variegatus, a temperature sensitive species, 

have only been tested at constant experimental temperatures, and so the published 

thermal limits may not be applicable to natural cycling temperatures. R. variegatus, small 

streamside salamanders endemic to the Pacific Northwest have often been used as an 

indicator species for cold water stream ecosystems and respond negatively to disturbance 

such that populations are smaller or absent in areas with higher human impacts 

(Nussbaum et al. 1983, Hughes 1985, Corn and Bury 1989, Welsh and Lind 1992, 2002, 

Welsh and Ollivier 1998, Welsh et al. 2008). R. variegatus are present only in aquatic 
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environments with temperatures below 15o C, and the average field body temperature is 

below 9o C (Stebbins and Lowe 1951, Brattstrom 1963, Stebbins 1985, Welch and 

Hodgson 2008, Welsh and Hodgson 2011). R. variegatus show signs of stress at 17.3o C 

and the critical thermal maxima (CTM) for one species of Rhyacotriton was 28.3o C 

(Brattstrom 1963, Welsh and Lind 1996). The average CTM for adult R. variegatus 

acclimated to 11o C was 27. 9o C, and CTM for larvae acclimated to 10o C was 26.7o C, all 

measured at constant temperatures (Bury 2008).  

My goal was to examine the effects of a realistically cycling thermal regime on 

the survival/tolerance of larval R. variegatus using seven test temperatures. Previous 

studies of the thermal tolerance of R. variegatus tested time to dysfunction in minutes 

(CTM). I used a longer time scale to more closely mimic disturbance conditions in 

streams where R. variegatus live (Johnson and Jones 2000, Parry et al. 2007). I 

determined the upper incipient lethal temperature (LT50) at 21 days of temperature 

treatment, following the observations by Wehrly et al. (2007) showing that the greatest 

mortality in Salvelinus fontinalis and Salmo trutta occurred before 21 days of temperature 

treatment 

 

 

Methods 

 I tested the thermal tolerance of larval R. variegatus by placing larvae into 

individual holding tanks in large water baths of cycling temperatures. I tested the R. 

variegatus in three time blocks of 21 days each, with between four and two treatments 

per block. The diel cycling thermal profile of the water baths was based on my own data 

from streams where R. variegatus live, and increased in three degree increments. 
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Larval R. variegatus were collected from seeps by gently sifting through gravel 

and housed at Oregon State University. I collected most of my experimental subjects at 

my main field site, an unnamed tributary of Fall Creek, Lincoln County, Oregon (44.422, 

-123.752). Five additional animals were captured at a secondary field site, Ten Mile 

Creek in Lane County, Oregon (44.208, -123.929). In the labaratory, larval R. variegatus 

were kept in screen-covered plastic containers in dechlorinated water at 12o C for 7-14 

days before I began the experimental treatments. Prior to the experiment, I photographed 

each salamander next to a metric ruler, and measured the total length of each salamander 

from the photo using ImageJ.  

For the temperature treatment, I placed each salamander into a plastic container 

(15 cm square, 12.5 cm deep) with a mesh-covered hole in the lid (see construction 

methods in (Bury et al. in prep.). I placed each of the individual containers into a large 

water bath, one bath for each temperature treatment, and recorded the water temperatures 

using Madgetech temperature loggers.  

A system of timers, heaters, and chillers for the water baths allowed me to create 

a realistic cycling daily thermal profile for each treatment (see construction methods in 

(Bury et al. in prep.). Each treatment had a unique maximum and minimum temperature. 

The thermal profile was based on my studies of small streams where R. variegatus live in 

Northern California (Bury et al. in prep.). I approximated the times of maximum and 

minimum temperature from my own field data, and the rate of heating and cooling from 

the data collected in the headwater streams where R. variegatus live (Bury et al. in prep.). 

The treatments in this study had a maximum of 3o C difference between the daily 

maximum and nightly minimum. The water baths were held at the maximum temperature 
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from 1500 to 1700 hours daily, and at the minimum temperature from 0300 to 0500 

hours. The rate of heating and cooling between min and max temperatures was 

approximately 1 degree per three hours. 

I based the coldest treatment on the stream where most of the salamanders were 

collected. The field site water temperatures remain relatively constant at 11o C, and so I 

set the coldest treatment to 10o C at night and 12o C during the day. The second coldest 

treatment I based on the warmest stream where we found R. variegatus in a previous 

study; it had a daily maximum temperature of 15o C and a daily minimum of 12o C (Bury 

et al. in prep.). I raised each warmer treatment by 2-3o C, and each had a daily variation 

of 3o C. The temperatures were kept to within 0.3 o C of the set point, and temperatures 

were recorded every one minute (see method details in Bury et al. in prep.). These 

treatments were: 15-18, 18-21, 20-23, 22-25, 24-27o C.  

I ran blocks of temperature treatments for 21 days each, or until all larvae in the 

treatment had died. I was able to run up to four temperatures at one time, as I only had 

four experimental treatment tanks. In the first block, I used maximum temperatures of 12, 

15, 18, and 21o C. The five R. variegatus larvae collected from Ten Mile Creek were 

randomly distributed among the treatments in this block. The second block I used with an 

entirely new set of animals from the field with maximum temperatures set at 12, 23, and 

25o C. For the final block I used maximum temperatures of 12 and 27o C. In each block, I 

checked the condition of the salamanders every day at 1600 hours, after the daily 

exposure to the hottest temperature. Salamanders floating on their backs or that had 

started to decay were immediately removed from the experiment and preserved.  
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I used the R statistical package (R Core Team 2012) to compute the LT50 

temperature and produce figures. I used fractional dosage to find LT50, and an 

ANCOVA to determine whether body size or collection site affected survival. I was 

unable to compare treatments with pairwise analysis, because variability was absent in all 

but two treatments.  

 

Results 

 At the lower four treatment temperatures, all larval R. variegatus survived the 21 

day experiment (Figure 4.1). One larva died in the treatment of 20-23o C, on the 13th day 

of the cycling temperature. In the treatment which varied from 22-25o C, two salamanders 

died on the fourth day, another on the tenth, and another on the fifteenth day of the 

experiment. One larva survived the 21 days in the 22-25o C temperature treatment. At the 

highest temperature (24-27o C), all five R. variegatus in that treatment died on the third 

day.  
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Figure 4.1. Number of R. variegatus larvae alive on each day of cycling temperature 

treatment. Each treatment began with 5 individual salamanders. In the treatments with 

maximum temperatures of 12, 15, 18, and 21o C all the treated salamanders survived for 

21 days. 
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Figure 4.2. Percent survival of R. variegatus over 21 days at seven cycling experimental 

temperatures. Treatment temperatures are denoted by daily maximum.  

 

LT50, the temperature at which 50% of the R. variegatus would survive 21 days, 

was 24o C (SE= 0.52, Figure 4.2). ANCOVA showed that the temperature treatments had 

a significant effect (p < 0.0001), body size (p = 0.058) was marginally not significant, 

and the two collection sites had no significant effect (p = 0.15) on the number of days that 

the R. variegatus survived (Table 4.1). I was unable to perform pairwise comparisons 

between the treatments because survival did not vary within most treatments.  
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Table 4.1. ANCOVA of number of days R. variegatus larvae survived in each cycling 

temperature treatment, with covariates of body size , and collection site. 

 Estimate Std. Error t value p value 

Intercept 22 5.95 3.7 0.0006 

Treatment  -0.72 0.13 -5.69 <0.0001 

Site -2.73 1.84 -1.48 0.15 

Size (cm) 2.3 1.18 1.95 0.058 

 

The body size varied from 2.45 cm to 5.24 cm, with an overall mean of 4.05 

±0.09SE. Means and standard errors of each treatment are given in Table 4.2. Body size 

explained 16% of the variation in number of days survived (R2=0.16) (Figure 4.3).  

 

Table 4.2. Mean body size (cm) and SE of the R. variegatus in each of seven cycling 

temperature treatments. Naming convention for treatments as in Fig. 2 

Maximum             

Temperature of 

Treatment 

Mean 

Body 

Size 

(cm) SE 

12 4.09 0.12 

15  4.40 0.22 

18 4.59 0.16 

21 4.13 0.42 

23 3.82 0.18 

25 3.59 0.20 

27 3.65 0.09 
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Figure 4.3. Number of days survived at seven cycling temperature treatments over 21 

days as a function of body size.SE of intercept 0.26, SE of slope 0.02.  
 

 

 

Discussion 

  

 

When exposed to a diel cycling thermal regime, the larvae of R. variegatus did 

not die until the temperatures approached temperatures previously reported short term 

lethal temperatures (CTM). Over the 21 day experiment, one larvae died in the treatment 

with a 23o C maximum and all but one died in the treatment with a 25o C maximum. The 

25o C treatment was at the maximum temperature for three hours per day, 1.7o C lower 

than the CTM of larval R. variegatus (Bury 2008).  

Cycling temperatures increase thermal tolerance in terms of both acclimation time 

and level. For example, in Rhinichthys cobitis and Meda fulgida survival at high 

temperatures was elevated by periods of lower temperature in a diel cycling treatment 

(Widmer et al. 2006, Carveth et al. 2007). Johnstone and Rahel (2003) also observed 
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increased temperature tolerance with a daily cycle in O. clarki: all of the test fish died at 

a constant 25o C treatment, but all survived a seven day exposure to 16-26o C cycles. 

Lithobates sphenocephala that had been acclimated at cycling temperatures acclimated to 

a further high temperature faster than frogs from a constant temperature (Hutchison and 

Ferrance 1970). Cycling the temperatures does not allow complete tolerance to higher 

temperatures, but animals appear to acclimate to a temperature between the mean and 

maximum of a varying temperature regime (Hokanson et al. 1977). The high temperature 

tolerance of R. variegatus in this study may have been due to higher acclimation because 

of the nightly respite from the stressful temperatures.  

Survival in cycling treatments near CTM is not unusual in other cold-adapted lotic 

organisms. For example, O. kisutch were able to both feed and grow in a cycling thermal 

regime with a maximum near their CTM (Thomas et al. 1986). Johnstone and Rahel 

(2003) reported decrease in feeding and activity in O. clarki only when the cycling 

temperature went above the temperature that had been fatal in a constant treatment. O. 

clarki fry had an upper incipient lethal temperature of 22.6 o C in constant temperatures, 

but survived up to 25o C in a cycling treatment (Zeigler et al. 2013). The mechanism for 

cold-adapted organisms surviving cycling temperatures with a maximum close to CTM is 

unclear.  

 The life stage that is most sensitive to high temperature varies among species. 

Early stages of development are often more susceptible to temperature extremes, though 

there are exceptions (Pankhurst and Munday 2011, Byrne 2012). Juveniles and adults in 

seven species of reef fish did not differ in thermal tolerance (Ospina and Mora 2004). 

Larval R. variegatus were more sensitive to high temperature than adults, but only by 
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1.2o C (mean CTM) (Bury 2008). The LT50 value for adult R. variegatus is not known, 

but the similarity in CTM suggests it would be similar to that of the larval LT50 found in 

this study.  

The effect of body size on temperature tolerance is also varies among taxa, but is 

generally a weak correlation, as observed in this study. The effect of body size on thermal 

tolerance was weak in larval Rhyacotriton. Both small and large R. variegatus individuals 

survived the entire 21 days, while others died in the first 48 hours, depending on the 

temperature treatment. The R2 value of 0.16 between body length and days survived 

matches well with the Ospina and Mora (2004) study of seven species of reef fish (R2 

between 0.000 and 0.24, slopes 0.00002 to 0.01,see also Recsetar et al. 2012). Smaller 

members of a cohort are generally more susceptible to environmental stresses in teleost 

fishes (Sogard 1997). The mechanism behind the slightly increased sensitivity of smaller 

aquatic organisms is unknown, but may be related to aerobic scope or proportionately 

less internal resources such as fat (Elliott 1981, Pörtner 2010). 

The time of exposure in this study (21 days) may not have been long enough to 

induce mortality at my intermediate temperatures (e.g., 15-18, 18-21, 20-23). Juvenile 

Salvelinus confluentus died after 38 days at 23o C, 10 days at 24o C, and 24 hours at 26o 

C (Selong et al. 2001). Many of the temperature tolerance experiments on fish are 

extended to 60 days for this reason. However, Wehrly et al. (2007) saw the greatest 

mortality before 21 days in Salvelinus fontinalis and Salmo trutta. My study design was 

only for 21 days; future tests of chronic temperature exposure in R. variegatus should 

incorporate a longer test period.  
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The lethal thermal limits of larvae do not appear to limit R. variegatus to cold 

water habitats. R. variegatus are only found in environments with water temperatures 

below 15o C, and at a mean water temperature of 11.4o C, but the LT50 in my experiment 

was 24o C (Bury et al. in prep., Welch and Hodgson 2008, Welsh and Hodgson 2011). 

Sublethal thermal stress could be a factor limiting the range of R. variegatus, as it is in 

other species (Elliott 1981, Wehrly et al. 2007). The juveniles of several species of fish 

were unable to grow in high temperature treatments (e.g., Widmer et al. 2006, 

Rhinichthys cobitis, Carveth et al. 2007, Meda fulgida). We were unable to induce 

feeding in larval R. variegatus in the laboratory, and therefore it was impossible to 

observe growth or thermal effects on feeding. The geographic distribution of R. 

variegatus could be limited by a different life stage. Adult R. variegatus show signs of 

stress at 17.28o C, and a doubling of corticosterone at a cycling temperature of 15-18o C 

(Bury et al. in prep., Welsh and Lind 1996). I monitored eight eggs of R. variegatus in the 

laboratory; half died when a power failure increased the temperature to 18o C. This 

approximate range of temperature tolerance across life stages is equivalent to the 

tolerance of cold water adapted fishes. For example, O. apache had an LT50 of 17.9o C 

for eyed eggs, while the fry and adults have a thermal limit of 23o C (Recsetar and Bonar 

2013).  

Testing animals of multiple life stages across cycling temperatures is a powerful 

experimental design and can provide valuable information for use in conservation and 

future predictions (Crozier et al. 2008). There is a need to understand physiology in a 

changing world, especially to identify causative mechanisms for decline and risk (Carey 

2005). Researchers need to quantify the mechanisms of potential threats, such as human 
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disturbance, to organisms, and create studies that account for natural complexity inherent 

in ecological systems (Meeuwig et al. 2004, Niehaus et al. 2012). A better understanding 

of interactions and complexity can allow for accurate and comprehensive conservation 

plans and mangement in the face of increaseing human impacts on ecosystems.  
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Chapter Five 

Multi-model Ensemble to Predict Future Range Shifts of a Stream Indicator 

Species, Rhyacotriton variegatus. 

 
Climate change is predicted to negatively impact many organisms. Models that 

predict the potential range of indicator species under climate change could model the 

function of whole ecosystems. Here we model the future range of Rhyacotriton 

variegatus, a salamander very sensitive to temperature changes in headwater streams. 

Because predicting the effects of climate change is a complex endeavor, we use a multi-

model approach with 36 unique combinations of representative concentration 

pathway(RCP), a coupled climate model, and time (current and two time points in the 

future). In addition, we used three methods to assess the impact of climate changes on the 

potential range of R. variegatus: a MaxEnt model with 14 abiotic variables, a MaxEnt 

model with only the yearly maximum temperature change between scenarios, and a 

mechanistic model. The mechanistic model was based on the thermal limits of R. 

variegatus and the relationship between air and water temperature in headwater streams. 

Portions of the modeled range that  were classified as excellent declined with higher RCP 

and over time, with substantial differences  between coupled climate models. The 

multivariate MaxEnt model classified the smallest area of the map as excellent habitat 

under current climate conditions, while the mechanistic model classified the largest area 

of the map as excellent potential habitat for R. variegatus. The mean decline across our 

models supports the importance of research on R. variegatus and other indicator species, 

as the areas of declines in indicator species show risk to whole ecosystem dysfunction.  

 

 

 
Introduction 

 

Climate change will affect both single species and whole ecosystems (Walther et 

al. 2002, Walther 2010, Anderegg et al. 2013). Organisms will face habitat loss, food 

chain disruption, range shifts, phenology changes, as well as interactions among these 

effects (Crick and Sparks 1999, McCarty 2001, Parmesan and Yohe 2003, Menzel et al. 

2006). The direct effects of climate change will also interact with and exacerbate other 

kinds of human disturbance such as logging, mining, and changed fire regimes (Armour 

et al. 1991, Lenihan et al. 2003, Westerling et al. 2006). Although many predictions for 

climate changes are made at large geographic scales, we also need to assess how a 
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changed climate will affect populations at a smaller, local scale (Tebaldi and Knutti 

2007).  

While the scientific community is confident in large scale effects of climate 

change, such as surface warming and ocean acidification, a wide range of future 

possibilities are projected (Oreskes 2004, Lemke and Ren 2007, Moss et al. 2010). The 

true climate system as a whole is too complex to be described in a single model, leading 

to a plethora of subset predictions (Tebaldi and Knutti 2007). Conflicting predictions can 

be attributed to stems from not only the base models used to estimate effects of C02 on 

planetary systems, but also to  the methods used to focus predictions to local scales (Chen 

et al. 2011). We need a variety of specific forecasts to manage species and systems, as 

predicted changes may effect ecosystem function and services (Anderegg et al. 2013).  

Headwaters are important ecosystems that are highly sensitive to perturbations 

such as human disturbance. Headwaters encompass the smallest streams which flow all 

year (first and second order streams), intermittent streams, springs, and seeps (Strahler 

1952). Up to 80% of the length of river catchments are drained by headwater streams 

(Meyer and Wallace 2001, Gomi et al. 2002). Human disturbance that can alter the flow 

and temperature of headwaters includes: logging, mining, grazing, and changes in fire 

regime (Armour et al. 1991, Jackson et al. 2001, Poole and Berman 2001, Mitchell et al. 

2009). Human degradation of headwaters is predicted to be exacerbated by climate 

change (Parry et al. 2007).  

Dysfunction in headwater ecosystems affects not only the local flora and fauna, 

but also closely linked terrestrial and downstream ecosystems. Small streams are 

reciprocally linked with the energy budgets of surrounding terrestrial systems (Nakano 
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and Murakami 2001, Baxter et al. 2004, 2005, MacDonald and Coe 2007). Headwaters 

are important sources and regulators for downstream systems, including components such 

as flow levels, nutrients, sediment, and woody debris (May and Gresswell 2003, 

Cummins and Wilzbach 2005, Sullivan et al. 2012). Human impacts to headwaters can 

degrade human drinking water, economically important salmonid fish, and forest nutrient 

cycling (Nakano and Murakami 2001, Gomi et al. 2002, Robson et al. 2013). To prevent, 

or at least regulate degradation, we must first assess human degradation of headwater 

ecosystems.  

  One option for assessing the health of an ecosystem is to use indicator species that 

are sensitive to specific environmental conditions. The functional conditions of natural 

systems can be evaluated by assessing population viability of indicator species (Carignan 

and Villard 2002, Johnson et al. 2006). In contrast to data on abiotic variables which 

usually reflect current conditions, indicator species integrate effects over larger scales of 

time and space and reflect interactions of multiple factors (Karr 1987).  

 Projecting future ranges of an indicator species under climate change can assess 

the climate-driven health of the associated ecosystem. In this approach, modeling predicts 

changes at an ecosystem level. The changes are measured using the response of an 

indicator species (Karr 1987, Landres et al. 1988). The ranges of species are bounded by 

environmental tolerances, and therefore changes in the environment can lead to changes 

in range (Sekercioglu et al. 2008, Gaston and Fuller 2009, Chen et al. 2011). Indicators 

are most reliable when the specific variable of sensitivity has been well researched.  

Models can address the complexity of future ecosystems by using multiple 

schemes to make multiple projections. Combining models increases the reliability and 
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consistency of model forecasts (Thomson et al. 2006, Tebaldi and Knutti 2007). Multi-

model forecasts can be compared and using the means and ranges of forecasts means that 

management can be more accurate.  

                Because it is impossible to know with certainty how the actions of humans over 

the next 60 years and beyond will affect the environment, we can project a variety of 

possible climate futures. Projections vary based on human-caused emissions, 

technological advances, land use, volcanic eruptions, and other factors (Van Vuuren et al. 

2011). In the most recent Intergovernmental Panel on Climate Change (IPCC) report 

(2014), the scale of climate change is given as pathways that lead to a difference in 

radiative forcing that ranges from pre-development levels to 2100, in W/m2 

(watts/meter2). Four Representative Concentration Pathways (RPCs) have been 

described, RPC 2.6, 4.5, 6.5, and 8.5. Each RPC is equivalent to a specific amount of C02 

loading in the atmosphere (Van Vuuren et al. 2011).  

Many methods to calculate future climate exist, each using a unique model to 

calculate future climate. These models calculate how increased C02 will affect different 

systems, and therefore different measurements of the final heat load (Jun et al. 2008). 

Many different coupled atmospheric, ocean, and general circulation models have been 

developed in climate research centers around the world (Randall et al. 2007). Each model 

is a unique combination of feedbacks, cycles, and processes. The final projections for 

surface heat, sea level rise, ocean acidification, and other effects are specific to the 

circulation model used to calculate effects (Giorgi and Francisco 2000, Gregory et al. 

2001).  
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  Projections of effects on organisms can be calculated in a variety of ways. In this 

study, we use both a bioclimatic envelope model and a mechanistic model based on 

thermal tolerance (e.g., Hijmans and Graham 2006). Bioclimatic envelope models use the 

correlation between abiotic variables and the current range of a species (Franklin 1995, 

Mack 1996). The correlation is then projected into the future for changed abiotic 

conditions, giving the possible future species’ range (Guisan and Zimmermann 2000). 

Bioclimatic envelope models work well for climate change in coarse grained studies of 

range shifts (Pearson and Dawson 2003). Mechanistic models use specific projections of 

abiotic conditions in combination with well researched physiological requirements to 

construct boundaries of potential habitat for a species. We are using sensitivity to 

temperature as the physiological requirement.  

In this study, we forecast the health of headwater streams in the Pacific Northwest 

by projecting the range of the Southern Torrent Salamander, Rhyacotriton variegatus. R. 

variegatus populations are good indicators because they are dispersal limited, respond 

negatively to disturbance, and are sensitive to several abiotic impacts (Ray 1958, Corn 

and Bury 1989, Welsh and Lind 1996, Welsh et al. 2005, Welsh and Hodgson 2009). In 

addition, R. variegatus have the lowest temperature tolerance of any salamander in North 

America (Brattstrom 1963) and have been used as an indicator species in biological 

systems for decades (Welsh and Ollivier 1998, Hughes et al. 2004, Welsh and Hodgson 

2009).  

In this study, we project the range of R. variegatus using multiple methods and 

projections of climate change. We selected six climate scenarios that reflect hydrological 

changes in the Pacific Northwest, as well as each of the four RPCs (Salathe et al. 2007). 
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The projections are for two future time points, years 2050 and 2070. We use the program 

MaxEnt to form bioclimatic envelope models. We ran MaxEnt twice, first with 14 abiotic 

variables, and then, for comparison purposes, a second time including only elevation, 

slope, and maximum yearly temperature. We constructed the mechanistic model separate 

from the MaxEnt analysis, using R and ArcGIS. For the mechanistic model, we used the 

same key variables that we used in the two MaxEnt models (elevations, slope, and 

maximum temperature) to forecast the future range of R. variegatus. We also used the 

above named key variables to predict temperatures in headwater streams as a function of 

air temperature.  

 

Methods 

 

General model overview 

 We modeled the effects of climate change on the potential range of R. variegatus 

in three ways: with a mechanistic model based on field and laboratory data and with two 

versions of the program MaxEnt (using different environmental determinant variables). 

We used equally weighted models and scenarios, as this is an initial investigation (Weigel 

et al. 2010). 

 

Study area 

We  modeled the effects of climate change on the southern range of R. variegatus 

because climate change is predicted to cause loss of habitat at the southern edge of many 

species in the northern hemisphere (Parmesan 1996, Parmesan and Yohe 2003, Franco et 

al. 2006, Chen et al. 2011). We focused on the clade of R. variegatus that inhabits 
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Northern California south of the Smith River, the southern edge of the range of R. 

variegatus (Figure 1, Miller et al. 2006). We downloaded locality data for R. variegatus 

from VertNet (http://vertnet.org/).  

Our study area is bounded on the northern end by the Oregon border, and extends 

375 km south. Our study area spans from the western coast to 190 km inland along the 

Oregon border (Figure 1). The landscape of our study area is dominated by two large and 

distinct ecosystems: arid Mediterranean climate inland areas and coastal redwoods 

(Mooney 1977, Johnstone and Dawson 2010). Mediterranean climates are defined by 

warm, dry summers, and rainy winters with snowpack only at high elevations (Aschmann 

1973). In northwestern California, the upland ridges are especially dry, with wetter 

conditions in large valley floors (Bakker and Slack 1984, Filipe et al. 2013). In contrast, 

the forests near the coast have little change in temperature between winter and summer 

due to coastal fog during warmer months (Waring and Franklin 1979).  

The coastal areas of northern California are dominated by conifer forests. Near 

the Pacific Ocean, the forests are dominated by redwoods (Sequuoia sempervirens, 

Waring and Major 1964). Inland, mixed conifer forests are most common and are 

dominated by Douglas Fir (Pseudotsuga menziesii, Waring and Franklin 1979). Ridge 

tops in this area are primarily grassland and oak woodland (Heady et al. 1988).   
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Figure 5.1. Elevation map of Northern California. Upper boundary is the border with 

Oregon. Sites shown are the 116 R. variegatus localities used to model suitable habitat. 

Latitude and longitude of each site in Appendix 5.1.  

 

Climate scenarios  

 We used the results of six different climate simulations for 2050 and 2070 (Table 

5.1) to forecast the future potential range of R. variegatus. We chose simulations based 

on two criteria, the rankings of Salathe et al. (2007) for appropriate climate simulations in 

lotic systems in the Pacific Northwest, and the availability of open-source downscaled 

layers for our study area. We projects range to the years 2050 and 2070. We also used all 

of the available RCPs available for the simulations we chose. For some simulations, there 

were data for RCP 2.6, 4.5, 6.0, and 8.5, others had fewer available layers (Table 5.1).  
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We used six simulations originating from a variety of models and climate research 

centers (Table 5.1). Two of the simulations we used were from the National Center for 

Atmospheric Research (Boulder, CO, USA). The first was the Community Climate 

System Model, or CCS, the second, the Community Atmosphere Model (CAM). We used 

one simulation (CNRM-CM5) from CERFACS (Centre Européen de Recherche et 

de Formation Avancée en Calcul Scientifique) in Toulouse, France. We choose three 

simulations (HadGEM2) from the Met Office Hadley Centre for Climate Science and 

Services, Exeter, UK.  

Table 5.1. Climate simulations used as inputs to project the potential range of R. 

variegatus in 2050 and 2070. 

Abbreviation Simulation RCPs used in this 

study 

CC CCSM4 2.6, 4.5, 6.0,8.5 

CE CESM-CAM5-1-FV2 4.5 

CN CNRM-CM5 2.6, 4.5, 8.5 

HD HADGEM2-AO 2.6, 4.5, 6.0, 8.5 

HE HADGEM2-ES 2.6, 4.5, 6.0, 8.5 

HG HADGEM2-CC 4.5, 8.5 

 

 We downloaded the raster layers of the climate projections from WorldClim 

(http://www.worldclim.org/bioclim). We used the 30 second resolution, which is 

approximately 1 km2 at the equator. We clipped the layers to the extent of the study area.   

 

Model details  

 

 

MaxEnt 

 MaxEnt is a maximum entropy-based, machine learning program that estimates 

the probable distribution for a species’ occurrence using environmental variables as 

determinants of the possible range (Phillips et al. 2006). MaxEnt requires species 
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presence data and environmental variable layers. MaxEnt performs a jackknife procedure 

to evaluate variable importance: the program first withholds each abiotic variable and 

refits the model, and then fits the model on each abiotic variable with no other variables 

included, using the predictive value of the model as the response variable (Phillips et al. 

2006). We ran MaxEnt 25 times for each model, and report the means of the replicates. 

MaxEnt gives an estimate of fit as AUC (area under the curve). AUC is a measure of how 

well the model performs in comparison to a random selection of points. The plot of AUC 

has specificity of the model (fractional predicted area) on the x axis, and sensitivity (1-

omission rate) on the y axis. MaxEnt gives the average AUC value for the 25 replicate 

runs of each model, and the standard deviation of the AUC. A model which fits the data 

perfectly will have an AUC value of 1, while a model which is no more predictive than 

random will have an AUC value of 0.5 (Huang and Ling 2005). 

  The locality data for the MaxEnt model were downloaded from VertNet 

(http://vertnet.org/). We primarily used locality sites for R. variegatus from the 

University of California at Berkeley records. Our dataset consisted of 116 localities, 

representing 450 total individuals.  

 MaxEnt produced raster layers of potential R. variegatus habitat. We classified 

the current map into quantiles: excellent, fair, marginal, and not suitable. We then used 

the values of the current map quantiles to classify the future potential range maps into the 

same categories.  
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Multivariable MaxEnt Run 

For the Multivariable MaxEnt run, we used a suite of environmental variables that 

we judged were important determinants of the range of R. variegatus (Bury et al. in prep., 

Welsh and Lind 1996). We focused primarily on summer temperature measurements 

because R. variegatus have a very low temperature tolerance, and because temperature is 

the focus of this study (Brattstrom 1963). Maximum temperature is a good measure of 

thermal environment (Camacho et al. 2015). We included slope of the landscape and site 

elevation in all models in this study (see Mechanistic model description below). In 

addition, in the Multivariable run, we also included measurements of seasonality, 

variation, and precipitation (Table 5.2). 

 

Table 5.2. The 14 variables used in the Multivariable MaxEnt Run to project the potential 

range of R. variegatus for 2015 , 2050, and 2070.  

Abbreviation Description  

bi1 Annual Mean Temperature 

bi2 Mean of Monthly Range (max-min of each month) 

bi4 Temperature Seasonality 

bi5 Maximum Temperature of Warmest Month 

bi7 Annual Range (annual max-annual min) 

bi10 Mean Temperature of Warmest Quarter 

bi12 Annual Precipitation 

bi15 Precipitation Seasonality 

tx6 Maximum Temperature of June 

tx7 Maximum Temperature of July 

tx8 Maximum Temperature of August 

tx9 Maximum Temperature of September 

alt  Site Elevation 

slope Slope of the Landscape 
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Yearly Maximum MaxEnt  

 

 We ran MaxEnt using yearly maximum temperature, site elevation, and slope of 

the landscape .  

Mechanistic Model 

 The Mechanistic Model was based on the thermal tolerance of R. variegatus and 

the relationship between air and water temperature we measured in a previous experiment 

on streams in the same study area (Bury et al. in prep.). In this study we used the data 

from Bury et. al. (in prep.) and found a linear relationship between air and water 

temperature, and used the regression equation to calculate the potential range of R. 

variegatus. We used the thermal stress levels of R. variegatus to set the classification 

boundaries for habitat.   

 We used variable selection on abiotic factors measured at each of our field sites to 

construct a regression to predict water temperature from raster data. We estimated the 

relationship between maximum air and water temperature using a linear regression. We 

recorded summer air and water temperature in small streams in and near the range of R. 

variegatus in Northern California (Bury et al. in prep.). In our previous study, we also 

measured a variety of abiotic factors at each stream. The abiotic factors that were 

available as open-source rasters were used as covariates in the linear regression. We ran 

forward and backward variable selection in R (R Core Team 2008). The first model 

included slope of the landscape, percent cover, aspect, and elevation at each site. The best 

model, judged by Akaike's Information Criterion (AIC), was maximum water 

temperature as a function of the intercept (estimate 9.66, SE 2.07) maximum air 

temperature (estimate 0.18, SE 0.07), slope (estimate 0.04, SE 0.02), and elevation 
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(estimate -0.002, SE 0.001). We used the following calculation in the raster calculator 

tool of ArcGIS to calculate the yearly maximum water temperature of each cell of the 

raster, if a steep headwater stream was present.  

 

Yearly Maximum Water Temperature = 9.66+ 0.18*Yearly Maximum Air Temperature + 

0.04*Slope – 0.002*Elevation 

 

  

The resulting layers of stream water temperature were classified using R. 

variegatus thermal limits as the breaks: 0-8, 8-13, 13-15, 15-17, 17+ o C (Table 5.3). 

Body temperature of R. variegatus was below 9 o C, and individuals are found in the field 

in temperatures below 15 o C at the time of capture (Stebbins and Lowe 1951, Brattstrom 

1963, Welsh and Hodgson 2009, 2011). Bury et al (in prep.) found that R. variegatus 

were present in streams with a mean yearly maximum less than 16.5 o C. Welsh and Lind 

(1996) reported R. variegatus displayed signs of stress at 17.3 o C.  

 

Table 5.3. Classifications of stream temperature ranges used in mechanistic modeling of 

the potential range of R. variegatus.  

Temperature Range o C Classification 

0-8  Cold 

8-13 Excellent 

13-15 Fair 

15-17 Marginal 

17+ Stress 

 

 

Analysis 

 We compared the area of each classified category, and the change between 

projections in terms of mean RCP and time points to current, and the differences between 

individual RCPs and time points. We measured the percent of the total map area, as well 
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as the percent change in each category of map classification of if the area was suitable 

habitat for R. variegatus. We constructed change maps, and compared the area changed 

between scenarios with Kappa values, calculated in the program Map Comparison Kit. 

Kappa, a measure of similarity, is 0 when the two rasters compared are as similar as by 

chance, and Kappa is 1 when all cells in the raster are different (Viera and Garrett 2005). 
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Results 

Models of current range of R.variegatus 

 

  

Figure 5.2. Habitat suitability for R. variegatus, modeled for current climate in three 

ways: MaxEnt based on 14 environmental variables, MaxEnt based on yearly maximum 

air temperature only, and a mechanistic model of headwater stream water temperature 

with classification boundaries based on stress. The two MaxEnt models are divided into 

four quantiles, from not suitable to excellent environmental conditions for R. variegatus. 

The mechanistic model was classified to rank potential thermal habitat from excellent to 

stressful temperatures.  

 

 The Mechanistic model classified the largest area of the map as excellent or fair 

habitat for R. variegatus, while the Multivariate MaxEnt model classified more of the 

map as non-suitable habitat (21% higher) than any other model (Figure 5.2, Table 5.4).  

The Yearly Maximum MaxEnt model classified 18.63% as excellent, the Mechanistic 

Model 32.1%, while the Multivariate MaxEnt model classified 11.7% of the map as 

excellent potential habitat for R. variegatus (Figure 5.3). The Multivariate MaxEnt model 

classified the majority of the map (62.57%) as not suitable, with less than 15% of the map 

Mulivariate MaxEnt Yearly Maximum MaxEnt Mechanistic Model 
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in each of the other categories. The Yearly Maximum MaxEnt model classified 41.35% 

of the map as not suitable, with approximately 20% in each of the other categories. The 

Mechanistic model classified the map in a different pattern, the largest area of the map 

was classified as fair habitat for R. variegatus (49.58%), 18.3% as marginal, and 32.1% 

as excellent. Only 0.005% of the map in the Mechanistic model was classified as 

stressful. 

 
Figure 5.3. Maps results for habitat suitability for R. variegatus, based on environmental 

variables. Percent of each map for each suitability category are shown as colored dots. 

Habitat was modeled three ways for current climate: a MaxEnt model on 14 variables, a 

MaxEnt model on yearly maximum air temperature only, and a mechanistic model of 

headwater stream water temperature with classification boundaries based on stress. The 

two MaxEnt models are divided into four quantiles, from not suitable to excellent 

environmental conditions for R. variegatus. The mechanistic model was classified to rank 

potential thermal habitat from excellent to stressful temperatures. 
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Table 5.4. Map results of habitat suitability for R. variegatus, based on environmental 

variables, showing percent of each map in each suitability category. See Figure 3 for 

details of model. 

 
Multivariate 

MaxEnt 

Yearly 

Maximum 

MaxEnt 

Mechanistic 

Not Suitable/Stress 62.57 41.35 0.005 

Marginal 13.62 20.91 18.30 

Fair 12.11 19.11 49.58 

Excellent 11.70 18.63 32.10 

 

Variation in habitat suitability evaluation   

 The amount of potential habitat (model output) for R. variegatus varied not only 

by modeling method but also by RCP, climate model, and year (2050 or 2070). 

Generally, less area was classified as excellent in higher RCPs, and further in time 

(smallest area of the map classified as excellent in 2070). However, great variation 

existed between time and models.  

 

Variation Over Time 

When we projected future habitat suitability areas for R. variegatus, the percent of 

the map classified as excellent decreased between current and 2050 projections (Figure 

5.4). The decrease from 2050 to 2070 is less than the decrease from current to 2050. The 

standard errors are larger for the projections at 2070 than for the projections at 2050 

(Table 5.5).   

Each model run developed a different pattern for decrease in extent of excellent 

habitat. In the Multivariate MaxEnt model, the estimated percent area of the map 
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classified as excellent for current climate is 11.7%. This area decreases to a mean of 

6.99% across all RCPs and climate projections for 2050, and increases slightly to 7.65% 

for 2070 (Table 5.5). The Yearly Maximum MaxEnt model showed that the percent of 

the map under current climate was 18.63%. The percent of excellent habitat on the map 

decreased to 14.58% in 2050, and 12.87% in 2070 (Table 5.6). The results of the 

Mechanistic model indicated that for current climate, 32.1% of the map was excellent 

habitat, while in 2050 20.94% was excellent, and in 2070 18.2% was classified as 

excellent (Table 5.7).  

 

 
 

Figure 5.4. Mean percent of map classified as excellent for habitat suitability for R. 

variegatus modeled for current climate conditions, 2050, and 2070. Values are a mean of 

18 unique combinations of four RCPs and six climate models. The maps were made from 

models made three ways: MaxEnt on 14 variables, MaxEnt on yearly maximum air 

temperature only, and a mechanistic model of headwater stream water temperature with 

classification boundaries based on stress.  
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Table 5.5. Mean percent area of map of potential R. variegatus habitat for current and 

future projections of climate estimated using the Multivariate MaxEnt model. Values are 

a mean of 18 unique combinations of four RCPs and six climate models.  

 Current 
 Mean 

2050 

SE 

2050 

Mean 

2070 

SE 

2070 

Not 

Suitable 
62.57  82.04 2.33 76.56 5.02 

Marginal 13.62  6.31 0.73 11.38 5.04 

Fair 12.11  4.65 0.58 4.41 0.56 

Excellent 11.70  6.99 1.11 7.65 1.45 

 

 

Table 5.6. Mean percent area of map of potential R. variegatus habitat for current and 

future projections of climate estimated using the Yearly Maximum MaxEnt model. See 

Table 5.5 for further details.  

 Current 
 Mean 

2050 

SE 

2050 

Mean 

2070 

SE 

2070 

Not 

Suitable 
41.35 

 
64.56 0.85 69.13 1.26 

Marginal 20.91  10.27 0.49 8.43 0.68 

Fair 19.11  10.59 0.23 9.58 0.37 

Excellent 18.63  14.58 0.27 12.87 0.36 

 

Table 5.7. Mean percent area of map of potential R. variegatus habitat for current and 

future projections of climate, estimated using the Mechanistic model. See Table 5.5 for 

further details. 

 Current 
 Mean 

2050 

SE 

2050 

Mean 

2070 

SE 

2070 

Stress 0.005  0.04 0.00471 0.12 0.03 

Marginal 18.30  28.38 0.52 32.06 1.09 

Fair 49.58  50.62 0.09 49.62 0.33 

Excellent 32.10  20.94 0.48 18.20 0.82 

 

As an example, we present the changes between our modeling methods over a 

single coupled climate model (CESM-CAM5-FV2) and RCP (4.5). The results of the 

example at a single coupled climate model are similar to what we found when we took 

the mean for each RCP across coupled climate models (see previous section). The percent 

of the map area classified as excellent in the CESM-CAM5-FV2 for the RCP 4.5 
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decreases over time (Figure 5.5). This pattern is true for all of the modeling methods used 

in this study (Figure 5.6). The Mutivariate MaxEnt model showed a drop from 11.7% to 

74% between current climate and 2050, and a further drop to 1.65% at 2070 (Table 5.8). 

The decrease is slightly larger in the Yearly Maximum MaxEnt model because of a larger 

starting value (18.63%). The percent excellent drops to 13.79% in 2050, and is projected 

to drop to 1.65% in 2070. The drop is least dramatic in the Mechanistic model, with a 

starting value of 32.1% currently projected, 19.14% in 2050, and 13.45% of the map 

classes as excellent in 2070.  
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Figure 5.5. Habitat suitability for R. variegatus modeled for current climate conditions, 

2050, and 2070. These results are for RCP 4.5, modeled by the CESM-CAM5-1-FV2 

coupled model.  Modeled three ways: MaxEnt on 14 variables, MaxEnt on yearly 

maximum air temperature only, and a mechanistic model of headwater stream water 

temperature with classification boundaries based on stress.  

Mulivariate MaxEnt 

Yearly Maximum MaxEnt 

Mechanistic Model 

          Current                          2050                               2070 
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Figure 5.6. Percent area of each map classified as excellent for nine maps of habitat 

suitability for R. variegatus modeled for current climate conditions, 2050, and 2070. 

Results are for RCP 4.5, modeled by the CESM-CAM5-1-FV2 coupled model. The maps 

were made from models made three ways: MaxEnt on 14 variables, MaxEnt on yearly 

maximum air temperature only, and a mechanistic model of headwater stream water 

temperature with classification boundaries based on stress.  

 

Table 5.8. Area of each map classified as excellent for nine maps of habitat suitability for 

R. variegatus modeled for current climate conditions, 2050, and 2070. These results are 

for RCP 4.5, modeled by the CESM-CAM5-1-FV2 coupled model. The maps were made 

from models made three ways: MaxEnt on 14 variables, MaxEnt on yearly maximum air 

temperature only, and a mechanistic model of headwater stream water temperature with 

classification boundaries based on stress. 
 

Multivariate MaxEnt  
Yearly Maximum 

MaxEnt 
 Mechanistic 

Current 2050 2070  Current 2050 2070  Current 2050 2070 

Not 

Suitable 
62.57 83.80 94.47  41.35 67.05 94.47  0.005 0.06 0.45 

Marginal 13.62 4.61 2.01  20.91 9.06 2.01  18.30 31.23 40.08 

Fair 12.11 4.84 1.87  19.11 10.10 1.87  49.58 49.56 46.01 

Excellent 11.70 6.74 1.65  18.63 13.79 1.65  32.10 19.14 13.45 
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Variation in model output between RCPs 

 The percent of the map characterized as excellent habitat for R. variegatus 

declined at higher RCPs in all of our modeling scenarios. Using the data for 2070, we 

took the mean across the climate models to find a mean percent change for each 

classified category of map area (Figure 5.7). The percent change for the portion of the 

map classified as excellent for the Multivariate MaxEnt model for 2070 varied from a 

positive change of 12.52% for RCP 2.6, to negative change of 75.5% for RCP 8.5 (Table 

and Figure 5.10, results for 2050 in Table and Figure 5.9). We observed considerable 

variability between the climate models (Figure 5.7). The area of the map classified as 

excellent in the Yearly Maximum MaxEnt model declined 22.41% for RCP 2.6, and 

36.8% in RCP 8.5 (Table and Figure 5.12, results for 2050 in Table and Figure 5.11). In 

the Mechanistic model predictions, the mean area of the map classified as excellent 

declined 26.95% in RCP 2.6, and 68.75% in RCP 8.5 (Table and Figure 5.14, results for 

2050 in Table and Figure 5.13).  
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Figure 5.7. Mean habitat suitability for R. variegatus for four representative concentration 

pathways (RCPs), modeled for current and 2070 climate in three way: MaxEnt on 14 

variables, MaxEnt on yearly maximum air temperature only, and a mechanistic model of 

headwater stream water temperature with classification boundaries based on stress. Each 

map (except current climate) is a mean of three to six climate models for one RCP.  

Mulivariate MaxEnt 

Yearly Maximum MaxEnt 

Mechanistic Model 

        Current                   RCP 2.6                 RCP 4.5                 RCP 6.0                  RCP 8.5   
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 The prediction from the Multivariate MaxEnt model of the  RCP 4.5 mean across 

the climate scenarios does not classify any area of the map as excellent. The individual 

results for this unique combination show that three coupled climate models feature 

moderate amounts of excellent habitat (CC, CN, HD), two predict a small amount (CE, 

HE), and one lacks any excellent habitat, but includes only not suitable and a small 

amount of marginal habitat (HG) (Figure 5.8).  

 
Figure 5.8. Multivariable MaxEnt model for RCP 4.5. Modeling six results of coupled 

climate models, CC, CE, CN, HD, HE, HG.  

 

Table 5.9. Percent change from current to 2050 for each quantile, modeled using the 

Multivariate MaxEnt model. Numbers are the mean of three to six results of modeling 

using values from coupled climate models.  

 Representative Concentration Pathway 

Quantile 2.6 Mean 2.6 

SE 

4.5 Mean 4.5  

SE 

6.0 Mean 6.0 

SE 

8.5 Mean 8.5 

SE 

Not 

Suitable  

12.91 9.13 38.78 3.95 33.10 5.96 35.32 4.49 

Marginal -22.99 12.01 -67.35 4.30 -58.64 5.77 -58.75 5.89 

Fair -36.96 12.61 -73.26 5.09 -64.13 4.96 -65.73 4.24 

Excellent -4.04 22.89 -53.12 11.53 -42.37 21.48 -52.45 13.87 

 

  

      CC                       CE                        CN                       HD                      HE                        HG 
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Table 5.10. Percent change from current to 2070 for each quantile, modeled using the 

Multivariate MaxEnt model. Numbers are the mean of three to six results of modeling 

using values from coupled climate models.  
 Representative Concentration Pathway 

Quantile 2.6 

Mean 

2.6 

SE 

4.5 

Mean 

4.5  

SE 

6.0 

Mean 

6.0 

SE 

8.5 

Mean 

8.5 

SE 

Not 

Suitable 

12.07 8.37 7.54 20.31 27.53 5.17 45.30 2.66 

Marginal -27.63 8.36 55.85 104.19 -51.59 4.92 -73.06 3.72 

Fair -43.37 8.50 -67.68 7.07 -57.05 5.13 -78.89 4.91 

Excellent 12.52 31.06 -35.26 19.53 -28.12 16.96 -75.50 5.72 

 

 

 
Figure 5.9. Percent of the map classified as excellent habitat for R. variegatus, modeled 

using the Multivariate MaxEnt model for 2050. Results of modeling using six coupled 

climate models (CC, CE, CN, HD, HE, HG), and four RCPs (2.6, 4.5, 6.0, 8.5).   
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Figure 5.10. Figure 9. Percent of the map classified as excellent habitat for R. variegatus, 

modeled using the Multivariate MaxEnt model for 2070. Results of modeling using six 

coupled climate models (CC, CE, CN, HD, HE, HG), and four RCPs (2.6, 4.5, 6.0, 8.5).   

 

Table 5.11. Percent change from current to 2050 for each quantile, modeled using the 

Yearly Maximum MaxEnt model. Numbers are the mean of three to six results of 

modeling using values from coupled climate models.  

Quantile 

Representative Concentration Pathway 

2.6 Mean 2.6 

SE 

4.5 Mean 4.5  

SE 

6.0 Mean 6.0 

SE 

8.5 Mean 8.5 

SE 

Not 

Suitable 

47.70 1.82 56.28 2.30 48.49 0.39 67.30 1.43 

Marginal -42.11 3.24 -52.52 3.55 -42.63 1.03 -60.86 2.41 

Fair -39.59 2.22 -44.72 1.12 -41.29 1.32 -50.42 1.10 

Excellent -17.98 1.30 -20.08 1.72 -17.41 0.47 -29.33 2.31 

 

Table 5.12. Percent change from current to 2070 for each quantile, modeled using the 

Yearly Maximum MaxEnt model. Numbers are the mean of three to six results of 

modeling using values from coupled climate models.  
 Representative Concentration Pathway 

Quantile 2.6 Mean 2.6 

SE 

4.5 Mean 4.5  

SE 

6.0 Mean 6.0 

SE 

8.5 Mean 8.5 

SE 

Not 

Suitable 

46.96 3.03 70.15 3.53 68.66 0.53 78.91 1.14 

Marginal -38.63 5.10 -62.97 3.61 -64.07 0.63 -69.97 1.81 

Fair -37.49 2.28 -51.03 1.76 -50.11 1.09 -58.29 0.68 

Excellent -22.41 2.39 -32.66 3.93 -29.07 1.64 -36.80 1.48 
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Figure 5.11. Percent of the map classified as excellent habitat for R. variegatus, modeled 

using the Yearly Maximum MaxEnt model for 2050. Results of modeling using six 

coupled climate models (CC, CE, CN, HD, HE, HG), and four RCPs (2.6, 4.5, 6.0, 8.5).   

 

 
Figure 5.12. Percent of the map classified as excellent habitat for R. variegatus, modeled 

using the Yearly Maximum MaxEnt model for 2050. Results of modeling using six 

coupled climate models (CC, CE, CN, HD, HE, HG), and four RCPs (2.6, 4.5, 6.0, 8.5).   
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Table 5.13. Percent change from current to 2050 for each quantile, modeled using the 

Mechanistic model. Numbers are the mean of between three and six results of modeling 

using values from coupled climate models.  
 Representative Concentration Pathway 

Classified 

Category 

2.6  

Mean 

2.6 SE 4.5 

Mean 

4.5  SE 6.0 

Mean 

6.0 SE 8.5  

Mean 

8.5 SE 

Stress 437.54 -49.44 766.73 -122.12 444.48 -18.15 1193.42 -123.08 

Marginal 44.63 -2.09 55.60 -4.80 46.98 -0.31 67.92 -3.06 

Fair 2.18 -0.17 1.79 -0.41 2.85 -0.16 1.92 -0.25 

Excellent -28.84 -1.35 -34.53 -2.29 -31.23 -0.10 -41.83 -1.53 

Cold -43.75 0 -48.75 -1.90 -43.75 0.00 -55.63 -2.40 

 

Figure 5.14. Percent change from current to 2070 for each quantile, modeled using the 

Mechanistic model. Numbers are the mean of three to six results of modeling using 

values from coupled climate models.  
 Representative Concentration Pathway 

Quantile 2.6  

Mean 

2.6 SE 4.5 

Mean 

4.5  SE 6.0 

Mean 

6.0 SE 8.5  

Mean 

8.5 SE 

Stress 295.86 -62.47 2516.85 -1144.1 1372.32 -43.27 3783.60 -343.31 

Marginal 40.35 -3.08 77.70 -8.27 72.45 -1.74 101.80 -3.48 

Fair 2.55 -0.21 0.07 -1.35 1.43 -0.40 -2.68 -0.54 

Excellent -26.95 -1.96 -44.75 -2.95 -43.69 -0.76 -54.44 -1.26 

Cold -42.97 -0.68 -57.81 -3.27 -60.42 -1.70 -68.75 0.00 
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Figure 5.13. Percent of the map classified as excellent habitat for R. variegatus, modeled 

using the Mechanistic model for 2050. Results of modeling using six coupled climate 

models (CC, CE, CN, HD, HE, HG), and four RCPs (2.6, 4.5, 6.0, 8.5).   

 

 
Figure 5.14. Percent of the map classified as excellent habitat for R. variegatus, modeled 

using the Mechanistic model for 2050. Results of modeling using six coupled climate 

models (CC, CE, CN, HD, HE, HG), and four RCPs (2.6, 4.5, 6.0, 8.5).   
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The change maps for the Multivariate MaxEnt model across RCPs at 2070 show 

the most change toward not suitable habitat at higher RCPs (Figure 15). At RCP 8.5, 

8.37% of the map has changed from excellent to not suitable habitat for R. variegatus. 

11.9% of the map changed two quantiles toward not suitable, and 14.76% one quantile 

(Table 5.15). Compared to the other modeling approaches, less of the map in the 

Multivariate MaxEnt changes (Figure 5.16). This pattern reflects the fact that most of the 

map is not suitable habitat under current climate conditions and remains as such over all 

the possible futures.  

A larger area of the map area changes in the Yearly Maximum MaxEnt model 

across RCPs for 2070, compared to the other models. In addition, the maps produced 

show almost no shift toward the better habitat for R. variegatus, as appears on the 

northern most coastal areas in the Multivariate MaxEnt model (Figure 5.15). At RCP 8.5, 

5.9% of the map changes from excellent to not suitable habitat for R. variegatus in the 

Yearly Maximum MaxEnt model, 24.02% changes two quantiles toward not suitable, and 

42.02% of the map changes one quantile toward not suitable habitat (Table 5.16).  

The change in the Mechanistic model maps for 2070 (across RCPs) is both diffuse 

and small in magnitude (Figure 5.15). Much of the map changes, but all of the change on 

the map is a difference of a single classified category toward stress (31.8% of the map for 

RCP 8.5, see Table 5.17). For example, many cells have changed from a classification of 

excellent habitat to a classification of fair habitat characteristics for R. variegatus. In 

addition, the changes in map area classification are not unified, but rather are spread over 

the map thinly.  
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 The Kappa values reflect the patterns already noted. Kappa values measure only 

the area of the map changed, not the magnitude of the change. The Kappa values are very 

low for the Multivariate MaxEnt modeling, moderate for the Yearly Maximum MaxEnt, 

and highest for the Mechanistic modeling, which displays extensive changes across the 

map (Table 5.18).  
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Figure 5.15. Mean change from current model of potential habitat suitability for R. 

variegatus for four RCPs, modeled for current and 2070 climate in three ways: 

Multivariate MaxEnt, Yearly Maximum Maxent, and Mechanistic model. Each map 

(except current climate) is a mean of three to six climate models for one RCP. Orange 

shows a shift of three classified categories toward not-suitable/stress. Grey shows no 

change. Blue shows a shift toward excellent the habitat classification.  

Multivariate MaxEnt 

Yearly Maximum MaxEnt 

Mechanistic Model 

       RCP 2.6                  RCP 4.5                   RCP 6.0                   RCP 8.5   
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Table 5.15. % of map area in each change category for the Multivariate MaxEnt model 

2070. Each map is the mean of all RCP maps across coupled climate models, with 

amount of change from present classification. 

Number 

of 

quantiles 

changed 

RCP 

2.6 4.5 6.0 8.5 

-3 0.18 0.28 0.13 0.01 

-2 2.13 0.82 0.67 0.46 

-1 9.64 2.99 2.17 0.80 

0 73.55 69.79 68.07 63.69 

1 11.85 16.16 16.74 14.76 

2 2.55 8.12 9.03 11.90 

3 0.10 1.84 3.18 8.37 

 

Table 5.16. % of map area in each change category for the Yearly Maximum MaxEnt 

model 2070. Each map is the mean of all RCP maps across coupled climate models, with 

amount of change from present classification. 

Number 

of 

quantiles 

changed 

RCP 

2.6 4.5 6.0 8.5 

-3 0.00 0.00 0.00 0.00 

-2 0.00 0.00 0.00 0.00 

-1 0.11 0.02 0.10 0.11 

0 32.39 26.63 30.91 27.95 

1 48.43 43.17 43.89 42.02 

2 17.00 25.61 20.80 24.02 

3 2.06 4.57 4.30 5.90 

 

Table 5.17. % of map area in each change category for the Mechanistic model 2070. Each 

map is the mean of all RCP maps across coupled climate models, with amount of change 

from present classification. 

Number 

of 

quantiles 

changed 

RCP 

2.6 4.5 6.0 8.5 

0 86.84 77.79 74.98 68.20 

1 13.16 22.21 25.02 31.80 
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Figure 5.16. Percent of map area changed, at each RCP (values a mean of 3-6 coupled 

climate model outputs) A change of three means that the cell of the raster started 

classified as excellent habitat in the current model, and changed to not suitable (or stress) 

in the future model. Top left figure is for the Multivariate MaxEnt model, across RCPs, 

for 2070. Top right figure shows the Yearly Maximum MaxEnt model, and the bottom 

figure shows the results of the Mechanistic model.  
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Table 5.18. Mean Kappa values for each RCP and year combination. Results of 

Multivariate MaxEnt, Yearly Maximum MaxEnt, and Mechanistic modeling. Each value 

is a mean of between three and six results across the output of available coupled climate 

models.  

 Multivariate MaxEnt 
Yearly Maximum 

MaxEnt 
Mechanistic 

RCP-Year Mean Kappa 
SE of 

Kappa 
Mean Kappa 

SE of 

Kappa 
Mean Kappa 

SE of 

Kappa 

2.6-2050 0.47 0.10 0.21 0.009 0.72 0.01 

2.6-2070 0.41 0.05 0.20 0.007 0.74 0.02 

4.5-2050 0.24 0.05 0.20 0.007 0.66 0.02 

4.5-2070 0.28 0.07 0.15 0.01 0.55 0.04 

6.0-2050 0.30 0.06 0.22 0.005 0.70 0.0006 

6.0-2070 0.35 0.06 0.17 0.005 0.57 0.008 

8.5-2050 0.26 0.04 0.16 0.008 0.59 0.02 

8.5-2070 0.16 0.03 0.14 0.005 0.44 0.02 

 

 

Model fit and variable importance 

 

 The Multivariate MaxEnt model provides a good fit to the locality data for R. 

variegatus (Figure 5.17). The 116 localities for R. variegatus in Northern California fall 

primarily in the map area classified as excellent habitat. Very little of the excellent 

habitat is east or south of the range of R. variegatus.  

 The Yearly Maximum MaxEnt model has the majority of the 116 localities in 

habitat classified as excellent, but also classified areas to the south of the known range of 

R. variegatus as excellent habitat. In addition, much more of the map is classified as fair 

or marginal as compared to the Multivariate MaxEnt map.  

 The Mechanistic model resulted in a map that classified larger, and different parts 

of the map as excellent than the other models. Many of the 116 known localities for R. 

variegatus are located in areas classified as marginal or fair. The Mechanistic model 
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classified dry ridges as excellent habitat, as well as extending excellent habitat south and 

east of the known range of R. variegatus.  

 

  

 

Figure 5.17. Localities for R. variegatus (n= 116) and habitat suitability modeled for 

current climate in three way: MaxEnt on 14 environmental variables, MaxEnt on yearly 

maximum air temperature only, and a mechanistic model of headwater stream water 

temperature with classification boundaries based on stress. MaxEnt models were 

classified on quantiles, mechanistic model classification boundaries based on R. 

variegatus thermal tolerance.  

 

 MaxEnt provides measures of fit and the standard error of each model. We 

calculated the mean over 36 runs. The Multivariate MaxEnt model displays very good fit 

(mean AUC of 25 model replicates, 0.97), standard error (0.0006, see Table 5.19), Yearly 

Maximum MaxEnt mode fit l is very similar (AUC 0.94, SE 0.005, see Table 5.19).  

 We determined the mean variables with the highest percent contribution and 

importance across RCPs, times, and climate models for each of our modeling methods. 

Mulivariate MaxEnt Yearly Maximum MaxEnt Mechanistic Model 
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For the Multivariate MaxEnt model, the most important variable was annual 

precipitation, followed by altitude, then temperature and precipitation seasonality (Table 

5.20). For the Yearly Maximum MaxEnt model, altitude was most important, followed by 

maximum air temperature and slope (Table 5.21).   

Table 5.19. Fit of two MaxEnt models (Multivariate MaxEnt and Yearly Maximum 

MaxEnt), each a mean of 25 runs.  

Model 
Mean        

AUC 

SE 

AUC 

Mean          

SD 

SE of 

SD 

Multivariate MaxEnt 0.97 0.0006 0.003 0.0008 

Yearly Maximum 

MaxEnt 

0.94 

 

0.0003 

 

0.005 

 

0.0001 

 

 

Table 5.20. Variable importance and percent contribution determined by jackknifing the 

14 variables included in the Multivariate MaxEnt model. We ran the model 25 times. All 

variables with over 10% contribution are shown, the other nine variables had less than 

10% contribution.  

Variable 
Mean % 

Contribution 

SE % 

Contribution 

Mean 

Importance 

SE 

Importance 

Annual Precipitation 23.09 0.27 16.28 0.31 

Altitude 18.29 0.17 10.57 0.42 

Temperature 

Seasonality 
15.88 0.14 19.21 0.58 

Precipitation 

Seasonality 
13.50 0.13 21.28 0.35 

Annual Mean 

Temperature 
10.60 0.11 17.05 0.58 

 

Table 5.21. Variable importance and percent contribution to the model from the jackknife 

procedure of the variables to the model for the Yearly Maximum MaxEnt model (altitude, 

slope, and yearly maximum temperature). 

Variable Mean % 

Contribution 

SE % 

Contribution 

Mean 

Importance 

SE 

Importance 

Altitude 51.12 0.36 55.19 0.33 

Maximum 

Temperature 

36.72 0.18 37.85 0.35 

Slope 12.17 0.41 6.96 0.14 
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Discussion 

 

The model that most closely fits the range of R. variegatus under current climate 

conditions (Multivariate MaxEnt) also predicts the most drastic reduction of potential 

excellent habitat in the future. The Multivariate MaxEnt model is the most conservative 

in predicting current range of R. variegatus across all possibilities. The loss of habitat is 

most dramatic and unique at the highest RCP, and at 2070. RCP 8.5 represents the 

highest loading of CO2 into the atmosphere, and the largest increase in Earth surface 

temperature (Moss et al. 2010, Van Vuuren et al. 2011). Map areas predicted as excellent 

or fair habitat for R. variegatus are similar for the Multivariate and Yearly Maximum 

models in MaxEnt as well as the Mechanistic model at lower RCPs when compared as 

percent change from current values. 

The decrease in percent of map area classified as excellent or fair habitat for R. 

variegatus between 2050 and 2070 is less than the decrease from current conditions to 

2050. Across the models, the mean drop in habitat from current climate to 2050 is 39% 

(SE 2.03), from 2050 to 2070 only 5% (SE 5.96). Since it is now 35 years until 2050, the 

decrease in map area classified as good is not surprising. Additionally, the timing of the 

peak of radiative forcing is different for each RCP (Van Vuuren et al. 2011). For some 

RCPs (such as RCP 8.5 and RCP 6.0), radiative forcing continues to rise over time, while 

others (RCP 4.5) peak and level off, or even peak and slightly decrease (RCP 2.6, Moss 

et al. 2010). The pattern in radiative forcing over time for each RCP, and the multiple 

coupled climate models we used as inputs to our modeling, create variation.  
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Each coupled climate model had a distinct pattern of percent change in excellent 

habitat over time and RCP. Each coupled climate model uniquely estimates how 

increased CO2 and other human activities will damage the systems which ultimately 

control temperature on the earth, leading to wide variation in estimates of final 

temperature, precipitation, and other effects (Jones 2000, Moss et al. 2010, Knutti and 

Sedláček 2013). This variation, added to the methods we used to estimate the future range 

of R. variegatus, led to equally wide variation in our results. Most individual results 

showed decreases in suitable habitat for R. variegatus, though a few showed increases in 

habitat classified as excellent. The mean of the models across RCPs show the expected 

decrease in habitat classified as excellent at higher RCPs, however the pattern is complex 

across time.  

  The variety in individual outputs of our models, and the general pattern of the 

mean, argue that using the mean of multiple model outputs may be important for accurate 

prediction. Other authors have stressed the importance of not relying on a single model, 

or modeling method, to project future climate effects (Tebaldi and Knutti 2007, Beven 

2010). Our models predict a wide variety of future acceptable habitat for R. variegatus, 

with a mean showing declines with higher RCP and further into the future (Figures 5.9-

5.14), a powerful aspect of modeling that is not often demonstrated (Stocker et al. 2010).  

We weighted all of our models equally for predicting future range for R. 

variegatus. Knutti et al. (2010) advises not to weight models if the modelers do not have 

prior knowledge of the accuracy of specific models. Equal model weighting is a valid 

approach for ecosystems for what a large amount of response data is not available 

(Weigel et al. 2010). This study is the first to model the response of R. variegatus to 
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changes in climate. Prior to this study, we did not have data as to which coupled climate 

models or modeling methods would be the most informative.  

The climate models we used in this study were chosen based on accuracy and 

availability. We chose coupled climate model results that were reported to have good 

accuracy for water systems in the Pacific Northwest (Salathe et al. 2007). Our final 

selection of models was also dependent on the raster layers available open-source. We 

used 30 second (approximately 1km2) resolution layers from WorldClim 

(http://www.worldclim.org/bioclim). The relatively fine resolution, published support of 

the models selected, and range of models used support the accuracy of our results.  

In addition to the variable results in area of future acceptable habitat for R. 

variegatus across RCPs, we observed also large differences between the three modeling 

techniques that we used to estimate future potential habitat for R. variegatus. The 

differences in final map area are due to both the method of modeling and the different 

input variables.  

The two MaxEnt models ran using the same method, but had different input 

variables. The Yearly Maximum MaxEnt model only had one variable that changed 

between the dates: the maximum temperature of the hottest month (the highest 

temperature of the year). In contrast, the Multivariate MaxEnt model incorporated 

changes in nine measures of maximum temperature, two measures of precipitation, and 

two measures of seasonality. The California coastal ecosystem has low seasonality of 

both temperature and precipitation (Mooney 1977, Johnstone and Dawson 2010). Most of 

the localities where R. variegatus have been found are within the coastal ecosystem. The 

range of R. variegatus extends a short distance to the east and south into Mediterranean 
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climate. The measurements of seasonality in the Multivariate MaxEnt model capture the 

difference between the coastal and Mediterranean ecosystem. Precipitation is also 

important to R. variegatus, especially for life history functions such as dispersal, as R. 

variegatus have a very low desiccation tolerance (Ray 1958).  

The Mechanistic model used only the water temperature and thermal tolerance of 

R. variegatus to predict potential range. The MaxEnt models used the known localities of 

R. variegatus to find maximum and minimum values of the abiotic variables where R. 

variegatus can live. The boundaries of slope and elevation used in the MaxEnt models 

did not exist in the Mechanistic model. The Mechanistic model used the values of slope 

and elevation, along with maximum air temperature, to predict the maximum water 

temperature of a headwater stream inside the cell of each raster. Higher elevation streams 

are generally cooler, which may explain why the Mechanistic model classified the dry, 

high elevation Klamath-Siskiyou Mountains, and the ridge tops as excellent habitat. The 

MaxEnt models, based on where R. variegatus are found on the landscape, classified the 

high elevation areas as not suitable habitat. The thermal tolerance of R. variegatus has not 

been completely described. Adult R. variegatus have a doubling of corticosterone in 

cycling treatments with a daily maximum above 18oC, and show whole body stress 

responses at 17.3oC (Bury et al. in prep., Welsh and Lind 1996). The larvae of R. 

variegatus do not survive 21 day exposure to cycling temperatures over 23oC, and the 

thermal tolerance of the eggs of R. variegatus has not been determined (Bury in prep.). 

The physiological boundaries of R. variegatus as determined from laboratory studies do 

not explain why R. variegatus are not found in sites with water temperatures over 15oC 

(at time of sampling) or that have a yearly maximum over 16.5oC (Bury et al. in prep., 
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Welsh and Hodgson 2009). The average temperature of streams (measured at time of 

sampling) where R. variegatus are found is 11.4oC, and the average body temperature of 

R. variegatus is below 9oC (Stebbins and Lowe 1951, Brattstrom 1963, Welsh and 

Hodgson 2011). Considering this level of uncertainty pertaining to model inputs, it is not 

surprising that the Mechanistic model did not accurately predict the range of R. 

variegatus.         

It is difficult to accurately model species niches because biotic and abiotic 

systems are complex. Niche models no matter how they are constructed, cannot 

incorporate many aspects of natural systems. Criticisms of niche modeling include the 

difficulty in accurately estimating microclimates from global climate models, and the fact 

that models do not incorporate species interactions, dispersal ability, and energy flows 

through ecosystems (see review in Pearson and Dawson 2003). Though flawed, niche 

models have accurately predicted species ranges under past conditions and present 

climate, as well as predicting range shifts due to recent climate shifts (Pearson and 

Dawson 2003, Hijmans and Graham 2006, Kearney and Porter 2009). Advantages and 

disadvantages exist for each method of estimating species niches.  

Recent advances in model validation have indicated that bioclimatic envelope 

models are a reliable way to model changes at broad scales and for initial explorations of 

changes in species ranges (Elith et al. 2010). Bioclimatic envelope models are easy to 

perform with a variety of free software. When compared to other envelope models, 

MaxEnt results agreed with the other models which accurately predicted species ranges 

under past and present conditions (Hijmans and Graham 2006, Phillips et al. 2006). 

However, bioclimatic envelope models have many issues, most notably that they lack an 
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ecological explanation for the patterns observed, and assume ecological processes do not 

shift over time (Elith and Leathwick 2009).  

Mechanistic models are based on physiological limits of organisms. Abiotic 

factors constrain the range and abundance of species, as well as interactions with other 

factors such as dispersal potential. Specific predictions of these limiting factors can then 

be combined with species requirements to construct spatial boundaries of potential 

habitat (Kearney and Porter 2009). Mechanistic models do not take current species range 

into consideration. Mechanistic models are important, and work well in combination with 

other models, but sometimes are not as accurate as other methods (e.g., Buckley et al. 

2010). Precise modeling of range shifts under climate change should incorporate both 

mechanistic and correlative modeling (Morin and Thuiller 2009, Kearney et al. 2010).  

Across the modeling techniques used in the study, the potential range of R. 

variegatus shows a decline from current range under climate change conditions. Both 

combination and physiological modeling techniques have great predictive capacity, but 

require large amounts of experimental data. This study was the first attempt to model the 

future range of R. variegatus under a variety of climate scenarios. The difference between 

correlative and mechanistic models indicates that more information is needed for R. 

variegatus. All models show a decrease in suitable habitat under the higher RCPs, and at 

2070. The average of the modeling techniques also shows a decrease in suitable habitat.  

Decreases in future appropriate habitat shown in our models suggest that not only 

are these areas no longer classified as suitable for R. variegatus, but are also no longer 

healthy functioning ecosystems. R. variegatus have been used as an indicator species of 

good ecological function for decades as they are highly sensitive to ecological 
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disturbance, especially temperature (Brattstrom 1963, Corn and Bury 1989, Welsh and 

Ollivier 1998, Hughes et al. 2004, Welsh et al. 2005, Welsh and Hodgson 2009).We 

chose to use this species as a model because of their specific sensitivity to temperature.  

The projection for dysfunction in headwater ecosystems may expand into 

connected systems and areas. Cold headwaters, the ecosystem that presence of R. 

variegatus is indicative of healthy function, are important to both the surrounding forest 

and downstream systems. Headwaters are linked to both terrestrial forest systems, as well 

as downstream lotic areas. Therefore, the health of headwaters is essential to 

economically important salmonids, water quality for human use, and forest nutrient 

cycling (Nakano and Murakami 2001, Gomi et al. 2002, Robson et al. 2013). By studying 

climate effects of headwater systems on a salamander model, relevant information can be 

gained and applied to these economically important areas. 

Our prediction of reduced area of acceptable habitat for R. variegatus is important 

to many ecosystems, which is why we chose to model it in so many ways. The consensus 

of reduced function in headwater streams, even from models which do not highly fit the 

current distribution, provides support for concern and management of these important 

headwaters.  
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Appendices 

Appendix 5.1. Latitude and longitude of localities of R.variegatus used to model the 

current and future potential habitat.  

Site Number Long Lat 

1 -123.238 41.82478 

2 -123.307 41.84011 

3 -123.375 40.37877 

4 -123.396 40.39607 

5 -123.413 40.78293 

6 -123.444 41.69148 

7 -123.446 41.50407 

8 -123.447 40.47368 

9 -123.447 41.66699 

10 -123.447 41.68416 

11 -123.454 40.79013 

12 -123.48 41.51127 

13 -123.481 41.55996 

14 -123.485 39.68634 

15 -123.5 40.80809 

16 -123.521 41.02611 

17 -123.523 41.55172 

18 -123.524 41.55035 

19 -123.527 41.51303 

20 -123.532 40.87277 

21 -123.565 40.8904 

22 -123.577 41.03389 

23 -123.63 39.72778 

24 -123.631 39.74167 

25 -123.645 39.72397 

26 -123.645 39.72397 

27 -123.648 39.72694 

28 -123.649 39.75556 

29 -123.656 40.89611 

30 -123.657 40.94515 

31 -123.658 40.94504 

32 -123.658 40.94493 

33 -123.662 40.94386 

34 -123.674 40.89333 
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35 -123.675 40.97553 

36 -123.68 41.15172 

37 -123.684 41.12408 

38 -123.685 40.93084 

39 -123.686 41.13261 

40 -123.687 39.00925 

41 -123.694 40.40528 

42 -123.704 39.65791 

43 -123.708 39.65549 

44 -123.716 39.14453 

45 -123.736 39.85072 

46 -123.745 40.90485 

47 -123.763 39.23863 

48 -123.766 39.65849 

49 -123.768 39.23879 

50 -123.768 39.23879 

51 -123.773 39.65925 

52 -123.774 39.27478 

53 -123.777 39.61259 

54 -123.779 39.2774 

55 -123.784 39.30201 

56 -123.795 39.3311 

57 -123.8 39.44351 

58 -123.819 41.15151 

59 -123.829 40.90661 

60 -123.834 39.80394 

61 -123.844 41.8758 

62 -123.854 41.8844 

63 -123.862 40.66982 

64 -123.869 41.74575 

65 -123.88 40.94562 

66 -123.882 41.73434 

67 -123.912 40.91776 

68 -123.917 41.5341 

69 -123.926 40.89774 

70 -123.928 40.89767 

71 -123.928 40.37312 

72 -123.93 40.90748 

73 -123.932 40.34835 

74 -123.932 40.89693 
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75 -123.935 40.89307 

76 -123.936 40.89185 

77 -123.938 40.47654 

78 -123.941 41.7106 

79 -123.965 40.63176 

80 -123.97 40.12476 

81 -123.993 41.71816 

82 -124.018 40.29933 

83 -124.021 41.3732 

84 -124.027 41.78943 

85 -124.029 41.403 

86 -124.031 41.33434 

87 -124.034 41.83012 

88 -124.036 41.81956 

89 -124.038 41.64246 

90 -124.039 41.4344 

91 -124.047 41.75674 

92 -124.054 41.39719 

93 -124.056 40.87481 

94 -124.062 40.3191 

95 -124.062 40.76152 

96 -124.073 40.8771 

97 -124.079 41.8069 

98 -124.08 41.64289 

99 -124.082 41.80676 

100 -124.088 41.80967 

101 -124.093 41.14349 

102 -124.1 41.7742 

103 -124.103 41.70363 

104 -124.103 41.70363 

105 -124.109 41.62216 

106 -124.109 41.62216 

107 -124.11 41.93115 

108 -124.125 41.87747 

109 -124.129 41.92705 

110 -124.132 41.1604 

111 -124.133 41.92798 

112 -124.141 41.85538 

113 -124.141 41.85538 

114 -124.143 41.10476 
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115 -124.16 41.14045 

116 -124.202 41.756 
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Chapter Six 

Summary and Future Directions 

 

 

The effects of humans on natural systems are a pressing concern for conservation 

and management. Human actions degrade ecosystems in a range of ways, from direct 

biotic alterations such as invasive species to indirect abiotic factors such as global climate 

change (Walther et al. 2002, Clavero and García-Berthou 2005, Pimentel et al. 2005, 

Anderegg et al. 2013). Changes to the whole ecosystem mean changes to ecosystem 

function and services (Anderegg et al. 2013). Sensing and quantifying human-caused 

changes requires many techniques, one popular measure is the use of indicator species 

(Lindenmayer 1999). 

For indicator species to be accurate tools for management and conservation, the 

specific boundaries of the species geographic range  needs to be quantified. Boundaries 

for an indicator species are necessary both on the landscape (range) and within the animal 

(physiology). The range of an indicator species shows under what environmental 

conditions this organism flourishes, and the specific physiological sensitives demonstrate 

what stresses the  species  (Landres et al. 1988, Pearson 1994, Caro and O’Doherty 

1999).   

Rhyacotriton variegatus is a vertebrate indicator species for the important cold 

headwater streams of the Pacific Northwest. Headwater streams are common and 

influential parts of both the upland forest and lotic ecosystem (Nakano and Murakami 

2001, Gomi et al. 2002, MacDonald and Coe 2007, Richardson and Danehy 2007). The 

function of cold headwater ecosystems is indicated by the presence and abundance of R. 

variegatus (Welsh and Ollivier 1998, Hughes et al. 2004, Welsh and Hodgson 2009).  R. 
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variegatus are a small, streamside salamander endemic to the Pacific Northwest 

(Nussbaum et al. 1983).  R. variegatus are negatively impacted by logging, sediment 

fluxes, and other human land use (Corn and Bury 1989, Welsh and Lind 1992, Welsh et 

al. 2005, Welsh and Hodgson 2009). In addition, R. variegatus have the lowest critical 

thermal maxima (CTM) of amphibians tested in North America (Brattstrom 1963).  

Other than CTM, the temperature of the stream taken at the time of capture, and 

one observation of adult stress response, the thermal limits of R. variegatus were not 

recorded in the literature prior to this study (Welsh and Lind 1996, Bury 2008, Welsh and 

Hodgson 2009, 2011). My goal was to predict the potential range shifts of R. variegatus 

in response to climate change. To accurately forecast range shifts, I needed additional 

information about the physiology and range of R. variegatus. In my first study (Chapter 

Two), I determined which abiotic variables determined the range edge of R. variegatus. 

In my second and third experiments (Chapters Three and Four), I found the thermal 

boundaries of adult and larval R. variegatus from a physiological standpoint. My last 

chapter (Chapter Five) used multiple models, climate scenarios, and future time periods 

to assemble a variety of potential future ranges of suitable habitat for R. variegatus.  

 Given the importance of understanding the range limits of R. variegatus, I studied 

the temperature of streams at the edge of the range of R. variegatus for three summers, 

and found that both temperature and slope were important predictors of the range of R. 

variegatus (Chapter Two). I found that the current range of R. variegatus is defined by 

heat load, measured in degree days. Streams outside the range of R. variegatus exceeded 

temperatures in the range 11-16 o C for more total hours than streams inside the range. 

The slope of the stream bed was also important in defining the edge of R. variegatus 
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range, though there was a large variation in the slopes inside the range of R. variegatus. 

Forecasting future range shifts depends on the knowledge that the edge of the range is 

thermally defined, which my results support. The results also agree with other authors 

that R. variegatus are sensitive to temperature, and therefore a good indicator species for 

human ecosystem changes which increase temperature (Hughes et al. 2004, Welsh and 

Hodgson 2009). Due to this sensitivity, R. variegatus should be a good choice of 

indicator species for both climate change and direct human impacts such as logging, 

mining, and direct water removal cause increases in stream temperature (Armour et al. 

1991, Jackson et al. 2001, Poole and Berman 2001).  

 There are still several aspects of the thermal edge of the range of R. variegatus 

that have not been defined. My first study (Chapter Two) concentrated on the population 

of R. variegatus in California. I had good representation in my sites along the eastern 

edge of the range, but was unable to gain access to some of the southernmost sites 

(Nussbaum 1983). I was also only able to measure temperature at 28 sites, a more fine-

scale interpretation would be possible with more sites. In addition, I only recorded 

temperature during the summer months. Whole-year trends in temperature can be both 

informative and different from maximums (Arismendi et al. 2014).  

 Within individual R. variegatus, temperature was an important boundary for stress 

levels. I found that corticosterone (CORT) levels doubled when the daily maximum 

temperature was over 18o C (Chapter Three). In combination with the observation that R. 

variegatus are not generally found in streams with daily maximums above 16o C, my 

results from Chapter Three support the idea that the range of R. variegatus is limited by 

water temperature (Welsh and Hodgson 2009, 2011). Corticosterone levels were six 
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times higher in my treatment with a daily maximum of 27o C, which is close to the 

critical thermal maxima of R. variegatus (27.9o C, (Bury 2008).  

In Chapter Three, I sampled CORT from body wash in R. variegatus. Sampling 

hormones from body wash is a well known technique in fish, but Chapter Three is the 

first experiment to use the method on an amphibian from the west coast. The samples 

taken from blood and water CORT (one of each from the same individual) show an 

excellent correlation, r= 0.82, p =0.00032. Measuring hormones from body wash has 

implications for many types of studies. Stress, reproductive state, and disease load can be 

measured non-invasively from body wash (Jaudet and Hatey 1984, Wright et al. 2003, 

Kidd et al. 2010, Gabor et al. 2013). 

 Temperatures close to CTM were fatal to larvae of R. variegatus in a chronic 

exposure, but lower temperatures were not. All tested larvae survived up to daily 

maximum temperatures of 21o C. Larvae all died on the third day at a daily maximum of 

27o C, all but one larvae had died by day 15 at 25o C.  The lethal level of temperature to 

larvae is not the limiting factor for the range of R. variegatus.  

 The cycling temperature treatments used in this Chapters Three and Four are 

important in their own right. I constructed the test chambers on a very small budget, and 

was able to use them to reproduce a thermal cycle very similar to the temperatures I 

recorded in the streams where R. variegatus live in Northern California (see Chapter 

Two). Fluctuating temperatures have different effects on physiological responses than 

steady temperatures (Hutchison and Ferrance 1970, Feldmeth et al. 1974, Wehrly et al. 

2007). Most studies of thermal limits use steady treatment temperatures, my results are 

more applicable to field conditions (Cassinelli and Moffitt 2010).  
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Future temperature tolerance experiments on R. variegatus should focus on 

intermediate temperatures and multiple life stages. For example, there is no published 

literature on the thermal tolerance of the eggs of R. variegatus. The eggs of Ascaphus 

truei, an amphibian with similar range and adult thermal requirements to R. variegatus, 

die at 18.C(Brown 1975).  Populations cannot survive if even conditions are fatal to one 

any life stage. Neither of my experiments on thermal boundaries of R. variegatus found a 

causative mechanism for why R. variegatus only live in streams below 16 C (see Chapter 

Two, Welsh and Hodgson 2009, 2011).  However, repetition of the experiment in 

Chapter 3 with more intermediate temperatures might clarify at what temperature stress 

begins. I tested 10-12 and 15-18, and found a doubling of CORT at the higher treatment.  

Due to time and equipment constraints, I did not test any maximum temperatures between 

12 and 18. In both Chapters Three and Four, I increased my treatment temperatures in 

three degree increments. Further experiments on the intermediate temperatures would 

clarify at what temperature R. variegatus can no longer function. A clear understanding 

of limits in a modern context leads to the possibility of accurate models of future range.  

My projections of the future potential range of R. variegatus based on altered 

temperatures (and precipitation in one model) from climate change showed a reduction in 

area. In Chapter Five, I used 36 unique combinations of representative concentration 

pathway (RCP), coupled climate model, and time. I also used three modeling methods to 

estimate the future potential range of R. variegatus: a correlative MaxEnt model with 14 

abiotic variables, a MaxEnt model with only the yearly maximum temperature change 

between scenarios, and a mechanistic model. Suitable habitat for R. variegatus declined 

with higher RCP and further into the future. There was variation between the results for 
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each coupled climate model, and the three methods I used to find the potential range. The 

model incorporating multiple measures of temperature, seasonality, and precipitation 

(multivariate MaxEnt) best characterized the current range of R. variegatus. It also had 

the smallest area of the map classified as excellent habitat both currently and under future 

climate scenarios. Given that R. variegatus are indicators of ecosystem function, greatly 

reduced potential range in the future predicts that under climate change, headwater 

stream ecosystems will lose integrity (Hughes et al. 2004, Welsh and Hodgson 2009).  

The modeling effort was an introductory one, and could be improved. Ideally, 

correlative and causative methods of modeling can be combined to make a more accurate 

map. A correlational model could give the boundaries of slope, elevation, and 

precipitation that currently define good habitat for R. variegatus. These results should be 

incorporated into a model with a more complex relationship between air and water 

temperature to reduce some of the obvious errors in the second two methods I used. The 

boundaries of slope and elevation would eliminate the error in the mechanistic model that 

classified dry ridges and high desert as suitable habitat. The inclusion of the precipitation 

variable would make the current estimate of range closer to the observed range (see 

difference between the multivariate MaxEnt and yearly maximum MaxEnt).  Even this 

initial modeling exercise was valuable, in that it showed a consensus across methods and 

coupled climate models that the range of R. variegatus will likely shrink in the future.  

The combined results of my chapters indicate that R. variegatus is a sensitive 

stream indicator, defined on the landscape by abiotic variables, some of which will 

undergo human-caused changes in the future. This is the first study to look at the 

condition of an ecosystem by modeling the response of a single indicator variable. My 
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methods could be a powerful tool to predict ecosystem dysfunction under climate change 

and other human impacts. The concept should be tested on past climate and current 

observable changes in species ranges. Further research is also needed to identify the 

specific physiological boundaries that limit R. variegatus to their observed range.   
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