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ABSTRACT 

 

THE EFFECTS OF CLIMATE CHANGE ON THE FUTURE PERSISTENCE OF 

RIO GRANDE CUTTHROAT TROUT: AN ASSESSMENT OF RECENT 

CLIMATE CHANGE, THERMAL LIMITS, AND  

CURRENT AND FUTURE STREAM  

TEMPERATURE TRENDS 

 

BY 

MATTHEW P. ZEIGLER, B.S. 

 

Master of Science 

New Mexico State University 

Las Cruces, NM, 2012 

Dr. Colleen A. Caldwell, Chair 

 

 Climate change is expected to negatively impact native inland salmonids by 

reduction of habitat through increases in stream temperature and alterations to the 

hydrological cycle.  The goal of this research was to evaluate the potential effects of 

climate change on the southern Rio Grande cutthroat trout Oncorhynchus clarkii 

virginalis.  To reach this goal, three main objectives were to 1) examine recent trends 

in air temperature, hydrology, and snow water equivalent across the subspecies’ 
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historic range, 2) determine upper thermal limits of the subspecies, and 3) investigate 

current and future stream thermal regimes within the current and historic range of the 

subspecies. 

 To evaluate recent climate change within the subspecies’ historical range, 

trends in average air temperatures, biologically-important hydrological variables 

(timing of snowmelt, seasonal flows), and April 1st snow water equivalent over the 

last 45 years (1963 - 2007) were examined.  Across the subspecies’ historical range, 

average annual air temperatures increased (0.29°C increase per decade) and the 

timing of snowmelt shifted 10.6 days earlier in the year (2.3 days earlier per decade).  

Flows increased during biologically-important periods, including winter (January 1st - 

March 31st; 6.6% increase per decade), pre-spawning (April 1st - May 14th; 6.9% 

increase per decade), and spawning periods (May 15th - June 15th; 4.2% increase per 

decade), and decreased in summer (June 16th - September 15th; 1.9% decrease per 

decade).  April 1st snow water equivalent (5.3% decrease per decade) also decreased.   

The observed 7-d ultimate upper incipient lethal temperature (UUILT) for Rio 

Grande cutthroat trout was 23.4°C (95% confidence interval [CI] = 23.1 – 23.7°C) 

but declined to 21.6°C (95% CI = 21.3 – 22.0°C) by the end of the 30-d test.  Survival 

in fluctuating temperature treatments was 0% for the 19 – 29°C, 17 – 27°C, and 21 - 

27°C treatments, 68% for the 19 - 25°C treatment, and 100% for the 16 - 22°C 

treatment.  Fish exposed to chronic high temperatures ceased feeding near the 

observed 30-d UUILT and outbreaks of Saprolegnia occurred at temperatures above 

the 30-d UUILT, but at no temperatures below it.   
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Stream temperatures within currently occupied Rio Grande cutthroat trout 

habitat were generally below the subspecies thermal limits, although most streams 

experienced extremely low discharge levels (less than or equal to 0.028 m3/s).  

Stream temperature monitoring within occupied Rio Grande cutthroat trout habitat in 

2010 and 2011 revealed that most monitored streams were within suitable thermal 

limits for the subspecies.  Summer baseflows within occupied habitat were low 

during both years with 72% and 74% of monitored sites having baseflows below 

0.028 m3/s in 2010 and 2011, respectively.   Stream temperatures were modeled 

across 9,510 km of historic streams in northern New Mexico and southern Colorado 

using a linear mixed model based on low-rank thin-plate smoothing splines.   With 

projected 5°C above average July air temperatures (2000-2009), the model revealed 

optimal thermal habitat for the subspecies was not reduced.   However, optimal 

thermal habitat shifted upwards in elevation indicating a general decrease in total 

available habitat because smaller headwater streams provide less habitat.   

Recent changes in localized climate patterns throughout the range of Rio 

Grande cutthroat trout have altered the timing of the hydrological cycle.  The 

cumulative effects of altered flow, periods of drought, and competition with non-

native trout have pressed New Mexico Rio Grande cutthroat trout into higher 

elevations streams where low summer baseflows persist.  Continued persistence of 

the subspecies will require combined aspects of adaptive management to meet 

changing environmental conditions with monitoring of important biological and 

physical conditions that will allow for proactive management decisions useful in 
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protecting the subspecies.  Specifically, populations should be translocated to 

localized refugia where the impacts of climate change will be minimal.  Also creation 

of metapopulations throughout the subspecies range will decrease the vulnerability of 

the subspecies to stochastic events. 
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INTRODUCTION 

 The Rio Grande cutthroat trout Oncorhynchus clarkii virginalis is the 

southernmost of 14 recognized subspecies of cutthroat trout and has the distinction of 

being the first trout in North America to be encountered by Europeans (Behnke 

2002).  The subspecies is believed to be part of the Yellowstone O.c. bouvieri group 

which also includes Bonneville cutthroat O. c. utah, Colorado River cutthroat O. c. 

pleuriticus, and greenback cutthroat O. c. stomias.  All six of these subspecies 

diverged from a single ancestor and are more closely related to each other than to 

other cutthroat trout subspecies (Wilson and Turner 2009).  Rio Grande cutthroat 

trout are the most derived subspecies of this group and likely evolved from greenback 

cutthroat trout resultant of a headwater transfer sometime after the last glaciation 

(Behnke 1992; Wilson and Turner 2009).  The subspecies was first formally 

described from specimens originating in Ute Creek, Costilla County, Colorado, 

during a Pacific Railroad survey in 1857 (Behnke 1992).  The subspecies was 

described by Girard (1856) as Salar virginalis (meaning “like a virgin”) (Behnke 

1992, 2008).   

 Historically the subspecies inhabited approximately 10,718 km of stream in 

the Rio Grande, Pecos, and Canadian River drainages in Colorado and New Mexico 

(Alves et al. 2008).  Garrett and Matlock (1991) suggested that the subspecies may 

have occurred in isolated streams of the Davis Mountains in Texas, which drains into 

the Pecos River.  Like other cutthroat trout subspecies, habitat of Rio Grande 

cutthroat trout has severely declined due to anthropogenic influences, including the 
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introduction of non-native trout (including other cutthroat trout subspecies), habitat 

destruction and alteration (Pritchard and Cowley 2006).  As a result, the subspecies 

currently occupies only 1,220 km (12%) of their historic stream habitat (Alves et al. 

2008).  Although the subspecies originally occurred in a wide range of habitats from 

large low elevation rivers to high elevation headwaters, they are currently restricted to 

mainly isolated high elevation streams (Alves et al. 2008). 

 A recent status review by the U.S. Fish and Wildlife Service (USFWS) found 

that listing the Rio Grande cutthroat trout for protection under the Endangered 

Species Act of 1973 was warranted but precluded by higher priority actions; the 

subspecies was added to the candidate list with a priority number of 9 (out of 10) 

(U.S. Federal Register 2008).  The USFWS determined that the combination of 

population fragmentation, isolation, small population size, nonnative trout, drought, 

and fire were severe threats to the subspecies future persistence, and that the 

uncertainty of future climate change will only exacerbate these threats.  The lack of 

information of the subspecies’ biology, life history, and habitat requirements make it 

difficult to determine the exact threats that climate change poses.          

 Understanding how climate change may affect Rio Grande cutthroat trout will 

assist managers with protecting and enhancing habitat for the subspecies.  

Information that describes how climate change could negatively affect the subspecies 

is needed to guide management decisions.  Basic ecological information on the 

subspecies, and assessment of past and current and future habitat conditions will 

provide valuable information to manage the subspecies in a changing climate. 
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GOALS AND OBJECTIVES 

 The overall goal of this research was to assess the potential effects of climate 

change on Rio Grande cutthroat trout.  Due to the recent findings of the USFWS, 

climate change is expected to be a major threat to the future persistence of the 

subspecies.  Determination and identification of the potential threats of climate 

change on Rio Grande cutthroat trout will be beneficial to managers by helping them 

guide decisions that can decrease the negative impacts of climate change and help 

increase population sizes.  The objectives of this study were: 

1) Examine recent trends in air temperature, hydrology, and snow water 

equivalent across the subspecies’ historic range; 

2)  Determine the upper thermal limits of Rio Grande cutthroat trout; and 

3)  Describe current and investigate future stream thermal regimes within the 

current and historic range of Rio Grande cutthroat trout. 
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Chapter 1: Evidence of Recent Climate Change within the Historic Range of Rio 

Grande Cutthroat Trout: Implications for Management and Future Persistence   

 

Abstract 

 Evidence of anthropogenically influenced climate change has motivated 

natural resource managers to incorporate adaptive measures to minimize risks to 

sensitive and threatened species.  Detecting trends in climate variables (i.e., air 

temperature, hydrology) can serve as a valuable tool for managers to protect 

vulnerable species by increasing our understanding of localized conditions and trends.  

The Rio Grande cutthroat trout Oncorhynchus clarkii virginalis has suffered a severe 

decline in its historical distribution, with the majority of current populations 

persisting in isolated headwater streams.  To evaluate recent climate change within 

the subspecies’ historical range, trends in average air temperatures, biologically-

important hydrological variables (timing of snowmelt, seasonal flows), and April 1st 

snow water equivalent over the last 45 years (1963 - 2007) were examined.  While 

rates of change in all three metrics were variable across sites, range-wide patterns 

were evident.  Across the subspecies’ historical range, average annual air 

temperatures increased (0.29°C increase per decade) and the timing of snowmelt 

shifted 10.6 days earlier in the year (2.3 days earlier per decade).  Flows increased 

during biologically-important periods, including winter (January 1st - March 31st; 

6.6% increase per decade), pre-spawning (April 1st - May 14th; 6.9% increase per 

decade), and spawning periods (May 15th - June 15th; 4.2% increase per decade), and 
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decreased in summer (June 16th - September 15th; 1.9% decrease per decade).  

Evidence of decreasing April 1st snow water equivalent (5.3% decrease per decade) 

was also observed.  While the impacts of these changes at the population level are 

equivocal, it is likely that negative effects would influence the subspecies by altering 

its distribution, decreasing available habitat, and altering timing of important life 

history components.  Continued monitoring and proactive management will be 

required to increase the resiliency of remaining populations to insure long term 

persistence and protection in a changing climate.  

 

Introduction 

 Climate change has resulted in global temperature increases, alterations to 

precipitation cycles, and an increased frequency of extreme climatic events (IPCC 

2007a).  By the end of this century, temperatures are predicted to increase at rates 

exceeding those observed during the 20th century, with temperatures in the western 

U.S. expected to increase between 2.1 and 5.7°C (relative to the 1980 - 1999 period; 

IPCC 2007b).  Projected shifts in the climate will have profound effects on the 

function and structure of currently established ecosystems.  In particular, lotic 

systems will experience increases in stream temperatures (Mohseni et al. 2003), 

decreases in dissolved oxygen (Ficke et al. 2007), alterations to the hydrological 

regime (Carpenter et al. 1992), and expansion of invasive species (Rahel et al. 2008).  

Organisms inhabiting these aquatic systems will be affected by alterations to the 

thermal regime because the majority of aquatic species are ectothermic (Pörtner and 
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Farrell 2008).  Presumably, aquatic organisms may also be affected by shifts in 

hydrological regimes as their life cycles become uncoupled from the historical 

hydrological regimes to which they are adapted (Bunn and Arthington 2002).   

 Native inland salmonids are obligate to coldwater habitats (Magnuson et al. 

1979; Williams et al. 2009) and will be particularly vulnerable to the effects of 

climate change (Keleher and Rahel 1996; Preston 2006; Wenger et al. 2011).  In 

addition, native salmonids have experienced large reductions in historically occupied 

habitat as a result of anthropogenic activities (i.e., grazing, logging, water withdrawls, 

and spread of non-native fish species).  Due to loss of habitat, many populations are 

now restricted to isolated headwater habitats where they are at risk of extirpation due 

to climatic disturbances, stochastic events (e.g., flooding, wildfire), and loss of 

genetic variability (Fausch et al. 2006).  Isolated populations are also vulnerable to 

the negative effects of climate change including increasing stream temperatures.  

Preston (2006) indicated that an air temperature increase as little as 0.4°C would 

cause decreases in available cold water habitat in the Rocky Mountains, and 14% of 

cold water habitat would be lost per 1°C increase in air temperature.  Keleher and 

Rahel (1996) predicted if air temperatures increased 5°C over current conditions, 

cold-water habitat in the Rocky Mountain region would decrease by greater than 

70%, resulting in increasing population fragmentation and isolation.  In addition to 

increasing stream temperatures, the increased frequency and severity of drought 

(Hoerling and Eischeid 2007), wildfire (Westerling et al. 2006; Spracklen et al. 2009), 

and winter flooding (Rauscher et al. 2008) predicted to occur with climate change 
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will potentially exacerbate current stressors on populations.  Extinction risk will 

increase as downstream habitat becomes unsuitable and natural and anthropogenic 

barriers prevent the dispersal of populations.   

 Rio Grande cutthroat trout Oncorhynchus clarkii virginalis are endemic to the 

Rio Grande, Canadian, and Pecos River basins of New Mexico and southern 

Colorado and are the southernmost subspecies of cutthroat trout (Behnke 2002; 

Pritchard and Cowley 2006; Alves et al. 2008).  Historically, the subspecies occupied 

all trout-supporting habitat in these basins below natural barriers, totaling 10,718 km 

of stream (Alves et al. 2008).  Similar to other subspecies of cutthroat trout, Rio 

Grande cutthroat trout have suffered severe declines in their distribution due to the 

cumulative effects of introduced non-native salmonids through competition with 

brown trout Salmo trutta and brook trout Salvelinus fontinalis, hybridization with 

rainbow trout O. mykiss and other cutthroat trout subspecies O. clarkii spp., and 

anthropogenic habitat disturbance such as grazing, logging, and water diversions 

(Pritchard and Cowley 2006).  Currently, Rio Grande cutthroat trout occupy 

approximately 12% of their historical distribution (Alves et al. 2008) with the 

majority of current habitat restricted to streams in northern New Mexico and southern 

Colorado.  Several isolated populations originally occurred on the peripheral edge of 

the subspecies range in southern New Mexico, but have been extirpated (Haak et al. 

2010a).   

 Contraction of available habitat has fragmented historically large 

interconnected populations, isolating the majority of remaining populations to high 
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elevations (above 2,500 m) and short stream segments (less than 8 km; Alves et al. 

2008), and for these reasons, the remaining populations are believed to be at high risk 

of extinction or extirpation.  A recent status review of Rio Grande cutthroat trout 

determined that listing under the Endangered Species Act of 1973 was warranted but 

precluded by higher priority actions, and the subspecies was added to the candidate 

list (U.S. Federal Register 2008).  In addition to the common threats of non-native 

salmonids and anthropogenic influences on habitat, the status review listed climate 

change as a potential threat to the future persistence of the subspecies.  Haak et al. 

(2010b) demonstrated that drought and increased stream temperature from climate 

change are significant threats to populations of Rio Grande cutthroat trout.  A severe 

drought in the southwestern U.S. during 2002 extirpated or severely reduced 14 

populations (approximately 11% of current populations) of Rio Grande cutthroat trout 

(Japhet et al. 2007; Patten et al. 2007; U.S. Federal Register 2008).  Recent fires 

throughout the subspecies range in 2010 (South Fork, Medano) and in 2011 (Las 

Conchas) severely reduced several populations, hampering conservation efforts.  

Although these recent catastrophic events cannot be unequivocally attributed to 

climate change, increases in stochastic events can negatively impact isolated 

populations of Rio Grande cutthroat trout.  

 Although global models predict increases in air temperature and decreases in 

precipitation in the southwest U.S. over the next century, recent regional (less than 50 

years) climate change assessments have rarely been examined.  Global projections of 

climate trends are often highly variable and too coarse at local scales to be useful to 
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resource managers.  Scaling climate trends and predictions to the local or regional 

level will be more useful in assessing threats and developing mitigation plans (Wiens 

and Bachelet 2010).  Recent observations of climate trends throughout the 

southwestern U.S. differed from projected changes, suggesting that localized 

historical trends can be helpful in assessing potential threats (Rieman and Isaak 

2010).   

The importance of stream temperature and hydrology for salmonid species is 

unequivocal.  Both of these variables are affected by climate variables such as air 

temperature and precipitation, and in turn, drive processes that affect areas where Rio 

Grande cutthroat trout occur.   In this study, changes in climate variables were 

examined to identify effects of recent climate change within the historical range of 

Rio Grande cutthroat trout.  The objectives were to evaluate  relatively recent (i.e., 

within five decades) trends in ecologically important climate variables (air 

temperature, stream flow, snow water equivalent) to  determine the extent and 

magnitude of changes and assess the potential effects that such trends (if continued) 

will have on current and future Rio Grande cutthroat trout populations.  This study 

highlights the importance of long term, site-specific monitoring data and how it can 

best be used to address management options.   

 

Methods 

Study area 
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 The historical range of Rio Grande cutthroat trout included the entire Rio 

Grande basin in southern Colorado and New Mexico, portions of the Canadian River 

basin in New Mexico and the entire Pecos River basin in New Mexico (Alves et al. 

2008); however, the majority of historically occupied habitat occurred only in 

northern New Mexico and southern Colorado.  Historical accounts describe Rio 

Grande cutthroat trout in a few isolated streams in the Davis Mountains of Texas 

(Garrett and Matlock 1991), but these streams were few and populations have since 

been extirpated, thus this area was not considered in this analysis.  Thus, data 

selection for this study was restricted to twelve 8 digit HUCs (hydrological unit code) 

in northern New Mexico and southern Colorado wherein approximately 95% of the 

subspecies historically occupied habitat occurred, and 92.3% of the currently 

occupied stream miles occur (Figure 1.1).  Climate data used in this analysis was 

obtained from sites that only occurred within those 12 HUCs, and were minimally  

impacted by anthropogenic influences.  A period from 1963 to 2007 (45 years) was 

selected for trend analysis because it contained the greatest amount of available data 

across sites.  

 

Climate data 

 Sites where air temperature was measured were selected using criteria that 

minimized anthropogenic influences such as urbanization.  Nine air temperature sites 

(four in Colorado and five in New Mexico) were selected from the U.S. Historical 

Climate Network v2 (USHCN; available: 
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http://cdiac.ornl.gov/epubs/ndp/ushcn.html).  Prior to release, USHCN air 

temperature data are edited to correct for missing data and inconsistencies resulting 

from changes in the time of observation, station relocations, and instrument changes 

(Menne et al. 2009).  To increase sample size and spatial coverage for air temperature 

data, an additional 11 stations were obtained from the National Oceanic and 

Atmospheric Administration (NOAA) Cooperative Observer Program (available: 

http://lwf.ncdc.noaa.gov/oa/climate/climatedata.html).  Sites from the USHCN are a 

subset of the NOAA Cooperative Observer Program (COOP) air temperature network 

and data collection methods between the two networks are similar.  Two COOP sites 

were selected from Colorado and the remaining nine were located in New Mexico 

(Figure 1.1).  Data obtained from both USHCN and COOP stations contained average 

annual and monthly air temperature information.  Air temperature stations ranged in 

elevation from 1737 to 2764 m (Table A.1).   

April 1st snow water equivalent (SWE) records were obtained from the U.S. 

Department of Agriculture National Resources Conservation Service at 16 Snowpack 

Telemetry (SNOTEL) or snow course stations that had continuous data from 1963 to 

2007 (available: http://www.wcc.nrcs.usda.gov/snow/).  Eight stations were located in 

Colorado and the remaining eight in New Mexico (Figure 1.1).  Elevations at sites 

ranged from 2560 to 3200 m (Table A.4).  April 1st SWE data was examined for 

outliers using time series plots by comparing data from geographically nearby sites 

(Clow 2010).  None of the stations exhibited spurious data, thus no SWE data were 

removed from analysis.  
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Stream gages were selected to minimize the impacts of anthropogenic influences 

which can alter natural flow regimes.  Watersheds above stream gages located within 

the study area were examined for impoundments, water diversions, and other factors 

that might influence hydrology using topographic maps, GIS information, and 

information from local water resource managers.  Nineteen gages (13 in New Mexico 

and six in Colorado) were selected that were deemed to be relatively uninfluenced by 

anthropogenic disturbances (Figure 1.1).  Daily mean discharge data for stream gages 

located in New Mexico were obtained from the U.S. Geological Survey (USGS) 

Real-Time Water Data homepage (available:  

http://waterdata.usgs.gov) and from the Colorado Division of Water Resources 

(CDWR) (available: http://water.state.co.us) for the six gages located in Colorado 

(Table A.5).  Daily mean discharge data from each station were used to assess trends 

in spring snowmelt timing and mean seasonal flows as described below.  

Timing of spring snowmelt was determined for each gage by calculating the 

day (Julian date) upon which the 25% cumulative flow (25Day) was equaled or 

exceeded for each calendar year.  The 25Day was selected for analysis because it 

represents early-season snowmelt flows, produces fewer errors than determining the 

day of early peak flows (Regonda et al. 2005), and is similar to metrics used in other 

studies (Moore et al. 2007; Rood et al. 2008).  To assess changes in seasonal flows 

that might impact ecologically important life history characteristics (spawning) and 

life history stages (emergence, recruitment) of Rio Grande cutthroat trout, mean 

seasonal flows were calculated for winter (January 1 - March 31), pre-spawning 
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Figure 1.1.  The twelve 4th level hydrological unit study area (outlined) and its 
location within the entire historic range of Rio Grande cutthroat trout.  Insets show 
locations of air temperature stations, SNOTEL/snow course sites, and stream gages.  
Numbers refer to site information located in A.1. (air temperature stations), A.2. 
(SNOTEL/snow course sites), and A.3. (stream gages). 

14 
 



 

 

 (April 1 - May 14), spawning (May 15 - June 15), summer (June 16 - September 15), 

and fall (September 16 - December 31) (Pritchard and Cowley 2006).  To compare 

changes among basins regardless of basin size, flow metrics were standardized by 

dividing the original data by each sample mean changing the entire sample’s mean to 

one without changing the overall properties of the original data (Yue et al. 2002).   

 

Statistical analysis 

 The Mann-Kendall (Mann 1945; Kendall 1975) test is a robust nonparametric 

analysis for monotonic trends (trend in a response variable over time) that is resistant 

to outliers (Helsel and Hirsch 1992) and routinely used to evaluate trends in hydro-

climatic data (Yue et al. 2002).  Serially correlated data, however, alters the variance 

of the Mann-Kendall test statistic and affects the probability of detecting significant 

trends, resulting in spurious outcomes of the test (Yue et al. 2002).  To account for 

serial correlation in the data, a common occurrence in time series data, trend analyses 

were conducted using the trend-free pre-whiting method (TFPW) developed by Yue 

et al. (2002).  The TFPW procedure eliminates the lag-1 autoregressive process 

(AR(1); serial correlation) in the data series while preserving the true trend of the 

series, and has been used in several recent studies examining hydrological changes 

(Aziz and Burn 2006; Novotny and Stefan 2007).  The TFPW method uses the Theil-

Sen slope to determine the degree of trend and the Mann-Kendall test to determine its 

detectability.  For each station, average annual and monthly air temperature, April 1st 

SWE, and hydrological variables were examined for trends from 1963 to 2007 using 
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the TFPW procedure.  To decrease Type I error rates, a global α rate of 0.10 was 

selected.  The study area was then separated into four regions based on hydrological 

basins (Canadian, Pecos, Rio Grande headwaters in Colorado, and Rio Grande in 

New Mexico) and the Bonferronni correction was used to select an α level for 

individual test by adjusting the global α rate by 4, resulting in an α of 0.025.  

Therefore trends at individual sites were considered statistically significant at α ≤ 

0.025. 

 Results from trend analyses were used to assess the presence of range-wide 

patterns in air temperature, April 1st SWE, and hydrology.  Range-wide analyses were 

conducted by assigning each station to either a decreasing or increasing category, 

depending on the apparent direction of the trend (positive or negative).  A binomial 

analysis was then performed for all hydrological variables and April 1st SWE (Dowdy 

et al. 2004).  Expected results of the binomial analysis would be an equal number of 

increasing and decreasing stations if no actual range-wide trend was present.  Similar 

binomial analyses were conducted for range-wide patterns in air temperature changes, 

except expected probabilities were adjusted for months where some stations indicated 

no trend (Sen-slope = 0).  Range-wide trends analyses were considered significant at 

α ≤ 0.05.  To determine an overall rate of change throughout the range for average air 

temperature, April 1st SWE, and hydrology variables, a weighted approach was used.  

Slopes from individual trends analyses for each air temperature, April 1st, and 

hydrology variable were weighted by sample size and then divided by the overall 
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weight to determine an overall slope (Becker and Wu 2007).  Analyses were 

conducted in R 2.10.1 (R Developmental Core Team 2010).   

 

Results 

Air temperature trends   

 From 1963 to 2007, air temperature stations indicated variability in trends 

both spatially and across months.  Nineteen of 20 stations exhibited significantly 

increasing trends in mean annual air temperature (P < 0.025).  A range-wide pattern 

in increasing mean annual temperatures was evident with a pooled weighted increase 

of 0.29°C per decade (P < 0.001; Figure 1.2).  All 20 sites had increasing air 

temperature trends for the months of January through June, with a high number of the 

sites during most months having statistically significant trends (P < 0.025; Figure 

1.3).  January and March exhibited the greatest range-wide increases (0.62 and 

0.58°C per decade, respectively).  At 16 of 20 sites, mean air temperatures in July 

(when stream temperatures are typically their highest) revealed increasing trends 

(Figure 1.4A), with a pooled range-wide increase of 0.11°C per decade (P < 0.011; 

Table 1.1).  October was the only month without a detectable change (P = 0.359; 

Figure 1.4D).  Mean monthly trends for air temperature from July through December 

were variable in comparison to January through June trends (see Figures 1.3 and 1.4).  

See Tables A.1., A.2, and A.3 for individual trends at each site. 
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Figure 1.2.  Increasing trends in average annual air temperature from 1963 to 2007.  

Shading reflects the magnitude of the trend expressed as the change (°C) per decade.  

Larger symbols indicate statistically significant trends at P ≤ 0.025.
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Figure 1.3.  Trends in monthly average air temperature from 1963 to 2007 for (A) January, (B) February, (C) March, (D) 
April, (E) May, and (F) June.  Shading reflects the magnitude of the trend expressed as the change (°C) per decade.  Larger 
symbols indicate statistically significant trends at P ≤ 0.025. 
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Figure 1.4.  Trends in monthly average air temperature from 1963 to 2007 for (A) July, (B) August, (C) September, (D) 
October, (E) November, and (F) December.  Shading reflects the magnitude of the trend expressed as the change (°C) per 
decade.  Larger symbols indicate statistically significant trends at P ≤ 0.025. 

 
 



 

 

April 1st SWE trends  

 Individual SNOTEL/Snow Course stations exhibited high inter-annual and 

decadal variation in April 1st SWE, but variations did not affect range-wide trends.  

Changes in SWE ranged from an increase of 3.0% to a decrease of 11.2% per decade, 

but no stations exhibited statistically significant trends (P > 0.025; Table A.4).  

Although one station (Culebra, CO) exhibited a 3.0% increase per decade, the site 

was located at the highest elevation (3200 m) of any site.  The greatest decreases in 

April 1st SWE were at sites located on the western and southern portion of the 

subspecies historic range (Figure 1.5).  Decreases in April 1st SWE were greatest for 

sites at lower elevations, but this pattern was not consistent for every site analyzed.    

A significant range-wide decrease of 5.3% per decade in April 1st SWE was observed 

(P < 0.001; Table 1.1).  

 Hydrological Trends  

 Despite high interannual variability from 1963 to 2007, the range-wide trend 

in timing of the 25DAY across all sites occurred 10.7 days earlier (2.3 days per 

decade; P < 0.001; Table 1.1).  Almost all stream gage stations (17 of 19) indicated 

earlier 25DAY, only one gage (Gallians Creek, NM) demonstrated a statistically 

significant decreasing trend in the timing of the 25DAY (P < 0.025; Figure 1.6A).  

Pooled range-wide patterns were detectable for seasonal flows since most sites 

exhibited trends in a single direction (Table 1.1).   Five of 19 (26%) gages 

demonstrated significant increases in winter flows (P < 0.025; Figure 1.6B).  All but 

one gage exhibited positive slopes, resulting in a range-wide pattern of 6.6% increase 
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Figure 1.5.  Trends in April 1st snow water equivalent from 1963 to 2007.  Shading of 
symbols indicates the magnitude of the trend expressed as an increase (Inc) or 
decrease (Dec) (%) per decade in snow water equivalent.  Larger symbols indicate 
statistically significant trends at the P ≤ 0.025. 
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in winter flow per decade (P < 0.001; Table 1.1).  Increasing flows were also 

observed during the pre-spawning and spawning seasons, but fewer gages exhibited 

significant changes (Figures 1.6C and 1.6D).  Mean summer flows varied from an 

increase of 0.72% per year to a decrease of 0.83% per year but no trends were 

statistically significant (P > 0.025; Figure 1.6E).  Despite the variability of summer 

flow among the stream gages, the majority of stations (84%) exhibited decreasing 

trends, and a range-wide decreasing pattern in summer flows was evident (P = 0.004; 

Table A.6).  The fall seasonal flows varied from 0.43% decrease per year to 1.41% 

increase per year (Figure 1.6F); however, the majority of sites (84%) exhibited 

increasing trends.  Pooled data for the fall season indicated a statistically significant 

range-wide pattern with an increase of 3.25% per decade (P = 0.004; Table 1.1).  

Individual results for each stream gage are in Table A.6. 

 

Discussion 

Recent evidence of climate change  

 Climate change poses a significant challenge for fisheries managers working 

to protect and enhance populations of native inland salmonids.  Although projections 

of future climate conditions can be beneficial to assess potential threats, the 

uncertainties and coarseness of most large scale climate models result in projections 

that are impractical at a regional scale to be of use to fisheries managers (Wiens and 

Bachelet 2010).  Regional climate assessments are more likely to aid in identifying 
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Figure 1.6.  Trends in the onset of spring runoff and seasonally averaged flows from 1963 to 2007 at 19 stream gages.  Shading 
indicates magnitude of trend expressed as the change (days) since 1963 for the (A) Julian date of 25% cumulative yearly flow 
(25Day).  Change in seasonal flows for (B) winter (January 1 – March 31), (C) pre-spawning (April 1 – May 14), (D) spawning 
(May 15 – June 15), (E) summer (June 16 – September 15), and (F) fall (September 16 – December 31) with shading indicating 
the magnitude of trends expressed as percent per decade.  Larger symbols indicate statistically significant trends at the P ≤ 0.025.   

 
 



 

Table 1.1.  Summary of individual stations and collective range-wide trends for 
average air temperature, April 1st SWE, and hydrology.  Significant Results are 
the number of statistically significant trends (P ≤ 0.025) for each variable as 
determined by the trend-free pre-whitening method.  Collective Results are the 
number of sites for each variable that indicated an increasing or decreasing trend.  
The range-wide change is calculated by weighted regression method and 
significance is determined using a binomial analysis.  

  
Significant Results 

 
Collective Results 

    Increase Decrease   Increase Decrease Change P 
Air temperature 

      
 

January 8 0 
 

20 0   0.62c < 0.001 

 
February 6 0 

 
20 0   0.45c < 0.001 

 
March 15 0 

 
20 0   0.58c < 0.001 

 
April 2 0 

 
20 0   0.31c < 0.001 

 
May 7 0 

 
20 0   0.34c < 0.001 

 
June 10 0 

 
20 0   0.32c < 0.001 

 
July 5 0 

 
16 4   0.11c < 0.011 

 
August 11 0 

 
18 1   0.27c < 0.001 

 
September 5 0 

 
19 0   0.23c < 0.001 

 
October 0 0 

 
12 7   0.02c 0.359 

 
November 0 0 

 
14 3   0.09c 0.012 

 
December 0 0 

 
16 3   0.11c 0.004 

 
Annual 17 0 

 
20 0   0.29c < 0.001 

April 1st SWE 
      

 
SWE 0 0 

 
1 15  -5.33d < 0.001 

Hydrology 
       

 
25Day 0 1 

 
2 17 -2.37a < 0.001 

 
Winter flows 5 0 

 
18 1     6.62d < 0.001 

 
Pre-spawn flows 2 0 

 
19 0     6.90d < 0.001 

 
Spawning flows 0 0 

 
17 2     4.25d < 0.001 

 
Summer flows 0 0 

 
3 16   -1.99d 0.004 

  Fall flows 1 1   16 3    3.25d 0.004 
a Julian days per decade  
c Degree Celsius per decade 
d Percent per decade  
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the causal nature of relatively recent population changes, as well as to serve in 

development of models for predicting future conditions.  This study demonstrated that 

recent trends (1963 - 2007) of environmentally relevant climate and hydrological 

variables within the historic range of Rio Grande cutthroat trout are evident, with 

detectable range-wide increases in air temperature, decreases in snow water 

equivalent and subsequent alterations in the hydrological cycle.    

 Mean annual increases in air temperature from 0.02 to 0.44°C per decade 

(range-wide increase of 0.29°C per decade) within the historic range of Rio Grande 

cutthroat trout were higher than the global increase in mean annual air temperature 

(increase of 0.13°C per decade; IPCC 2007a).  Although few studies have focused on 

monthly differences in air temperature, disparities in seasonal air temperatures have 

been observed in other parts of the western U.S. with increases during winter and 

spring eclipsing those in other seasons (Pederson et al. 2010).  Increases in air 

temperature, particularly in the late winter and early spring, were tied to shifts in the 

Northern Annular Mode (McAfee and Russell 2008).  Shifts toward earlier onset of 

warming in spring were accompanied by decreases in precipitation during the early 

spring (McAfee and Russell 2008) and have important consequences for phenological 

events tied to seasonal temperature and hydrology cycles (Cayan et al. 2001).  

Observed increases in air temperature during summer months (June, July, August) 

were smaller than increases observed in late winter and spring months (January 

through May).  Global projections predict the greatest increases in temperature to 

occur during the summer months in the southwest U.S. (IPCC 2007c).  However, 
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results from this study indicate increasing summer air temperatures have historically 

been outpaced by increases in air temperature occurring during late winter and spring.   

Clear shifts in the timing and magnitude of ecologically important flows were 

evident across the historic range of Rio Grande cutthroat trout.  A range-wide 

advance of 10.7 days in the 25DAY was observed, which is consistent with shifts in 

the timing of snowmelt runoff observed in other parts of western U.S. (Stewart et al. 

2005; Barnett et al. 2008).  Earlier snowmelt runoff is likely the main reason for 

increases in mean winter, pre-spawning, and spawning flows with the greatest 

increases occurring during the winter (range-wide 0.66% increase per year) and pre-

spawning seasons (range-wide 6.9% increase per decade).  This relationship has been 

observed in other parts of the western U.S., where advances in the timing of stream 

runoff were largely connected to earlier spring snowmelt (Stewart et al. 2005).  The 

majority of rivers throughout the western U.S. are snowmelt dominated, and receive 

most of their annual flow from spring and summer runoff of snowmelt (Stewart et al. 

2004).  Rauscher et al. (2008) predicted a reduction of snowpack across the western 

U.S., as well as earlier snowmelt.  A decrease in winter snowpack will have 

detrimental effects on stream flows during summer and fall base flow periods when 

stream temperatures are highest, especially in arid regions such as the southwest U.S.  

The range-wide decreases in summer flows may be a result of earlier snowmelt and 

decreased April 1st SWE.  The observed decreases in range-wide summer flows 

(0.20% decrease per year) were similar to those observed in other parts of the western 

U.S. (Rood et al. 2008).  Summer flows will likely continue to decrease throughout 
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the 21st century, reducing the availability of high elevation habitat where streams are 

at risk of becoming intermittent.  Decreased winter snowpack and subsequent earlier 

snowmelt runoff have been linked to increased drought frequency and severity in the 

southwest U.S. (Hoerling and Eischeid 2007) and are expected to worsen over the 

next century as air temperatures continue to increase (Cayan et al. 2009).  An earlier 

dry season will contribute to an increase in wildfire frequency, duration, and season 

length due to increased vegetation dryness (Westerling et al. 2006).   Reductions in 

snow pack and earlier snowmelt runoff will decrease summer baseflows, as snowmelt 

often sustains summer baseflows in streams not influenced by groundwater.  

Decreases in April 1st snow water equivalent observed in this study were similar to 

those witnessed in other parts of western U.S., but much smaller in comparison to 

California, Washington, and Oregon (Mote et al. 2005).   

Variability of trends among sites was evident for air temperature, April 1st 

SWE, and hydrological variables.  Although sites used in this analysis were relatively 

uninfluenced by anthropogenic activities, trends are still likely to be influenced by 

localized differences in land-use and land cover.  These localized influences can alter 

local climate forcing at individual sites (Pederson et al. 2010).  Western climate 

cycles are also affected by cycles, such as the Pacific Decadal Oscillation (PDO) that 

can create variability in the climate and alter long-term trends.  Although analysis of 

the effects of the PDO on the observed climate trends are outside the scope of this 

paper, other studies have shown that many of the observed climate trends in the 

western U.S. are not due to the PDO (Mote et al. 2005; Stewart et al. 2005; Barnett et 
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al. 2008).  The trends observed in this study are similar to those observed in large-

scale global shifts (IPCC 2007a), suggesting that global climate change forcing is 

driving the changes within the range of Rio Grande cutthroat trout.  Further 

investigation could illuminate how these local factors might alter site-specific 

vulnerability for Rio Grande cutthroat trout and may allow managers to target 

restoration in and/or protection of areas where future changes are likely to be 

dampened by local conditions.   

 

Management and future persistence of Rio Grande cutthroat trout  

 Cutthroat trout have relatively low upper temperature survival thresholds in 

comparison to other salmonids (Dickerson and Vinyard 1999; Johnstone and Rahel 

2003; Bear et al. 2007) and because of its southerly and highly fragmented 

distribution; the Rio Grande cutthroat trout is a subspecies that is particularly 

vulnerable to climate change.  The effects of the observed increases in air temperature 

on stream temperature within the historical range of Rio Grande cutthroat trout are 

not known with certainty due to the paucity of long term records, however, studies 

have shown that recent increases in air temperatures are correlated with increases in 

stream temperatures for many rivers and streams in the U.S. (Isaak et al. 2010; 

Kaushal et al. 2010).  Continued increases in stream temperatures during the next 

century will decrease suitable habitat for Rio Grande cutthroat trout, altering their 

distribution in an upward migration in elevation to suitable habitats, although these 

distributional effects will likely be gradual and subtle.  Alterations in the daily stream 
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temperature regime may also occur if increases in daily minimum air temperatures 

continue to outpace increases in daily maximum air temperatures, decreasing the diel 

temperature range (Easterling et al. 1997; Vose et al. 2005).  A dampening in the diel 

stream temperature range will reduce important periods of low temperatures when 

fish recover from exposure to high daily maximum stream temperatures (Johnstone 

and Rahel 2003; Schrank et al. 2003).   Alterations to the daily thermal regime may 

also increase the length of exposure to high sub-optimal temperatures, decreasing 

activity and feeding, and increasing the potential of starvation (Jager et al. 1999; Beer 

and Anderson 2010).  Exposure to extended periods of sub-optimal stream 

temperatures can exacerbate other sub-lethal stress, such as increased prevalence and 

susceptibility of salmonids to diseases (Hari et al. 2006; Jones et al. 2007).  In 

contrast, populations inhabiting streams where low summer temperatures limit 

reproduction, recruitment may benefit from stream temperatures increases (Coleman 

and Fausch 2007).  This would allow high elevation areas that were not currently 

occupied to become suitable for colonization, if sufficient habitat is available and 

accessible (Harig and Fausch 2002).  While movement into upstream reaches may 

prevent the loss of total occupied stream length for a population, headwater streams 

are often higher gradient and smaller than downstream reaches and provide less 

available and/or poorer quality habitat.  The result is a net decrease in occupied 

habitat and a possible concomitant reduction in population levels.   Utilization of 

headwater stream reaches may also be prevented by continued declines in summer 

base flow levels resulting in seasonal drying.   
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   Important phenological traits such as movement, timing of spawning, and 

emergence are also likely to change as stream temperatures continue to increase and 

hydrological shifts occur.  Rio Grande cutthroat trout spawn on the descending limb 

of the spring hydrograph, with stream temperature and photoperiod as important 

timing cues (Behnke et al. 2002).  Earlier spring snowmelt will likely alter the timing 

of spawning, as spawning date is highly heritable in salmonids (Quinn et al. 2000; 

Carlson and Seasmons 2008).  A shift to earlier spawning by 3 to 4 weeks was 

observed within 50 years in European grayling Thymallus thymallus as stream 

temperatures warmed earlier each year in conjunction with increasing air 

temperatures (Wedekind and Küng 2010).  A similar shift in the timing of spawning 

of Rio Grande cutthroat trout could occur as snowmelt pulse continues to move 

earlier in the year, and air and water temperatures increase through the spring 

spawning.  A positive effect of earlier spawning may be an increase in growth for 

age-0 fish, as most populations of Rio Grande cutthroat trout occur at high elevations 

where summer stream temperatures are currently low.  Shifts in spawning timing and 

timing of emergence, however, may also negatively affect the subspecies if food 

resources do not advance at a similar rate (Crozier et al. 2008).  Presumably, some 

degree of adaption to increasing stream temperatures and hydrological regime shifts 

is possible for cutthroat trout subspecies, as limited adaption to specific or altered 

stream temperature regimes have been observed in other salmonids (Haugen and 

Vøllestad 2000; Ineno et al. 2005; Jensen et al. 2008).   
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 Climate change will likely continue to affect aquatic resources well into the 

future, resulting in the extirpation or extinction of sensitive aquatic biota.  Protection 

of sensitive species should involve enhancing the resistance and resiliency of select 

populations, prioritizing limited management resources towards those populations’ 

best buffered against future climate changes, facilitating transitions to new or well-

buffered populations, and coordinating management activities (Rieman and Isaak 

2010).  Active management through enhancing resiliency of populations to changes in 

stream temperature and hydrology may prove to be the most important of the 

proactive management strategies for cutthroat trout isolated in headwater systems 

(Williams et al. 2009; Rieman and Isaak 2010).  For Rio Grande cutthroat trout, this 

strategy should include the expansion and/or connection of isolated populations to 

create metapopulations that will be better buffered against anticipated climate 

changes, as well as the systematic reduction of non-climatic exacerbating stressors 

(i.e., grazing, water diversions).  Further, long-term monitoring of localized climate 

variables, stream temperature, stream discharge, and fish population metrics (e.g. 

abundance and distribution) will also be important by facilitating the evaluation of the 

above management strategies. 

Drought and wildfire throughout the southwest have highlighted not only the 

vulnerability but the uncertainty that Rio Grande cutthroat trout likely face in the 

future.  Comprehensive and long-term fish population data is lacking, resulting in 

uncertainty of the extent to which these recent large scale effects have negatively 

impacted the subspecies.  The complexity and uncertainty inherent in the prediction 
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of emerging climate scenarios also makes it difficult for resource managers to 

anticipate how, when, and where populations of Rio Grande cutthroat trout are likely 

to be affected.  A flexible management approach that is informed by both past (this 

study) and future climate scenarios can help to protect genetically and ecologically 

important populations into the future.  Resource managers should be flexible in the 

application of a diverse suite of conservation strategies and techniques to address 

these inherent uncertainties.  It is likely that not all current Rio Grande cutthroat 

populations can be protected from the cumulative effects of climate change.  

However, a proactive management strategy that incorporates past, present, and 

probable future climate information should improve the chances of Rio Grande 

cutthroat trout persisting in an uncertain future.   
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Chapter 2: Effects of constant and fluctuating temperature on the upper thermal 

tolerance of Rio Grande cutthroat trout  

 

Abstract 

 Future persistence of Rio Grande cutthroat trout, an imperiled southwest 

cutthroat trout subspecies, will require restoration of populations to suitable thermal 

habitat by the use of regulatory standards to protect high quality habitat.  Currently, 

the upper thermal tolerance specific to the subspecies is unknown.  Without 

scientifically defensible thermal limits, establishment of regulatory standards 

protective of the subspecies cannot occur.  This study used both the critical thermal 

maximum (CTM) and the acclimated chronic exposure (ACE) methods. with static 

and diel fluctuating temperatures to describe the upper temperature tolerances of Rio 

Grande cutthroat trout.  Critical thermal maximum tests revealed that weight was 

linearly related to temperature at four endpoints (initial loss of equilibrium [ILOE], 

final loss of equilibrium [FLOE], onset of spasms [OS], and death or lethal thermal 

maximum [LTM]), with larger fish (greater weight) having a lower thermal response 

than smaller fish at each endpoint.  The overall mean temperatures for FLOE and 

LTM were 29.1°C and 29.8°C, respectively.  Survival to exposure over 30-d was high 

(at least 98%) at temperatures of 17°C and 19°C but decreased to 0% at temperatures 

above 24°C.  The observed 7-d ultimate upper incipient lethal temperature (UUILT) 

was 23.4°C [95% confidence interval [CI] = 23.1 – 23.7°C) but declined to 21.6°C 

(95% CI = 21.3 – 22.0°C) by the end of the 30-d test.  Survival in fluctuating 

temperatures was 0% for the 19 – 29°C, 17 – 27°C, and 21 - 27°C treatments, 68% 
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for the 19 - 25°C treatment, and 100% for the 16 - 22°C treatment.  Long-term 

exposure to elevated temperatures demonstrated that fish ceased feeding near the 

observed UUILT.  Outbreaks of an opportunistic fungus (Saprolegnia spp.) occurred 

at temperatures above the UUILT, but not at temperatures below this thermal 

benchmark.  Thermal responses of Rio Grande cutthroat trout were similar to other 

cutthroat subspecies, but were closer to published lower thresholds for non-native 

salmonids.  Managers working to conserve the subspecies must recognize the 

importance of maximum daily temperatures and the length of exposure to stressful 

thermal limits when assessing habitat quality for protection and restoration efforts. 

 

Introduction 

 Besides water, temperature is the single greatest limiting factor for fish 

(Hutchison 1975), fundamentally controlling all biochemical and physiological 

processes (Brett 1956).  Stenothermic fish are confined to a narrow range of 

temperatures where they can successfully complete all aspects of their life histories.  

Temperatures at which a species can maximize productivity are described as the 

species ‘preferred temperature’ or ‘optimal thermal niche’ (Magnuson et al. 1979).  

At the limits of a species thermal niche, temperatures can act as limiting or 

controlling factors (Fry1971); decreasing growth (Selong et al. 2001; Meeuwig et al. 

2004; Bear et al. 2007), reducing reproductive success (Brett 1956), and altering 

distributions (Dunham et al. 2003; de la Hoz Franco and Budy 2005).  Characterizing 
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the thermal limits of a species represents the first step to understanding the limiting 

factors imposed upon the species in its environment.   

 Thermal stress and subsequent mortality from temperatures above optimal 

limits is a factor of both temperature and exposure time (Brett 1956); thus traditional 

laboratory experiments were conducted to measure these components of thermal 

stress.  The most widely used methods to test the upper thermal tolerances of fish 

include the critical thermal maximum (CTM) and the incipient lethal temperature 

(ILT) methods.  Critical thermal maximum assesses acute thermal limits by 

subjecting fish to a linear and relatively short-term increases of temperature from an 

acclimation temperature until a sublethal endpoint (CTM) is reached.  Standard 

endpoints of CTM have been defined as the loss of equilibrium or the onset of spasms 

(Beitinger et al. 2000).  Incipient lethal temperature evaluates chronic temperature 

tolerances and applies the abrupt transfer of fish from acclimation temperature(s) to 

environmentally relevant static temperatures for a predetermined amount of time 

(typically 7 d) until death occurs (Bennett and Judd 1992).  The LT50 (i.e., static 

temperature lethal to 50% of the population) is derived using regression and reported 

as the upper incipient lethal temperature for a specified exposure time (UILT; 

Beitinger et al. 2000).   

 Both CTM and ILT methods have several disadvantages that include 

confounding effects of both changing time and temperature in the CTM test 

(Beitinger et al. 2000) and the confounding effects of handling on thermal stress in 

the ILT method (Bennett and Judd 1992).  These traditional methods also lack the 
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ability to simulate elevated temperatures that can occur for several weeks during the 

summer (Caissie 2006).  The acclimated chronic exposure (ACE) method, a hybrid of 

ILT and CTM methods, was designed by Zale (1984) and used to test thermal limits 

of fishes under more ecologically relevant conditions (Selong et al. 2001).  In this 

method, water temperature is gradually increased (1°C/d) from a biologically-relevant 

acclimation temperature allowing fish to adjust and acclimatize to changing 

temperatures until test temperatures are reached.  Test temperatures are maintained 

for long periods (30 - 60 d), which allow not only the measurement of survival but 

also of growth (Widmer et al. 2006; Bear et al. 2007; Carveth et al. 2007).  Survival 

over time is recorded and the ultimate upper incipient lethal temperature (UUILT; 

temperature lethal to 50% of the population over the entire test period) for the test 

period is determined (Selong et al. 2001).  Others have demonstrated that fish have 

the capacity to recover from sublethal temperatures if provided with cooler or 

optimum temperature within the diel cycle (Johnstone and Rahel 2003; Geist et al. 

2010).  Widmer et al. (2006) employed fluctuating temperatures in a laboratory 

setting to mimic natural diel cycles that occur within streams.  When combined with 

the ACE methodology, the application of cyclic temperatures for long periods (30 - 

60 d) to test thermal tolerances imparts the most ecologically relevant view of a 

species’ temperature limits that can be obtained in a laboratory setting.  However, 

there are inherent challenges in using cyclic temperature patterns to set regulatory 

standards. 
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Upper thermal limits are often used to assess potential habitat suitability for 

fishes and establish water quality standards to protect habitats.  Similar to other 

cutthroat trout subspecies, Rio Grande cutthroat trout Oncorhynchus clarkii virginalis 

is restricted to a fraction of its historical range due to the introduction of non-native 

salmonids and habitat destruction (Pritchard and Cowley 2006).  Historically, the 

subspecies occupied approximately 10,600 km of streams within the Rio Grande, 

Pecos, and Canadian River drainages of New Mexico and Colorado, but is currently 

restricted to about 1,300 km or less than 12% of its historical range (Behnke 2002; 

Alves et al. 2008).  Recently the subspecies was listed as a candidate for protection 

under the Endangered Species Act of 1973 (U.S. Federal Register 2008).  Current 

management practices for the subspecies focuses on the establishment of new 

populations or the expansion of current populations.  As such, upper thermal limits of 

the subspecies should be carefully considered when evaluating the suitability of 

potential habitat restoration.    

Although stream temperature plays a vital role in the successful restoration of 

native cutthroat trout populations, the specific thermal requirements of Rio Grande 

cutthroat trout have not been investigated.  Current water temperature standards in 

Colorado are currently based on non-native cutthroat trout subspecies (i.e., 

Bonneville O. c. utah, Lahontan O. c. henshawi, Snake River O. c. behnkei, 

Westslope O. c. lewisi, and Yellowstone O. c. bouvieri; Todd et al. 2008).  Variation 

in the response to elevated temperatures among cutthroat trout subspecies (Wagner et 

al. 2001) may mean that these current standards are not adequate to protect native Rio 
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Grande cutthroat trout.  The objective of this study was to assess the sublethal and 

lethal effects of static and fluctuating temperatures on the survival of age-0 Rio 

Grande cutthroat trout.  Critical thermal maximum was assessed to determine the 

effects of fish size on upper thermal limits and the ACE method was used to assess 

the effects of chronic exposure to both static and diel fluctuating temperatures.  Upper 

thermal limits from these experiments will be beneficial when developing water 

temperature standards to protect currently occupied Rio Grande cutthroat trout habitat 

and to identify suitable habitat for population translocations.   

 

Methods 

Critical thermal maximum 

The critical thermal maximum was assessed to evaluate the effect of size on 

acute thermal limits and compare the limits of Rio Grande cutthroat trout with other 

salmonids.  Tests were conducted at New Mexico State University (NMSU) in July 

2009 over a six day period.  Before testing, fish (age-0 and age-1) were acclimated to 

14 ± 1°C for 14-d.  The testing apparatus consisted of a water bath heated by a hot 

plate, and either a 1 L beaker or small tank with an air stone to aerate and mix the 

water was placed within the water bath.  For each trial, a single fish was placed into 

the beaker or tank (depending on fish size) and acclimatized to the tank conditions for 

5 minutes.  Water temperatures were then increased 0.3°C per minute (Becker and 

Genoway 1979).  Temperature was recorded at the initial loss of equilibrium (ILOE), 

final loss of equilibrium (FLOE), onset of spasms (OS), and death (lethal thermal 

48 
 



 

maximum, LTM).  Immediately after death, the fish was removed, weighed (g) and 

measured for total length (mm).  Forty-nine fish ranging in size from 36 mm (0.3 g) 

to 181 mm (58.5 g) were used to obtain a range of CTM values.   

 

Static and diel fluctuating temperatures 

The effects of static and diel fluctuating temperatures on the growth and 

survival of age-0 Rio Grande cutthroat trout was assessed concurrently using the 

method of acclimated chronic exposure (ACE) (Selong et al. 2001; Widmer et al. 

2006; Bear et al. 2007; Carveth et al. 2007).  Study fish were obtained as age-0 post-

swim up fry from the New Mexico Department of Game and Fish Seven Springs 

Hatchery (Jemez Springs, NM).  Fish were held at NMSU lab facilities at 15 ± 1°C 

until transfer to testing facilities at the University of Arizona (UA) Environmental 

Research Laboratory (Tucson, AZ).  Thirty age-0 fish were anesthetized in 20 mg/L 

MS-222 (Argent Chemical Laboratories, Redmond, Washington), measured (TL; 

mm) and weighed (g), and then placed into one of 33 randomly selected 75 L 

rectangular tanks.  Fish averaged 64.7 mm (standard deviation (SD) 8.25 mm; range 

46 - 90 mm) and 2.65 g (SD 1.13 g; range 0.7 - 7.1 g) at the beginning of acclimation.  

Tanks received water from two head tanks maintained at 10°C and 35°C using a 

chiller and heater, respectively.  Water from each head tank was mixed to obtain test 

temperatures using computer-controlled IntellefaucetsTM (Hass Manufacturing 

Company, Averill Park, New York).   Water was delivered to test tanks for three 

minutes every 30 min at 4 L/min.  A recirculating water system pumped water from 
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tanks into a biofilter, particle filters, and a 390 watt UV sterilizer and returned to the 

two head tanks.  Each test tank contained a small powerhead to continuously mix 

water and an air stone to aerate the water to maintain atmospheric saturation.  

Thermocouples within each tank monitored temperature through a laptop, equipped 

with Labview software, to maintain and record temperatures at 10 min intervals.  

After fish were acclimated at 14 ± 1°C for 14-d, tank temperatures were increased at a 

rate of 1°C per day until static temperatures or the mean of each diel temperature 

treatment was reached.  Tank temperature increases were staggered so that all 

treatments reached target test temperatures the same day (3 - 14 days depending on 

treatment temperature) and subsequently maintained for 30 d.  Static temperature 

treatments included 17, 19, 22, 24, 26, and 28°C (Table 2.1) and were representative 

of the upper spectrum of temperatures experienced by Rio Grande cutthroat trout 

throughout currently occupied habitat (Alves et al. 2008).   Diel fluctuating 

temperatures were selected based on the static temperature treatments 19, 22, and 

24°C and were subjected to a low (± 3°C) and high (± 5°C) fluctuations (Table 2.1).  

The 19°C static temperature did not have a high fluctuation treatment (15 - 24°C) due 

to limitations of the testing system.  The minimum and maximum temperatures of 

each fluctuation were reached at 0200 and 1400, respectively.   

Fish were fed to satiation twice daily using BioVita Starter (Bio-Oregon, 

Longview, Washington).  Dissolved oxygen concentrations (mg/L) were measured 

daily and tanks were cleaned to remove uneaten food and waste.  Dissolved oxygen 

concentrations averaged 7.8 mg/L (6.1 - 8.8 mg/L) and saturation levels averaged  
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Table 2.1.  Static and diel fluctuating temperature treatments 
used to test the upper thermal tolerance of Rio Grande cutthroat 
trout over a 30 d period. 

Static (°C) Diel fluctuating (°C) (mean[°C]) 
17 16 - 22 (19) 
19 17 - 27 (22) 
22 19 - 25 (22) 
24 21 - 27 (24) 
26 19 - 29 (24) 
28 -  
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95.6% (73.3 - 106.5%).  Ammonia (mg/L) and nitrite (mg/L) concentrations were 

measured daily in three randomly selected tanks.  Average ammonia (0.13 mg/L as 

total N; 0.07 - 0.23 mg/L) and average nitrite (0.07 mg/L as total N; 0.03 - 0.15 mg/L) 

concentrations were well below reported lethal limits for cutthroat trout (Thurston et 

al. 1978).  To minimize handling and stress related to repeated anaesthetization, bulk 

weights of fish for each tank were taken on day 1 and 30 using a Pesola Lightline 300 

g scale (Pesola, Baar, Switzerland).    

 

Statistical analyses 

 Heating rate can have a significant effect on the fishs’ endpoint temperature in 

CTM experiments.  A one-way analysis of variance (ANOVA) was used to determine  

if any differences in heating rates between CTM trials existed.  Common diagnostic 

tests indicated that the residuals of the one-way ANOVA met assumptions of a 

normal distribution, a mean of 0, and homogenous variance.  Simple linear regression 

was used to determine the effects of weight on temperature at each endpoint.  

Diagnostic tests indicated that each regression met assumptions of residual normality 

and homoscedasticity.   For static and fluctuating temperature experiments, growth 

rate was assessed using daily relative growth rate:  

G = [(Y2 – Y1)/(Y1 × t)] × 100, 

where Y1 equals initial length, Y2 equals final length, and t is change in time (Ricker 

1979).  The effects of exposure to static temperatures were examined using several 

metrics.  The ultimate upper incipient lethal temperature (UUILT) at the end of the 30 
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d experiment was calculated as the LT50 using the Trimmed Spearman-Karber 

method (Hamilton et al. 1977).  To determine the effect of exposure time, the LT50 

was calculated using daily survival rates on day 1, 3, 7, 10, 15, 20, and 25 following 

the same method for calculating the UUILT.  A nonlinear curve was fit to the LT50 

data to develop a survival curve (Bear et al. 2007).  Survival for diel fluctuating 

temperature regimes were compared to corresponding static temperatures using the 

Tukey-Kramer honestly significant difference test.  Fluctuating temperature 

treatments were compared using daily mean temperature to the corresponding static 

temperature treatment (e.g., static temperature treatment 22°C vs. 19 - 25°C and 17 - 

27°C).  Analyses were conducted in R 2.10.1 (R Developmental Core Team 2010).   

 

Results 

Critical thermal maximum 

Heating rates were not detectably different among trials (averaged 0.31°C/min, range 

0.30 - 0.34°C/min; SD = 0.008°C/min; ANOVA: F48, 2391 = 0.45; P = 0.99).  The 

ranges of critical thermal maxima for Rio Grande cutthroat trout at each endpoint 

often overlapped, but there was an increase in mean temperature for each endpoint 

(Table 2.2).  A negative relationship between weight and temperature was detectable 

for all endpoints (P < 0.001; Figure 2.1) reflecting that larger fish (greater weight) 

exhibited lower thermal limits in comparison to smaller fish (lower weight).  
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Table 2.2.  Critical thermal maximum (mean CTM ± SE) for Rio Grande 
cutthroat trout at four different endpoints and their relationship to weight. 
(ILOE : initial loss of equilibrium; FLOE: final loss of equilibrium; OS: onset 
of spasms; LTM: lethal thermal maximum). 
Endpoint Mean (°C) Relationship to Weight R2 P 

ILOE 28.63 ± 0.09 ILOE = 29.07 - 0.023(Wt) 0.39 < 0.0001 
FLOE 29.15 ± 0.09 FLOE = 29.51 - 0.018(Wt) 0.38 < 0.0001 

OS 29.53 ± 0.07 OS = 29.78 - 0.012(Wt) 0.23 0.0004 
LTM 29.87 ± 0.07 LTM = 30.10 - 0.011(Wt) 0.24 0.0004 
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Figure 2.1.  Results from critical thermal maximum tests for 49 Rio Grande cutthroat 
trout.  The relationship between weight (g) (Wt) and endpoints (ILOE initial loss of 
equilibrium, FLOE final loss of equilibrium, OS onset of spasms, and LTM lethal 
thermal maximum).  
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Static and diel fluctuating temperatures  

 Static and fluctuating temperatures deviated little from set points for each 

treatment.  The average deviation for static treatments was 0.41°C from the set point 

(range: 0.13 – 0.94°C) and 0.18°C for fluctuating treatments (range = 0.04 – 0.33°C).  

Survival throughout acclimation and ramping to respective static temperature 

treatments was high (≥ 93%) for all treatments except 28°C where all fish died during 

temperature ramping.  Fish began to die in the static 26°C treatment on day 1, and by 

day 4, no fish survived (Figure 2.2).  In the 24°C static treatment, fish began to die at 

day 3 and no fish survived to day 12 (Figure 2.2).  Survival in the 19°C and 17°C 

static temperature treatments were high (> 96%) for the entire 30 day experiment.  

The LT50 on day 1 was 26.1°C (95% confidence interval [CI] = 25.9 – 26.5°C), 

declined to 23.3°C (95% CI = 23.0 – 23.6°C) by day 7, and continued to decline over 

the entire 30 days (Figure 2.3).  By day 30, the UUILT was 21.6°C (95% CI = 21.3 – 

22.0°C).  Growth was assessed only at 17°C and 19°C because of low or no survival 

at other temperature treatments.  Average relative growth rate was 4.4%/d and 3.8%/d 

for 17°C and 19°C, respectively.   

Survival within diel temperature treatments was 100% during acclimation and 

ramping periods.  On the first day of the experiment all fish died within 30 min of 

reaching 29°C in the 19 - 29°C [mean 24°C] treatment.  Fish began to die on day 1 in 

the 21 - 27°C [24°C] and 17 - 27°C [22°C] treatments resulting in 100% mortality 

within 4 and 6 days of experiment, respectively (Figure 2.4).  Although mortality  
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Figure 2.2.  Percent cumulative daily mortality of Rio Grande cutthroat trout 
subjected to static temperature treatments of 22°C, 24°C, and 26°C (n=3).   
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Figure 2.3.  Relationship between temperature and survival of Rio Grande cutthroat 
trout exposed to static temperature treatments for 30d.  Each symbol represents the 
temperature lethal to 50% of the fish (LT50) for a particular length of exposure (day).  
Bars represent the 95% confidence intervals of the LT50. 
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Figure 2.4.  Percent cumulative mortality of Rio Grande cutthroat trout subjected to 
diel temperature fluctuations of 17 - 27°C, 21 - 27°C, and 19 - 25°C for each 
fluctuating treatment (n = 3).   
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began on day 2 of the experiment in the 19 - 25°C [22°C] treatment, cumulative 

mortality did not exceed 50% until day 17 of the experiment with 30% of  

fish surviving the entire 30 days (Figure 2.4).  Survival for both the 19°C and 16 - 

22°C [mean 19°C] treatments were 100% throughout the entire experiment.  Survival 

was not detectably different between the static 22°C and the 6°C fluctuating treatment 

[19 - 25°C; mean 22°C]; however, survival was significantly different between the 

static 22°C and the 10°C fluctuating treatment [17 - 27°C; mean 22°C] revealing a 

sub-optimal threshold was reached when fish were subjected to a greater daily 

maximum temperature of 10°C versus 6°C (Table 2.3).  On day 1, survival in the 

static 24°C and narrow range fluctuating temperature treatment [21 - 27°C; mean 

24°C] were not significantly different from one another.  Survival in both were  

significantly different from the 10°C fluctuating temperature treatment [19 - 29°C; 

mean 24°C] (Table 2.4).  Reaching a daily maximum temperature may have also 

increased mortality in both treatments as thermal stress is both a factor of exposure 

time and the temperature reached. 

Fungus (Saprolegnia spp.) began to develop on day 1 in the static 24°C 

treatment and in several other static and fluctuating temperature treatments prior to 

the start of the tests.  Although a 390 watt UV sterilizer was in place to eliminate 

pathogens within the recirculating system, a large portion of fish (<30%) within each 

of the higher temperature treatments became infected.  The percent incidence of 

Saprolegnia spp. observed on fish was greatest in the fluctuating treatment 19 - 25°C 

[22°C] (26.1%), followed by static 22°C (25.8%), static 24°C (23.3%), and static 
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28°C (6.9%) treatments (Figure 2.4).   However, Saprolegnia spp. was not expressed 

in fish within the static treatments of 17°C and 19°C and the fluctuating treatment 16 

- 22°C [19°C] throughout the entire study.  The fungus did not have sufficient time to 

establish itself in treatments that resulted in lethality.  Interestingly, three fish in the 

19 - 25°C [22°C] treatment developed scoliosis during the experiment and survived 

the entire 30 days. 

  

Discussion  

 The acute thermal responses of Rio Grande cutthroat trout in this study were 

similar to other salmonids and subspecies of cutthroat trout.  Depending on 

acclimation temperature and the specific endpoint used, CTM limits for cutthroat 

trout (Bonneville O.c. utah, Yellowstone O.c. bouvieri, and fine-spotted Snake River  

O.c. behnkei) have been reported between 27.9°C and 28.3°C (Wagner et al. 2001) 

which were similar to the CTM (28.6°C; initial loss of equilibrium) observed for Rio 

Grande cutthroat trout in this study.  Critical thermal maxima for Rio Grande 

cutthroat trout were nearly 1°C lower than non-native salmonids that occur within the 

subspecies’ range, including brown trout Salmo trutta (29.9°C) (Elliott and Elliott 

1995), and rainbow trout Oncorhynchus mykiss (29.1°C) (Currie et al. 1998) 

acclimated to similar temperatures and subjected to similar temperature increases.  

Rio Grande cutthroat trout consistently exhibited lower CTM when compared to non- 

native salmonids subjected to similar methods.  Mounting evidence indicates that 

cutthroat trout, including Rio Grande cutthroat trout, have lower acute thermal limits
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Table 2.3. Comparison of survival (%) for Rio Grande cutthroat trout between static 
treatment of 22°C and diel fluctuations of ±5°C and ±3°C treatments with a daily mean of 
22°C.  Treatments with statistically significant differences in survival for each day are 
assigned a different letter (Tukey-Kramer honestly significant difference test: q = 3.95, α = 
0.05). 

 
Mean Survival (%) 

Treatment (°C) Day 1 Day 3 Day 7 Day 11 Day 15 Day 20 Day 25 Day 30 
22 100.0z 100.0z 86.7z 81.1z 67.8z 61.1z 53.3z 41.1z 

19-25 100.0z 98.9z 76.7z 67.8z 56.7z 46.7z 35.5z 30.0z 
17-27 49.1y 5.6y 0.0y 0.0y 0.0y 0.0y 0.0y 0.0y 

 

 

 

Table 2.4. Comparison of survival (%) for Rio Grande cutthroat trout between static 
treatment of 24°C and diel fluctuations of ±5°C and ±3°C treatments with a daily mean of 
24°C.  Treatments with statistically significant differences in survival for each day are 
assigned a different letter (Tukey-Kramer honestly significant difference test: q = 3.95, α = 
0.05). 

 
Mean Survival (%) 

Treatment (°C) Day 1 Day 3 Day 7 Day 11 Day 15 Day 20 Day 25 Day 30 
24°C 100.0z 67.8z 33.3z 1.1z 0.0z 0.0z 0.0z 0.0z 

21-27°C 87.5z 11.3y 0.0y 0.0z 0.0z 0.0z 0.0z 0.0z 
19-29°C 0.0y 0.0y 0.0y 0.0z 0.0z 0.0z 0.0z 0.0z 

 
 



 

 

 

 

 

 

Figure 2.5.  Mean percentage of Rio Grande cutthroat trout infected with Saprolegnia 
spp. in each treatment over the 30 day experiment.  Lines on each bar indicate 
standard error. 
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in comparison to non-native salmonids which places cutthroat trout at a competitive 

disadvantage when distributions overlap because of the higher acute thermal limits of 

non-native salmonids (De Staso and Rahel 1994; Bear et al. 2007).     

Investigation of the effects of size (weight) on CTM values indicated that 

larger fish succumbed to the effects of acute thermal stress at greater rates than 

smaller fish.  Differences in sexual maturity, sex, and size can affect the critical 

thermal maximum of a specific species of fish (Becker and Genoway 1979).  The 

effect of body size on thermal limits is based on few studies but different species may 

be differently affected (Cox 1974; Wagner 2001; Ospina and Mora 2004).  The effect 

of size on the CTM of Rio Grande cutthroat trout while statistically significant, were 

small (0.1 – 0.2°C per 10 g) and not likely ecologically significant.  Weight only 

described up to 39% of the variation in the temperature at endpoint for any one of the 

four endpoints used.  Although the relationship between fish size (weight) 

temperature at endpoint was small, researchers should carefully consider size effects 

on the upper thermal limits of some fish species.  Despite the usefulness of the CTM 

method in determining the differences of upper thermal limits between and within a 

species (Lutterschmidt and Hutchison 1997), the unnaturally rapid temperature 

change used in the test relegates its usefulness in determining the actual temperature 

tolerance of fishes (Selong et al. 2001).  Adjusting the magnitude of the temperature 

increase to mimic those observed in stream environments where fish occur may allow 

for a more ecological use of the test (Geist et al. 2010).   
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When compared to CTM, long-term chronic exposure to static and diel (6oC 

and 10oC) fluctuating temperatures provided a better indicator of environmentally 

relevant thermal limits of Rio Grande cutthroat trout.  Traditional tests of upper 

thermal limits have often been based on short-term (7-d) exposures to extreme 

temperatures.  We obtained a 7-d UUILT for Rio Grande cutthroat trout (23.4°C) and 

a 30-d UUILT (21.6°C) that was similar to Westslope cutthroat trout (7-d UUILT = 

24.1°C; Bear et al. 2007) and bull trout Salvelinus confluentus (7-d UUILT = 23.5°C; 

Selong et al. 2001), but several degrees lower than reported limits for rainbow trout 

(7-d UUILT = 26.0°C; Bear et al. 2007).   Results from this experiment indicates that 

Rio Grande cutthroat trout can survive long-term exposure (30-d) at 22°C and below, 

but exposure to higher temperatures quickly decreases activity, increases 

susceptibility to pathogens, and reduces survival.  Above 22°C, Rio Grande cutthroat 

trout became lethargic and ceased feeding after several days.    

Although static temperature tolerance is often used in determining water 

quality standards for water temperature, experiments using static temperatures do not 

accurately represent the temporal cycle of stream temperature.  The few studies that 

employed diel temperature fluctuations to determine the upper thermal tolerance of 

cutthroat trout demonstrated that exposure to high temperatures were tolerable for 

short periods of time if temperatures receded below thermally stressful levels 

(Dickerson and Vinyard 1999; Johnstone and Rahel 2003).  When Rio Grande 

cutthroat trout were held at 17 - 27°C [22°C] and 21 - 27°C [24 °C], fish survived up 

to 5 days with temperatures reaching 27°C for approximately two hours per day.  Fish 
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exposed to a diel cycle of 6°C, where daily maximum temperatures reached 25°C, 

exhibited lower mortality throughout the entire experiment when compared to fish 

held at a static temperature of 26°C (did not survive beyond day 3 in the test).  None 

of the fish in the 16 - 22°C treatment died during the 30 d test despite temperatures 

exceeding the 30-d UUILT for more than 2 hours per day.   

Determining an exact guideline for thermal limits based on results from 

laboratory-derived experiments is difficult due to differences in exposure time and 

temperature fluctuations.  Rio Grande cutthroat trout appeared stressed (reduced 

feeding) with moderate mortality when maximum temperatures exceeded 25°C.  

Maximum temperatures of 27°C or above resulted in mortality, thus these fish would 

not occupy habitat where temperatures exceed this threshold.  Greater daily 

fluctuations and shorter exposure times to temperatures above 25°C may affect 

survival.  Fish can survive exposure to sub-lethal temperatures if exposure time is 

short and daily minimum temperatures allow sufficient physiological repair from 

exposure to high temperatures.  Our protocol may have had unintended effects on the 

survival of fish in the diel fluctuating temperature treatments.  Fluctuations were 

initiated after increasing temperatures to the daily mean of the fluctuation.  In other 

words, increasing temperatures above the UUILT before the fluctuations were 

initiated would have increased thermal stress on the fish before the experiment began. 

It may be more relevant to start the diel fluctuations at the daily minimum, as these 

temperatures were well below the UUILT. 
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Incidence of disease   

 Although an ultra-violet sterilizer was incorporated in the experimental 

system to eliminate pathogens, Saprolegnia spp. infections occurred at 22°C and 

above.  The fungus is considered a secondary pathogen that opportunistically infects 

fish if immunocompromised by a prior stress such as unfavorable temperatures (Noga 

2000; Bruno and Wood 1999).  Although higher temperature treatments (28°C) 

resulted in fish infected with Saprolegnia spp., the incidence was much lower (6.9%) 

compared to fish at 22°C (25.8%) and fish at 24°C (23.3%).  The lower incidence of 

infection at the higher temperature treatments was presumably the result of fish 

reaching lethal thermal limits prior to proliferation of the fungus.  Stressful 

environmental conditions such as sub-optimal temperature can result in outbreaks of 

infectious diseases in fish populations by increasing susceptibility to disease 

(Snieszko 1974).  Many diseases in salmonids have greater virulence at sublethal 

temperatures (Holt et al. 1975).  Other pathogens that infect salmonid species when 

immunocompromised by sub-lethal temperatures include Yersinia ruckeri (Tobback 

et al. 2007) and Renibacterium salmoninarum (Jones et al. 2007).  Future climate  

change is expected to increase stream temperatures, with sub-lethal temperatures 

reached earlier in the year and maintained for longer periods (Ficke et al. 2007).  

 

Management implications 

The upper thermal limits of Rio Grande cutthroat trout were approximately 1 -

3°C lower using the acclimated chronic exposure in comparison to non- natives that
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Table 2.5.  Summary of ultimate upper incipient lethal temperature (UUILT) and critical thermal maxima (CTM) for 
subspecies of cutthroat trout and non-native salmonids that occur within the historic range of Rio Grande cutthroat 
trout.  

Species UUILT (°C) CTM (°C) 
Acclimation 

Temperature (°C) Reference 
Rio Grande cutthroat trout 21.6 (30 d) 28.6 14 This study 

Oncorhynchus clarki virginalis 23.4 (7 d) 
  Westslope cutthroat trout 19.6 (60 d) 
  Bear et al. 2007 O. clarki lewisi 20.4 (30 d) 
  

 
24.1 (7 d) 

  Bonneville cutthroat trout 24.2 (7 d) 
  

Johnstone and Rahel 2003 
O. clarki utah 

 
27.9 - 28.3 13.6 - 18.0 Wagner et al. 2001 

Lahontan cutthroat trout 24 - 25 (7 d) 
  Dickerson and Vinyard 1999 

O. clarki henshawi 
   Rainbow trout 24.3 (60 d) 

  Bear et al. 2007 O. mykiss 24.6 (30 d) 
  

 
26.0 (7 d) 

  
  

28.4 - 29.3 10 - 20 Lee and Rinne 1980 
Brook trout 24.3 (7 d) 

 
10 - 20 McCormick et al. 1972 

Salvelinus fontinalis 
 

28.7 - 29.7 10 - 20 Lee and Rinne 1980 
Brown trout 24.7 (7 d) 

 
15 Elliot 1981 

Salmo trutta   28.9 - 29.8 10 - 20 Lee and Rinne 1980 

 
 



 

occur in the subspecies range.  The higher temperature tolerance of non-natives 

imparts a competitive advantage by allowing them to increase their range and 

abundance in areas thermally restrictive or marginal for Rio Grande cutthroat trout.   

Bear et al. (2007) demonstrated that rainbow trout had a competitive advantage over 

Westslope cutthroat trout at temperatures above 22°C.  When temperatures exceeded 

20°C, De Staso and Rahel (1994) indicated similar competitive advantages for brook 

trout over Colorado River cutthroat trout.  The lower thermal limits as well as the 

competitive advantage by non-natives at lower elevations may explain why native 

Rio Grande cutthroat trout predominate in higher elevation headwater strongholds, 

unless placed there by management actions.  Negative impacts from future climate 

change such as temperature increases could further decrease Rio Grande cutthroat 

trout populations as non-natives move upward in elevation, where not restricted by 

barriers. 

 The use of both static and diel fluctuating temperatures in chronic thermal 

exposure will be useful in revisiting criteria for water quality standards protective of 

the subspecies.  Inferences from laboratory studies are often used to establish water 

quality standards to protect imperiled species (Bear et al. 2007; Todd et al. 2008) and 

determine the ability of a species to withstand habitat and environmental disturbances 

(Shuter and Meisner 2000), however, these are not reflective of ecologically or 

environmentally relevant levels.  Current water quality criteria in New Mexico has 

designated most Rio Grande cutthroat trout habitat as “high quality coldwater” with 

maximum temperatures not to exceed 23°C for 4 or more consecutive hours in a 24 
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hour period or 20°C for more than three consecutive days (NMWQCC 2000).  The 

New Mexico water quality criteria is much lower than derived thermal limits (1-d 

UUILT of 26.1°C (acute limit) and 7-d UUILT of 23.3°C (chronic limit)) calculated 

for Rio Grande cutthroat in this study.  Water quality criteria in Colorado is more 

stringent with all coldwater tier 1 designated streams in the state not to exceed an 

acute limit of 21.2°C (defined by highest two-hour mean in a 24-hour period) or a 

chronic limit of 17°C (defined by the maximum weekly average temperature) (Todd 

et al. 2008).  Regulatory standards must be several degrees below UUILT limits 

because the limit represents the temperature lethal to 50% of the population and 

standards must be lowered to protect the entire population from negative effects of 

thermal stress.  While water quality standards in both states appear to provide thermal 

protection for the subspecies, standards could be altered to reflect the importance of 

not only the maximum temperature reached but also the period of time the maximum 

temperature is maintained.  Further investigations into the thermal requirements and 

limits for different life stages (e.g., eggs, sac fry, and adults) are needed to describe 

the thermal needs of salmonid species and better define protective water quality 

standards that would be directed to protect the most sensitive coldwater species. 
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Chapter 3: Current and future thermal regimes within the current and historic 

range of Rio Grande cutthroat trout 

 

Abstract 

Climate change has the potential to negatively affect sensitive aquatic species 

limited in their dispersal and ability to migrate to suitable habitats.  Climate change 

was deemed a major threat to the future persistence of Rio Grande cutthroat trout 

Oncorhynchus clarkii virginalis, although little information exists on the potential 

impacts a warming climate will have on the subspecies.  The purpose of this research 

was to evaluate thermal and hydrological regimes within currently occupied Rio 

Grande cutthroat trout habitat and determine future thermal regimes across the 

subspecies historic range.  From field data collected in 2010 and 2011, the majority of 

habitat was determined to be within optimal thermal limits for the subspecies; 

however, 39 streams in 2010 and 67 streams in 2011 experienced baseflow discharges 

less than 0.028 m3/s.  A spatial model was used to predict stream temperatures across 

the subspecies historic range under current and future (2.5°C and 5.0°C) air 

temperatures.  Current air temperatures predicted 42.2% of available historic stream 

length was within optimal thermal limits for Rio Grande cutthroat trout and the 

amount of optimal thermal stream length increased to 45.3% when a 5.0°C air 

temperature increase was used in the spatial model.  It is important to note that the 

increase in optimal thermal stream length was due to a shift in optimal habitat 

upstream as high elevation stream reaches shifted from sub-optimal to optimal.  
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While the model predicted an increase in thermal habitat, lower discharges at higher 

elevations indicated a net decrease in optimal habitat.  High elevation stream reaches 

are smaller, provide less year-round habitat, and often support smaller populations 

than downstream reaches.  Future temperature increases will not alleviate these 

concerns as populations will be forced further upstream into higher elevation and 

smaller stream reaches.   

 

Introduction 

 Abiotic conditions play an important role in determining the success of native 

western salmonids at both the individual and population level.  Two of the most 

important conditions within a stream environment are temperature and hydrology.  

Native cutthroat trout Oncorhynchus clarkii of the intermountain west are ectothermic 

and thermally sensitive (Beitinger et al. 2000); temperatures outside a subspecies 

optimal thermal niche can decrease growth (Meeuwig et al. 2004; Bear et al. 2007), 

alter interactions with non-natives (De Staso and Rahel 1994), and decrease survival 

(Dickerson and Vinyard 1999; Johnstone and Rahel 2003; Bear et al. 2007).  

Hydrology also negatively affects salmonid populations at both the individual and 

population level.  Altered hydrological regimes such as drought can decrease growth 

rates (Weatherly et al. 1999; Harvey et al. 2006), reduce reproductive success (Jager 

et al. 1991), and decrease population abundance (Jager et al. 1999). 

 Stream temperatures vary spatially and temporally across a watershed at both 

the local and the regional scale.  Water temperature throughout a stream network 
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typically increases in the downstream direction, with large low elevation streams 

having greater daily mean and maximum temperatures compared to small high 

elevation streams (Caissie 2006).  Although larger low elevation streams are often 

warmer than small high elevation streams, diel variability is lower in larger streams 

because of increased water volume and depth.  In addition to elevation, other factors 

that influence  thermal regime of a stream include meteorological conditions (Caissie 

2006; Isaak et al. 2011), landscape topography (Isaak and Hubert 2001), stream 

discharge (Caissie 2006; Webb et al. 2008), and stream geomorphic features (Caissie 

2006; McKenna et al. 2010).  Of these, meteorological conditions (air temperature), 

represent the most available and likely surrogate for modeling stream temperature.   

Stream temperature exhibits a linear relationship with air temperature when 

air temperatures are above 0°C (Webb and Nobilis 1997; Pilgrim et al. 1998).  The 

relationship between stream and air temperature takes on an ‘S’- shape (logistic 

function) as air temperatures increase above 20°C or decrease below 0°C (Mohseni et 

al. 2002).  The upper boundary of stream temperature (generally above 20°C)  is 

controlled by localized climate conditions that alter evaporative cooling at the 

water/air boundary (Mohseni and Stefan 1999; Mohseni et al. 2002).  Air 

temperatures below 0°C may slightly cool stream temperatures below 0°C but is 

precluded from dropping further due to formation of ice (Mohseni and Stefan 1999).  

Formation of ice on streams at very low air temperatures prevents the exchange of 

heat at the air/water boundary and thus prevents any additional cooling of stream 

temperatures below 0°C. 
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 Air temperature has often been used as a surrogate when predicting changes in 

stream temperature associated with declines in available coldwater habitat for 

salmonids (Eaton and Scheller 1996; Keleher and Rahel 1996; Rahel et al. 1996; 

Fleebe et al. 2006; Battin et al. 2007).    However, the majority of these studies 

assumed that air temperature will have a linear relationship with stream temperature; 

with stream temperature increasing 1°C for every 1°C increase in air temperature 

(Keleher and Rahel 1996; Fleebe et al. 2006).  Morrill et al. (2005) examined the 

relationship between stream and air temperature for several geographically diverse 

rivers from different areas of the world and observed that most streams exhibited a 

0.6°C – 0.8°C increase in stream temperature for every 1°C increase in air 

temperature.  Isaak et al. (2010) demonstrated that mean summer stream temperatures 

within the upper Boise River system increased 0.48oC from 1993 to 2006 due to 

increases in air temperature and concomitant decreases in stream flow.  Although air 

temperature had a dominant role in altering predictions of stream temperature across 

the Boise River system, air temperature parameters used to model stream temperature 

were well below 1.0.  The authors speculated that site specific elevational 

mechanisms may alter the relationships between air and water temperature, making 

streams less sensitive to air temperature increases.  If relationships between air and 

stream temperature are not accurately taken into account, models used to predict 

future changes in coldwater habitat could over or under predict the realized amount of 

habitat loss. 
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    Rio Grande cutthroat trout O. c. virginalis are the southernmost subspecies of 

cutthroat trout occupying arid watersheds in New Mexico and southern Colorado 

(Behnke 2002) and their future persistence is at risk due to a number of factors 

including the effects of climate change (U.S. Federal Register 2008).  Currently the 

species occupies 12% of its historical range with populations confined to small and 

isolated high elevation streams (Alves et al. 2008).  An assessment of the long term 

persistence of this native salmonid under a series of climate change scenarios is 

needed to determine potential risks to current populations and future management 

actions.  Large gaps in stream temperature data throughout the subspecies range 

prevents an accurate assessment of the likely effects that climate change will have on 

this native coldwater fish and other imperiled fishes.  A management tool is needed 

that will provide managers with the capability and accuracy for long term predictions 

if they are to manage for imperiled species in a changing climate.   

The goal of this study was to assess the current and future thermal habitat 

throughout the current and historic range of Rio Grande cutthroat trout.  This study 

assessed current habitat conditions by monitoring stream temperature and collecting 

summer baseflow data within currently occupied Rio Grande cutthroat trout 

populations.  Future habitat conditions were examined by developing a model to 

predict stream temperatures and determine the amount of optimal habitat available to 

Rio Grande cutthroat trout by predicting a 2.5oC and 5.0oC increase in air 

temperatures to characterize thermal habitat changes across the subspecies northern 

historic range.   Current air and water temperature data from individual Rio Grande 
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cutthroat trout streams and the stream temperature model will assist managers 

working to preserve the subspecies by identifying populations currently at risk or at 

risk from anticipated changes in stream temperature due to a changing climate. 

 

Methods 

Stream and air temperatures and stream discharge 

Stream and air temperature and summer baseflow monitoring were initiated in 

the spring of 2010.  Study streams were selected in collaboration with New Mexico 

Department of Game and Fish, Colorado Parks and Wildlife, U.S. Forest Service 

(Santa Fe, Carson, and Rio Grande National Forests), National Park Service (Great 

Sand Dunes National Park), and the U.S. Fish and Wildlife Service (USFWS).  Initial 

study streams were characterized by the USFWS as ‘high quality’ based on genetic 

purity, absence of non-native salmonids, and population size.  Additional streams 

were selected where thermal and/or hydrological threats were of concern.   

 Temperature data loggers (Onset Computer Corporation HOBO U22 Pro v2 

Water Temperature Data Loggers) were used to measure both stream and air 

temperatures at one hour intervals.  Before deployment, data loggers were calibrated 

using two water baths maintained at 0°C and 25°C (Dunham et al.  2005).  Flow-

through 38.1 mm white PVC housings were constructed to protect data loggers from 

physical damage and curtail bias effects of solar radiation exposure (Dunham et al.  

2005).  Initially data loggers were deployed within each cutthroat trout population at 

the downstream extent of occupied habitat while avoiding tributaries, groundwater 
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seepage, or beaver ponds that could potentially bias temperature regimes or where 

access was restricted.  If these biases were observed, the sites were relocated 

upstream from the population terminus.  Additional monitoring sites were added to 

several streams with cutthroat trout populations occupying a larger portion of the 

habitat, comprised large elevational changes, or found within areas that contained 

complex stream topography.  For water temperature, data loggers were placed in the 

thalweg of deep well-mixed habitats (i.e., runs) using metal rebar stakes.  Data 

loggers for air temperature were placed within 50 m of the stream data logger, 

suspended 1.5 m above the ground within a shaded area (e.g., north side of tree unless 

otherwise prevented).  Initial sites were established May and June 2010 with 

additional populations and sites added fall of 2010 and spring of 2011.  Sites were 

visited in the fall (September - October) of 2010 and 2011 to retrieve data from 

stream and air data loggers and redeploy additional stream data loggers if lost or dry.  

Stream temperature data were quality checked by examining the temperature 

records for periods where temperature increases were greater than 3°C per hour, 

exceeded 29°C, and daily temperature ranges were more than 15°C.  Air temperature 

data were also assessed for errors using graphical analysis in R 2.13.2 (R Core 

Developmental Team 2010).  If stream or air temperature data contained errors, the 

data were removed from further analysis.  Maximum weekly average temperature 

(maximum temperature of the average of mean daily temperatures over a rolling 7 

day period, MWAT) and the overall maximum temperature were calculated for each 

record.  Simple linear regression was used to investigate the relationship between 
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weekly average stream temperature and weekly average air temperature during the 

summer period (July 1st – August 31st). 

 In 2010, stream temperature data were collected at 60 sites (42 populations) 

and stream discharge at 54 sites (39 populations) (Figure 3.1).  In 2011, stream 

temperature data increased to 65 sites (45 populations) and the number of stream 

discharge measurements increased to 90 sites (65 populations).  Data from 15 sites in 

2010 and 13 sites in 2011 were not used either because the data was found to have 

errors or the data loggers were lost or stolen before the retrieval.  Monitoring sites are 

shown in Figure 1. 

 

Summer baseflows 

 When sites were visited each fall, stream discharge (cubic feet per second, cfs) 

was measured using either a Marsh-McBirney Flo-Mate Model 2000 or a U.S. 

Geological Survey (USGS) Pygmy-MH Meter Model 6225.  Flow was obtained using 

the mid-section method, where velocity measurements are taken at the linear 

midsection of a predefined interval within the stream channel (Harrelson et al. 1994).  

Discharge was then calculated as: 

𝑄𝑛 = 𝑎𝑛𝑉𝑛 

where an is the area of subsection n calculated as the depth multiplied by the width, 

Vn is the velocity of subsection n, and Qn is the discharge of subsection n.  Total 

discharge (cfs) for each site was then calculated as the sum of discharge (Qn) for all 

intervals. 
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Figure 3.1.  Location of temperature and discharge monitoring sites within occupied 
Rio Grande cutthroat trout habitat. 
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Discharge data was compared to nearby USGS or Colorado Division of Water 

Resources (CDOWR) operated stream gages where available (n = 6).  The effect of 

precipitation on discharge was determined by examining precipitation records from 

nearby Natural Resources Conservation Science Service SNOTEL stations.  Sites that 

indicated accumulated precipitation equal to or greater than 1.3 cm (0.5 in) within 

three days prior to the discharge measurement were marked as “precipitation 

affected”.  If multiple sites were located within a single Rio Grande cutthroat trout  

population, only discharge measurements taken from a major tributary or on the main 

stem of the stream were used for discharge comparisons.  Upstream sites within a 

population were also eliminated if no major tributary occurred between the upstream 

and downstream site. 

 

Historic stream temperatures 

A database of historical (prior to 2010) stream temperature records was 

developed  from the New Mexico Environmental Department, Santa Fe National 

Forest, and Carson National Forest monitoring data.  Records were screened for 

errors and data records that did not meet established criteria were removed from 

consideration.  Maximum weekly average temperature (MWAT) and the overall 

maximum temperature were calculated for each record.  Daily minimum, mean, 

maximum, and range were calculated for each dataset.  Stream temperature data 

collected from various agencies and for this project were used to predict current and 
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future stream temperatures across the northern historic range of Rio Grande cutthroat 

trout.   

Model development 

 Prediction of stream temperatures was restricted to 9,510 km or 98% of 

historical habitat in Colorado and northern New Mexico (Figure 3.2).  The prediction 

area consisted of fourteen 8-digit HUCs (hydrologic unit code) that provided 

approximately 10,400 km of presumed historical stream habitat, slightly more than 

was used to predict stream temperatures.  Historical habitat in southern New Mexico 

was eliminated from model predictions due to the paucity of stream temperature data 

for the area and few historical populations.  A total of 338 stream temperature records 

were used to develop a predictive model for stream temperature (Figure 3.2).   

Several different methods have been used to model stream temperatures 

including artificial neural networks (McKenna et al. 2010), regression type models 

(Isaak and Hubert 2001; Wehrly et al. 2009), geostatistical models (Gardner et al. 

2003; Isaak et al. 2010) and mechanistic models (Caissie et al. 2007; Wright et al. 

2008).  In this study a linear mixed model using low-rank thin-plate smoothing 

splines (hereafter referred to as low-rank smoothing) was used to predict stream 

temperatures.  Low-rank smoothing uses “knots” placed throughout the study area 

and smoothing splines to model the spatial autocorrelation based on the distance of 

study sites to knots (Ruppert et al. 2003).  This method accurately predicted stream 

temperatures across heterogeneous landscapes similar to those present in the study 

area (Wehrly et al. 2009).   
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Figure 3.2.  Streams where temperatures were predicted and location of stream 
temperature records used to develop the spatial model.  Knots used to develop spatial 
component of the model are also shown.  Inset shows location of historical Rio 
Grande cutthroat trout distribution in Colorado and northern New Mexico. 
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 Placement of knots is important in modeling the spatial autocorrelation of 

stream temperature data.  The recommended number of knots is n/4, where n = the 

number of data records, with a minimum of 20 and maximum of 150 knots.  Eighty-

four knots were selected for use to meet the n/4 criteria while staying below the 

maximum number of allowable knots.  Knots were placed within the prediction area 

using a spacing-filling design such that the sum of the minimum distances from each 

knot to the locations of the stream temperature data was minimized (Figure 3.2).  The 

OPTEX procedure in SAS 9.2 was used to select the locations of knots in the space 

filling design (SAS Institute Inc., 2009).  To determine how well the spatial model 

performed at modeling stream temperatures, nonspatial multiple linear regression was 

used to predict stream temperatures and provide a comparison.  The GLIMMIX 

procedure in SAS 9.2 was used to fit both the low rank smoothing model and the 

multiple linear regression model (SAS Institute Inc., 2009).  Diagnostic tests were 

performed to check the validity of both models, including checks for the normality of 

residuals.  Potential problems with multicolinearity of predictor variables were 

assessed using variance of inflation factors (Helsel and Hirsch 1992). 

 The MWAT for the month of July was selected as the response variable 

because July is usually the warmest month of the year and the MWAT is easily 

calculated and relatable to water quality standards.  As previously mentioned, air  

temperature alone is not always a reliable predictor of stream temperatures because 

topographical features can influence air/stream temperature relationships (Figure 3.3). 

Therefore, to increase the predictive ability of the model, two landscape 
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characteristics (contributing area and slope) were added to the model.  July mean air 

temperature data was obtained from published 4 km July minimum and maximum air 

temperature data (PRISM; Daly et al. 2008).  To obtain a mean July air temperature 

for each year (1999 – 2011), minimum and maximum July air temperatures were 

averaged.  An average of July mean temperatures from 2000 to 2009 was then 

calculated to provide an estimate of current air temperature conditions (hereafter 

referred to as base air temperatures).  Landscape characteristic data was compiled for 

each stream segment in the study area from the National Hydrography Database Plus 

(NHD Plus, 1:100,000 scale, http://www.horizon-systems.com/nhdplus).  Information 

on landscape characteristics and air temperature data used in the analysis is found in 

Table 3.1.    

Once knot locations and predictor variables were selected, the data was split 

into training (n = 300) and validation (n = 38) sites.  Predictive accuracy of the model 

was evaluated by predicting MWAT at the validation sites using the training set.  

Leave-one-out cross validation (LOOCV) was used develop predictions using the 

training data set.  The LOOCV method uses n – 1 of the original data set to make 

predictions at n so that each observation in the original data set is used once as the 

validation data and provides a relatively unbiased measurement of model 

performance (Olden et al. 2002).  Root mean square error (RMSE) of the validation 

set predictions and LOOCV predictions of the training set were calculated.  Root 

mean square error measures the difference between predicted and observed values in  
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Figure 3.3. Relationship between PRISM July mean air temperature and stream 
MWAT at 338 sites located within the northern historic range of Rio Grande cutthroat 
trout. 
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Table 3.1.  Geomorphic and meteorological variables used to predict stream MWAT across the 
historic range of Rio Grande cutthroat trout. 

Variable 

Correlation 
with stream 

MWAT Name Description References 
Amean 0.6568 Mean July Air 

Temperature 
Air temperature affects stream 
temperature by influencing 
heat exchanges; smaller 
streams should be more 
influenced by air temperature 
as they have a smaller volume 
of water that should be more 
affected by air temperature 

Webb and 
Nobilis 1997 

Area 0.7158 Contributing Area Contributing area is related to 
stream size; large streams 
carry greater volumes of water 
and are more resistant to daily 
temperature changes but are 
warmer because of 
contributing thermal inputs 

Donato 2002; 
Caissie 2006 

Slope -0.6175 Channel slope Should negatively affect 
stream temperature as the 
surface water in steeper 
subbasins has shorter time to 
gain heat from its 
surroundings; determines 
amount of time a unit volume 
of water is exposed to heat 
exchange with the atmosphere 

Donato 2002; 
Sloat et al. 
2005; Moore 
et al. 2005 

 
 



 

the model and is a useful estimator of the accuracy of the predictions made by the 

model.  The training and validation sets were then pooled and used to predict 

temperatures across the 9,510 km of historical stream distance.   

Predictions of stream temperatures were conducted on each stream segment 

(3,763 segments) within the study area.  The average of July mean air temperatures 

from 2000 to 2009 was used as the true base air temperature to model current stream 

MWATs.  To predict future changes in stream MWATs, an increase of 2.5°C and 

5.0°C over the base air temperature was used to simulate future increases in air 

temperature.  Availability of optimal stream habitat was estimated using Colorado tier 

1 water quality standards (Todd et al. 2008) and Rio Grande cutthroat trout 

laboratory-derived thermal limits with optimal temperatures between 13.3 and 

18.1°C, and sub-optimal temperatures less than 13.3°C and above 18.1°C (Brinkman 

and Vieira 2011).  The total amount of habitat in each category was then calculated 

for the base, 2.5°C, and 5.0°C air temperature conditions by summing the amount of 

stream kilometers in each category. 

 

Results 

Stream and air temperatures  

 Overall maximum temperatures in July ranged from 12.7°C to 25.5°C in 2010 

(n = 45) and from 7.5°C to 25.4°C in 2011 (n = 54) (Figure 3.4).  Maximum weekly 

average temperatures exhibited a narrower range, but varied from 7.4°C to 19.0°C in 

2010 and from 6.2°C to 17.6°C in 2011 (Figure 3.4).  While the majority of streams 
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were within optimal thermal limits for the subspecies, several were above the thermal 

criteria and likely above stressful thresholds.  Changes in overall maximum and 

MWAT varied from site to site, but the majority of sites revealed  elevated  

temperatures in 2011 compared to 2010 (Figure 3.5).  The average difference in 

overall maximum temperatures between 2010 and 2011 was +0.3°C (SD = 1.1°C).  

For MWATs, the average difference between 2010 and 2011 was 0.0°C (SD = 0.7°C), 

indicating that MWAT was more variable among individual sites.   

A total of eighty-nine (43 in 2010 and 46 in 2011) simple linear regressions were 

used to assess the relationship between air and stream temperatures within current 

populations of Rio Grande cutthroat trout.  At each site, the slope from the regression 

model was used to determine the amount of influence air temperature had on stream 

temperature.  In 2010, slopes ranged from 0.22 to 0.82 and had a mean of 0.54 (SD = 

0.12).  Slopes exhibited greater variation in 2011 and ranged from -0.51 to 0.64 with 

a mean slope of 0.08 (SD = 0.29).  The average slope for both years was 0.30 (SD = 

0.32).  Relationships between air and stream temperature at individual sites used in 

the analysis are shown in Appendix II.           

 

Summer baseflows  

 Baseflow conditions were represented by discharge measurements 

collected in September and October of both 2010 and 2011.  Discharge measurements 

were relatively unaffected by precipitation and only nine sites (17%) in 2010 and ten 

sites (11%) in 2011 showed altered flows due to rain events.  Differences between  
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Figure 3.4.  Overall maximum recorded stream temperatures in (a) 2010 and (b) 2011 
and maximum weekly maximum temperatures (MWAT) in (c) 2010 and (d) 2011 in 
currently occupied streams of Rio Grande cutthroat trout.  Bins reflect temperature 
measurements 1°C equal to or above the value (e.g., the 8°C MWAT bin is reflecting 
MWAT between 8°C and 9°C). 
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Figure 3.5.  Change in (a) overall maximum temperature and (b) maximum weekly 
average temperatures (MWAT) from 2010 to 2011 for sites located within occupied 
Rio Grande cutthroat trout habitat.  Average change between 2010 and 2011 was 
+0.3°C for overall maximum temperatures and 0.0°C for MWAT. 
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spot discharge measurement values and those recorded at the six USGS gages were 

small, differing by less than 20% for both years (Figures 6 and 7).  Discharge within 

Rio Grande cutthroat trout streams varied from 0.0006 m3/s to 0.21 m3/s in 2010 (n = 

54) and from 0.0003 m3/s to 0.29 m3/s in 2011 (n = 90).  Baseflow exhibited 

discharges less than or equal to 0.028 m3/s at 39 (72%) sites in 2010 and 67 (74%) 

sites in 2011 (Figure 8). 

 

Stream temperature models 

 The lowest AIC model was selected from which to make inferences (Burnham 

and Anderson 2002).  As indicated by lower AIC and RMSE values, the spatial model 

accurately predicted temperatures in comparison to the non-spatial model (Table 3.2).  

The better predictive ability of the spatial model was indicated by lower RMSE for 

both the leave-one-out cross validation of the training set (RMSE = 1.62°C) and for 

the validation set (RMSE = 1.88°C).  The non-spatial linear model had poorer 

predictive capabilities with leave-one-out cross validation of the training set (RMSE 

= 1.93°C) and validation set (RMSE = 1.97°C) having higher RMSE errors then the 

spatial model.  Parameter estimates in the final model were all significantly different 

than zero (P < 0.05, Table 3.3), except for the intercept (P = 0.4469).  Although the 

spatial model had relatively accurate predictions of MWATs, a slight bias over 

predicted the coldest sites and under predicted the warmest sites (Figure 3.9). 

97 
 



 

 

Figure 3.6.  Hydrographs for Carnero Creek in (a) 2010 and (b) in 2011, Casius Creek 
in (c) 2010 and (d) 2011, and San Francisco Creek in (e) 2010 and (f) 2011 used for 
comparison of measured discharge values in this study.  Yearly hydrographs are from 
U.S. Geological Survey or Colorado Division of Water Resources monitored gages.  
Points reflect the measured discharge value at stream temperature monitoring sites.  
Note that only San Francisco Creek currently contains populations of Rio Grande 
cutthroat trout. 
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Figure 3.7.  Hydrographs for Santistevan Creek in (a) 2010 and (b) in 2011, Trinchera 
Creek in (c) 2010 and (d) 2001, and Ute Creek in (e) 2010 and (f) 2011 used for 
comparison of measured discharge values used in this study.  Yearly hydrographs are 
from U.S. Geological Survey or Colorado Division of Water Resources monitored 
gages.  Points reflect the measured discharge value at stream temperature monitoring 
sites.  Note that only Trinchera Creek currently contains populations of Rio Grande 
cutthroat trout. 
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Figure 3.8.  Discharge measurements at sites within currently occupied Rio Grande 
cutthroat trout streams in (a) 2010 (n = 54) and (b) 2011 (n = 90).  Bins reflect 
measured discharge 0.5 cfs equal to or below the value (e.g., the 1.0 cfs bin includes 
measured discharges between 0.5 and 1.0 cfs).  Measurements include mainstems 
near termini, important tributaries, and mainstems below the influence of important 
tributaries.  Gray bars reflect discharges that were likely influenced by recent 
precipitation events, as identified by more than 0.5 inches of precipitation measured 
at the nearest SNOTEL station on the day of the discharge measurement combined 
with two days prior.  1 cfs is equal to 0.028 m3/s. 
 

 

 

 

 

100 
 



 

Stream temperature and habitat predictions 

 Predicted stream MWAT for the base air temperature (2000 – 2009) ranged 

from 5.62°C to 25.83°C, well within the range of observed temperatures from the 

current stream temperature database.  When 5.0°C air temperature increase was 

modeled, MWAT varied from 6.77°C to 26.98°C.  The standard error of predicted 

values averaged 0.85°C (range 0.32°C – 2.83°C) and were higher in  Colorado 

because few data records existed for most areas in Colorado (Figure 3.10).  Using 

current temperatures, the spatial model predicted 4,015 km (42.2%) of optimal stream 

length for Rio Grande cutthroat trout.  In contrast, 3,634 km (38.2%) of stream length 

was considered below-optimal while 1,860 km (19.6%) was above-optimal (Figure 

3.11).  When air temperature was predicted to increase by 2.5°C, available optimal 

stream length decreased from 4,015 to 4,005 km (42.1%); below-optimal stream 

length decreased from 3,634 to 3,313 km (32.9%) and above-optimal stream length 

increased from 1,860 to 2,371 km (24.9%) (Figure 3.12).  When air temperature was 

predicted to increase by 5.0°C, available optimal stream length increased from 4,015 

to 4,305 km (45.3%); sub-optimal stream length decreased from 3,634 to 2,470 km 

(26.0%), and above-optimal stream length increased from 2,371 to 2,734 km (24.9%) 

(Figure 3.13).  Although the total length of optimal thermal habitat remained 

relatively unaltered throughout a temperature increase up to 5.0°C, this was due to 

below-optimal habitat having temperatures below optimum limits increasing in 
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Table 3.2. Results for the spatial and non-spatial models used to predict stream 
temperature across the historic range of Rio Grande cutthroat trout.  Root mean square 
error (RMSE) and Akaike’s information criterion (AIC) are presented. 

 
Predictor 
Variables    

Training Set 
(n=300) 

Validation Data 
(n=37) 

Type k AIC ∆AIC r2 RMSE r2 RMSE 

Spatial Amean, 
Area, Slope 5 1349.8 0 0.74 1.67 0.60 1.96 

         
Linear 

Regression 
Amean, 

Area, Slope 4 1423.9 74.11 0.64 1.99 0.58 1.93 
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Table 3.3.  Parameter estimates and summary statistics 
for spatial and nonspatial models used to predict 
MWAT across the historic range of Rio Grande 
cutthroat trout. 

     Predictor b (SE) t P r2 
Spatial 

   
0.81 

Intercept 7.70 (10.11) 0.76 0.4469 
 July Air 0.23 (0.066) 3.48 0.0006 
 Area 2.28 (0.32) 7.14 < 0.0001 
 Slope -11.30 (4.81) -2.35 0.0197 
 Nonspatial 

   
0.64 

Intercept 5.11 (0.84) 6.08 < 0.0001 
 July Air 0.50 (0.05) 9.49 < 0.0001 
 Area 1.67 (0.30) 5.49 < 0.0001 
 Slope -34.26 (4.79) -7.23 < 0.0001   
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Figure 3.9.  Scatter plots of predicted MWAT from the (a) spatial model and (b) 
nonspatial model vs. measured MWAT.  Solid line indicates simple linear regression 
between predicted and measured MWAT.  Dashed line represents a 1:1 relationship 
for measured MWAT and predicted MWAT. 
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temperature thereby becoming optimal.  The overall net effect was of available 

stream length increasing upstream. 

 

Discussion 

Current temperature and flow conditions  

 Stream temperature is a major factor in defining suitable habitat for thermally 

sensitive salmonids such as Rio Grande cutthroat trout.  Stream temperatures 

collected in 2010 and 2011 indicated that temperatures were not a limiting factor 

throughout the majority of Rio Grande cutthroat trout populations.  Most streams 

were within  laboratory-derived optimal temperature limits (13.3°C – 18.1°C) for the 

subspecies with only two sites (McCrystal Creek, NM and Sangre de Cristo Creek, 

CO) exhibiting  temperatures above the upper optimal limit of 18.1°C (MWAT) 

in2010 while no sites were observed above the chronic threshold in 2011.  Also, few 

sites exhibited overall maximum temperatures above the 7-d ultimate upper incipient 

lethal temperature (UUILT) of 23.4°C (see Chapter 2), with only four sites in 2010 

and six sites in 2011 recording overall maximum temperatures above this limit.  

The7-d UUILT is a laboratory-derived upper temperature threshold that is lethal to 

50% of the test fish.  The metric is often used in determining suitable habitat for 

fishes and in the development of water quality standards used to protect fish habitat.  

While stream temperatures have limited the downstream extent of cutthroat trout 

populations (Dunham et al. 2003), few streams within the current range of Rio 

Grande cutthroat trout exhibited temperatures above optimal thresholds as defined 
105 

 



 

 

Figure 3.10. Standard error of stream temperature predictions across the historic 
range of Rio Grande cutthroat trout. 
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Figure 3.11.  Predicted maximum weekly average temperatures (MWAT) across the 
northern historic range of Rio Grande cutthroat trout under base air temperatures 
(2000 – 2009).   
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Figure 3.12.  Predicted maximum weekly average temperatures (MWAT) across the 
northern historic range of Rio Grande cutthroat trout under a 2.5°C increase over base 
air temperatures (2000 – 2009).   
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Figure 3.13. Predicted maximum weekly average temperatures (MWAT) across the 
northern historic range of Rio Grande cutthroat trout under a 5.0°C increase over base 
air temperatures (2000 – 2009). 
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by MWATs or overall maximum temperatures in 2010 or 2011.  This suggests in 

areas where barriers (manmade or natural) do not suppress downstream movement, 

factors other than stream temperature may be regulating the amount of habitat the 

subspecies can occupy. 

 Non-native salmonids are often cited as a major influence to downstream 

distributional limits of native cutthroat trout (Dunham et al. 1999; Peterson and 

Fausch 2003; de la Hoz Franco and Budy 2005).  Laboratory experiments 

demonstrated that introduced non-native trout species will out compete native 

cutthroat trout at temperatures near the upper optimal limits for the cutthroat trout (De 

Statso and Rahel 1994; Bear et al. 2007).  De Staso and Rahel (1994) demonstrated 

Colorado River cutthroat trout O. c. pleuriticus and brook trout Salvelinus fontinalis 

were equal competitors at 10°C; but when temperatures increased to 20°C, brook trout 

gained a competitive advantage over the cutthroat trout.  Rainbow trout O. mykiss 

also exhibit higher thermal limits and grow over a much greater temperature range 

than Westslope cutthroat trout O. c. lewisi (Bear et al. 2007).  Field studies confirm 

laboratory findings that non-native trout out compete native cutthroat trout in warmer 

downstream reaches (Dunham et al. 2002; Shepard 2004).  Although temperature is 

well accepted as a factor that influences competitive interactions of cutthroat trout 

and non-native trout, the exact mechanisms involved are complex and not well 

understood (Dunham et al. 2002). 

 While elevated temperatures are often of greater importance when 

determining species distributions, temperatures below a species optimal range can be 
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just as important as a determinant factor.  Temperature less than optimal will decrease 

growth and reduce reproductive success and recruitment into a population.  Twenty-

one sites in 2010 and 29 sites in 2011 were below the lower optimal bounds for Rio 

Grande cutthroat trout of 13.3°C (MWAT).  The majority of these sites were located 

at upstream limits of occupied habitat, but several sites were located near the lower 

downstream extent of a population.  No doubt these populations will experience 

lower growth rates during the summer and limited recruitment due to overwinter 

mortality (Harig and Fausch 2002; Coleman and Fausch 2007). 

 Although stream temperatures were within optimal conditions for the 

subspecies, summer baseflow discharges for the majority of the sites were extremely 

low.  Approximately 75% of monitored sites in both 2010 and 2011 exhibited 

baseflow discharge values equal to or below 0.028 m3/s (1.0 cfs).  These 

exceptionally low baseflow discharge values may be one of the major limiting factors 

for continued persistence of Rio Grande cutthroat trout into the future.  Streamflow 

influences critical habitat attributes including habitat volume and water velocity (Poff 

and Ward 1989).  Reduced streamflow decreases growth (Harvey et al. 2006) and 

survival of larger fish (Xu et al. 2010).  While the effects of such low flows have not 

been described for Rio Grande cutthroat trout, further reductions in stream flow due 

to climate change or interannual fluctuations in precipitation will likely negatively 

affect populations of the subspecies relegated to these small streams fragments.   

 Native trout species in the southwest will likely face greater threats from 

drought and decreased summer streamflow (Williams and Meka Carter 2009) in the 
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future as both drought frequency and severity will increase under future climate 

scenarios (Hoerling and Eishceid 2007).  The effects of drought on Rio Grande 

cutthroat trout were observed when a severe drought in 2002 extirpated or severely 

reduced 14 populations (Japhet et al. 2007; Patten et al. 2007).  It is probable that 

many more populations were negatively affected by the 2002 drought, as only a few 

of the 120 Rio Grande cutthroat trout populations are sampled in any given year. 

Populations of Rio Grande cutthroat trout in small isolated streams with low summer 

baseflows may be at greater risk of extirpation from interannual fluctuations of 

discharge such as observed in 2002 and again in 2011.  With the majority of Rio 

Grande cutthroat trout populations in streams with extremely low summer baseflow, 

further decreases in stream flow could reduce effective size or even eliminate an 

entire population.  Reduced streamflow and drought can negatively affect trout 

populations by decreasing growth (Harvey et al. 2006), condition (Hakala and 

Hartman 2004), and survival (Hakala and Hartman 2004).  Inability to migrate 

downstream during drought conditions or low flow events due to presence of non-

native competitors or migration barriers (natural or man-made) likely place the 

populations at further risk.  These populations are less likely to recolonize without 

anthropogenic influence because of isolation or populations that do persist but at 

suppressed levels.  Isolated populations may also face genetic bottlenecks which may 

further alter their long-term persistence. 

 

Future temperature conditions 
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 The majority of Rio Grande cutthroat trout populations currently occur in 

areas that will remain thermally suitable into the near future, but these streams are 

small and often support low population abundances (Alves et al. 2008).  Modeling of 

stream MWAT across 9,510 km of historical Rio Grande cutthroat trout habitat 

revealed that under current air temperature conditions, 58% of available stream length 

is outside the subspecies optimal temperature range.  Although a projection of an 

increase in air temperature by 5.0°C did not alter the amount of optimal habitat, the 

majority of these stream kilometers occurred within headwater streams at high 

elevations.  Keleher and Rahel (1996) demonstrated that an increase of 5.0°C would 

result in a 72% loss of available trout habitat across the intermountain west, including 

most of the habitat where Rio Grande cutthroat trout historically occurred.  Haak et 

al. (2010) evaluated the potential risk of historically occupied habitat of Rio Grande 

cutthroat trout subjected to 3°C temperature increases (1970 – 2000).  Of 420 

historically occupied areas, only 68 were at high risk due to air temperature increases, 

with the majority of these occurring in the southern historical range or in downstream 

reaches (Haak et al. 2010).  Although the authors indicated a much smaller reduction 

in available habitat due to air temperature increases when compared to the predictions 

of Keleher and Rahel (1996), both authors indicated much larger losses in habitat 

when compared to results reported here.  This difference was due to how the authors 

modeled the relationship between air and stream temperature.  Both Haak et al. 

(2010) and Keleher and Rahel (1996) estimated a 1:1 relationship between air and 

stream temperatures.  However, the relationship between air and stream temperatures 
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is much less as was observed here (β = 0.23) and in other studies (Mohseni et al. 

2003).  If a 1:1 relationship between air and stream temperature is assumed when 

predicting future salmonid habitat as air temperatures increase, loss of habitat will be 

overestimated.  

 Investigation into the relationship of air and stream temperatures at individual 

sites revealed large variability within sites across years.  Thus, differences in air and 

stream temperature relationships at individual sites between sample years questions 

the validity of stream temperature predictions and thermal habitat changes projected 

in this study.  Additional research is needed to describe the relationship between air 

and stream temperatures among sites.  From these relationships, a better constrained 

model can be developed.  Further investigation into mechanisms that control site 

specific and interannual differences in air and stream temperature relationships will 

be important to better understand the reasons why some streams appear more resilient 

to air temperature increases (e.g., San Cristobal Creek, NM; Manzanita Creek, NM).  

Identification of these mechanisms would benefit managers identifying streams for 

potential reintroduction sites as more resistant and resilient streams could act as 

thermal refuges for populations of Rio Grande cutthroat trout. 

 

Management implications and future directions 

   Model predictions of stream temperatures within Rio Grande cutthroat trout 

habitat under increasing air temperature models revealed that the majority of 

populations are currently located in areas of thermally suitable habitat and that under 
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future scenarios of thermal habitat remained suitable.  Of greater concern were 

populations confined to high elevation habitats where summer base flow discharges 

were extremely low.  These populations are susceptible to the effects of drought 

which are expected to increase in both severity and duration.  While drought cannot 

be controlled for, the effects can be managed through reconnection of populations to 

larger downstream habitats where fish would find refuge, as long as those areas 

remain thermally suitable.   

 The complex relationship of temperature and stream dwelling organisms (i.e., 

non-native salmonids and benthic macroinvertebrates) indicate that additional 

research on the effects of climate changes on habitat is needed.  Loss of habitat for 

cutthroat trout is expected due to negative biotic interactions with non-native 

salmonids (Wegner et al. 2001).  Over 54% of Rio Grande cutthroat trout populations 

currently occur in sympatry with non-native salmonids (Alves et al. 2008), and these 

populations may be a greater risk of negative effects due to increases in temperature 

because they are often outcompeted by non-natives at higher temperatures.  Often, 

native cutthroat trout populations are protected from further invasion of nonnatives 

through construction of movement barriers; however, this management strategy is 

associated with its own risks such as genetic bottlenecks (Fausch et al. 2006; Fausch 

et al. 2009) and greater susceptibility to stochastic events.    

 Continued monitoring and research into the effects of climate change on Rio 

Grande cutthroat trout will be important to ensure future persistence of the 

subspecies.  Stream temperature and discharge monitoring should continue to 
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determine how differences in yearly meteorological conditions alter stream 

temperature regimes.  Year-round monitoring of stream temperatures must also 

continue to investigate the effects altered temperature regimes have on reproductive 

and over-wintering periods.  Abundance and distribution data on individual 

populations should be collected to determine how temperature and discharge 

influences both these metrics.  Finally, more detailed investigations into the effects of 

climate change on the subspecies should include alterations to hydrological regimes 

and biotic interactions.  Climate change poses a significant threat to Rio Grande 

cutthroat trout through complex interactions that are not completely understood.  

Managers will face difficult decisions in the near future that will determine the fate 

and continued persistence of the most southern subspecies of cutthroat trout.  The 

continued collection of unbiased data will influence management decisions.  With 

forethought, managers will be able to develop proactive management plans that will 

insure the future persistence of the subspecies. 
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Table A.1.  Air temperature stations and coordinates (Northing and Easting) used in analysis of annual and 
monthly mean air temperature in New Mexico (NM) and Colorado (CO).  Station Type is reflected by U.S. 
Historical Climate Network (USHCN) and Cooperative Observer Program (COOP).  Trends in average annual 
air temperature in bold are statistically significant (P ≤ 0.025). 

Site Station name State Northing Easting 
Station 

type 
Elevation 

(m) 
Trend in average annual air 

temperature (°C/decade) 
1 Hermit CO 4182581 314190 USHCN 2764 0.30 
2 Saguache CO 4215953 399640 USHCN 2350 0.02 
3 Del Norte CO 4170493 383180 USHCN 2396 0.31 
4 Center CO 4173135 400091 COOP 2337 0.37 
5 Blanca CO 4146794 449890 COOP 2348 0.32 
6 Manassa CO 4114610 416623 USHCN 2344 0.40 
7 Chama NM 4086917 359431 USHCN 2420 0.27 
8 Red River NM 4062313 463951 USHCN 2641 0.39 
9 Tres Piedras NM 4056482 413596 COOP 2463 0.37 
10 Eagle Nest NM 4044983 477626 COOP 2517 0.22 
11 Cimarron NM 4035649 504874 USHCN 2007 0.23 
12 Taos NM 4026625 447681 COOP 2120 0.37 
13 El Rito NM 4021571 393797 COOP 2079 0.33 
14 Abiquiu Dam NM 4010760 372693 COOP 1907 0.44 
15 Wolf Canyon NM 3977943 343640 COOP 2598 0.08 
16 Espanola NM 3982610 405344 COOP 1737 0.24 
17 Gascon NM 3971096 460887 COOP 2523 0.15 
18 Jemez Springs NM 3960672 347505 USHCN 1922 0.28 
19 Pecos NM 3932405 438051 COOP 2095 0.31 
20 Las Vegas NM 3936034 480690 USHCN 1935 0.35 
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Table A.2.  Changes in mean monthly air temperature, January through June, for each station 
used in analyses.  Temperature changes are reported in degrees Celsius per decade.  Changes in 
bold are statistically significant (P ≤ 0.025). 
Site Station name January February March April May June 

1 Hermit 0.63 0.47 0.96 0.43 0.2 0.23 
2 Saguache 0.63 0.43 0.53 0.28 0.17 0.12 
3 Del Norte 0.63 0.39 0.71 0.5 0.36 0.48 
4 Center 0.92 0.44 0.62 0.44 0.39 0.39 
5 Blanca 0.61 0.49 0.72 0.4 0.36 0.28 
6 Manassa 0.78 0.58 0.76 0.41 0.57 0.53 
7 Chama 0.7 0.5 0.71 0.41 0.29 0.26 
8 Red River 0.75 0.65 0.61 0.37 0.36 0.42 
9 Tres Piedras 0.59 0.98 0.68 0.24 0.38 0.39 
10 Eagle Nest 0.54 0.43 0.36 0.19 0.31 0.36 
11 Cimarron 0.5 0.26 0.59 0.24 0.28 0.18 
12 Taos 0.86 0.4 0.57 0.21 0.36 0.38 
13 El Rito 0.69 0.41 0.22 0.31 0.4 0.33 
14 Abiquiu Dam 0.66 0.56 0.57 0.26 0.48 0.59 
15 Wolf Canyon 0.19 0.08 0.41 0.11 0.15 0.19 
16 Espanola 0.8 0.45 0.39 0.33 0.23 0.12 
17 Gascon 0.29 0.25 0.37 0.09 0.19 0.1 
18 Jemez Springs 0.51 0.3 0.55 0.3 0.4 0.48 
19 Pecos 0.55 0.43 0.56 0.31 0.5 0.25 
20 Las Vegas 0.56 0.55 0.62 0.35 0.5 0.33 
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Table A.3.  Changes in mean monthly air temperature, July through December, for each station 
used in analyses.  Temperature changes are reported in degrees Celsius per decade.  Changes in 
bold are statistically significant (P ≤ 0.025). 
Site Station name  July August September October November December 

1 Hermit 0.05 0.16 0.06 -0.12 0.06 0.25 
2 Saguache -0.16 -0.02 0.08 -0.2 0.22 0.13 
3 Del Norte 0.33 0.33 0.28 -0.09 0 0.06 
4 Center 0.24 0.34 0.38 0.14 0.07 0.12 
5 Blanca 0.11 0.27 0.23 0.02 0.1 0.17 
6 Manassa 0.15 0.3 0.25 0.26 0.18 0.2 
7 Chama -0.05 0.25 0.13 -0.07 0 0.22 
8 Red River 0.09 0.3 0.26 0.07 0.25 0.32 
9 Tres Piedras 0.1 0.21 0.19 0.02 0.16 0.21 
10 Eagle Nest 0.09 0.29 0.22 0.12 -0.01 -0.16 
11 Cimarron 0.05 0.29 0.18 0.03 0.05 0 
12 Taos 0.16 0.28 0.35 0.08 0.15 0.21 
13 El Rito 0.16 0.41 0.32 0.12 0.15 0.22 
14 Abiquiu Dam 0.37 0.5 0.48 0.06 0.19 0.29 
15 Wolf Canyon -0.13 0.11 0 -0.12 -0.17 -0.17 
16 Espanola 0.09 0.12 0.26 0 0.15 0.12 
17 Gascon -0.11 0 0.04 -0.05 -0.05 -0.08 
18 Jemez Springs 0.14 0.41 0.28 -0.09 0 0.02 
19 Pecos 0.13 0.39 0.35 0.17 0.14 0.07 
20 Las Vegas 0.32 0.52 0.35 0.04 0.22 0.06 
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Table A.4. A list of the SNOTEL (Snowpack Telemetry)/snow course sites and their coordinates 
(Northing and Easting) in the evaluation of April 1st snow water equivalent for sites in New 
Mexico (NM) and Colorado (CO).  The trend (change) in April 1st snow water equivalent is 
presented for each site in % per decade. 
Site Site name State Northing Easting Elevation (m) Change (%/decade) 

1 Cochetopa Pass CO 4225517 359839 3048 -3.6 
2 Santa Maria CO 4187585 313690 2926 -7.8 
3 Upper Rio Grande CO 4176798 300216 2865 -4.4 
4 Pool Table Mountain CO 4185151 341530 2999 -2.2 
5 La Veta Pass CO 4161454 482346 2877 -2.5 
6 Platoro CO 4134827 362717 3011 -4.8 
7 Silver Lakes CO 4136468 376031 2896 -11.2 
8 Culebra CO 4118927 482256 3200 3.0 
9 Chamita Pillow NM 4090598 353088 2560 -11.0 
10 Red River Pass Pillow NM 4061645 470225 3002 -1.7 
11 Hematite Peak NM 4057959 467233 2896 -5.6 
12 Bateman Pillow NM 4042063 382108 2835 -7.2 
13 Taos Canyon NM 4028363 471604 2774 -2.1 
14 Tres Ritos NM 3997012 453502 2621 -9.2 
15 Quemazon Pillow NM 3975611 373685 2896 -10.7 
16 Rio En Medio NM 3962061 427715 3139 -4.3 
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Table A.5.  A list of the stream gages and their coordinates (Northing and Easting) 
within Colorado (CO) and New Mexico (NM) used in the analyses.   

Site Station name State Easting Northing Elevation (m) 
1 Goose Creek CO 338784 4179865 2755 
2 Carnero Creek CO 383930 4191069 3268 
3 La Garita Creek CO 383983 4185922 2927 
4 SF Rio Grande River CO 354579 4169032 2588 
5 Trinchera Creek CO 473884 4136482 3071 
6 La Jara Creek CO 394575 4118714 2650 
7 Vermejo River NM 519119 4059533 2529 
8 Ponil Creek NM 504759 4047585 2618 
9 Rio Hondo NM 450205 4044167 3166 
10 Rio Lucero NM 452479 4040444 3268 
11 Rio Pueblo de Taos NM 454855 4032854 2927 
12 Rayado Creek NM 502743 4025298 2895 
13 Rio Ojo Caliente NM 406314 4023254 2588 
14 Embudo Creek NM 417873 4007694 2755 
15 Santa Cruz River NM 418449 3980415 2801 
16 Coyote Creek NM 485185 3974728 2505 
17 Jemez River NM 342185 3947852 2588 
18 Pecos River NM 438250 3951819 3071 
19 Gallians Creek NM 471132 3945396 2650 
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Table A.6.  A list of the stream gages within Colorado (CO) and New Mexico (NM) used in the analyses.  Change in 
the 25% cumulative flow for each station is reported in days over 45 years.  Shifts in winter, pre-spawning, spawning, 
summer, and fall flows are reported in percent per year.  All changes in bold are statistically significant (P ≤ 0.025). 

Site Station name State 25DAY Winter Pre-spawning Spawning Summer Fall 
1 Goose Creek CO -2.8 0.12 0.47 0.29 -0.22 0.45 
2 Carnero Creek CO -10.8 0.49 0.08 0.01 -0.43 -0.05 
3 La Garita Creek CO -4.4 -0.15 0.41 0.12 -0.23 -0.22 
4 SF Rio Grande River CO -7.5 0.45 0.66 0.1 -0.84 0.3 
5 Trinchera Creek CO 0.6 -0.02 0.43 0.84 -0.06 0.06 
6 La Jara Creek CO -8.7 0.05 0.12 -0.4 -0.67 -0.43 
7 Vermejo River NM -36.9 1.46 1.87 1.3 0.43 1.27 
8 Ponil Creek NM -14.2 1.83 1.94 0.78 0.72 1.44 
9 Rio Hondo NM -6.9 0.25 0.51 0.58 -0.28 0.26 
10 Rio Lucero NM -7.9 0.38 0.45 0.75 -0.34 0.05 
11 Rio Pueblo de Taos NM -6.7 0.46 0.44 0.12 -0.59 0.2 
12 Rayado Creek NM -10.5 1.26 1.03 0.25 0.01 0.27 
13 Rio Ojo Caliente NM -8.1 0.56 0.41 -0.16 -0.31 0.6 
14 Embudo Creek NM 0.6 0.57 0.74 0.69 -0.04 0.53 
15 Santa Cruz River NM -3.8 0.58 0.3 0.63 -0.01 0.14 
16 Coyote Creek NM -33.3 0.76 0.43 0.16 -0.43 0.42 
17 Jemez River NM -8.9 0.96 0.08 0.01 -0.33 0.13 
18 Pecos River NM -7 0.85 1.09 0.95 -0.16 0.13 
19 Gallians Creek NM -25.6 1.69 1.71 0.93 -0.04 0.78 

 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 

Appendix II. 
RELATIONSHIP BETWEEN WEEKLY AVERAGE AIR TEMPERATURE  

AND WEEKLY AVERAGE STREAM TEMPERATURE  
AT MONITORING SITES LOCATED WITHIN RIO  

GRANDE CUTTHROAT TROUT HABITAT 
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Figure AII.1. Relationship between weekly average air temperature and weekly 
average stream temperature (WAT) in 2010 and/or 2011 for (a) Alamosito creek, CO, 
(b) Big Spring Creek, CO, (c) Cabresto Creek (Site 1), NM, (d) Cabresto Creek (Site 
2), NM, (e) Canones Creek (Site 1), NM, and (f) Canones Creek (Site 2), NM. 
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Figure AII.2: Relationship between weekly average air temperature and weekly 
average stream temperature (WAT) in 2010 and/or 2011 for (a) Cascade Creek, CO, 
(b) Cat Creek, CO, (c) Cave Creek, CO, (d) Columbine Creek (Site 2), NM, (e) 
Comanche Creek (Site 1), NM, and (f) Comanche Creek (Site 2), NM. 

 

134 
 



 

Figure AII.3: Relationship between weekly average air temperature and weekly 
average stream temperature (WAT) in 2010 and/or 2011 for (a) Comanche Creek 
(Site 4), NM, (b) Costilla Creek (Site 3), NM, (c) Cross Creek, CO, (d) Cuates Creek 
(Site 2), CO, (e) Deep Canyon, CO, and (f) E. F. Costilla Creek, NM. 
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Figure AII.4. Relationship between weekly average air temperature and weekly 
average stream temperature (WAT) in 2010 and/or 2011 for (a) E. F. Rio Santa 
Barbra, NM, (b) East Middle Creek, CO, (c) East Pass Creek, CO, (d) El Rito Creek, 
NM, (e) Italianos Creek, NM and (f) Jack’s Creek (Site 1), NM. 
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Figure AII.5. Relationship between weekly average air temperature and weekly 
average stream temperature (WAT) in 2010 and/or 2011 for (a) Jack’s Creek (Site 1), 
CO, (b) Jack’s Creek (Site 2), CO, (c) Jaroso Creek, CO, (d) Jicarita Creek, NM, (e) 
L. F. Conejos River, CO and (f) Little Costilla Creek, NM. 
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Figure AII.6. Relationship between weekly average air temperature and weekly 
average stream temperature (WAT) in 2010 and/or 2011 for (a) Little Vermejo Creek, 
NM, (b) Manzanita Creek, NM, (c) McCrystal Creek, NM, (d) Middle Carnero Creek, 
CO, (e) North Carnero Creek, CO and (f) Oiser Creek, NM. 
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Figure AII.7. Relationship between weekly average air temperature and weekly 
average stream temperature (WAT) in 2010 and/or 2011 for (a) Placer Creek, CO, (b) 
Policarpio Creek, NM, (c) Powderhouse Creek, NM, (d) Prong Creek, CO, (e) 
Rhodes Gulch, CO and (f) Richardo Creek, NM. 
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Figure AII.8. Relationship between weekly average air temperature and weekly 
average stream temperature (WAT) in 2010 and/or 2011 for (a) San Cristobal Creek, 
NM, (b) San Francisco Creek (Site 1), CO, (c) San Francisco Creek (Site 2), CO, (d) 
Sangre de Cristo Creek (Site 1), CO, (e) Sangre de Cristo Creek (Site 2), CO and (f) 
South Carnero Creek, CO. 
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Figure AII.9. Relationship between weekly average air temperature and weekly 
average stream temperature (WAT) in 2010 and/or 2011 for (a) Tio Grande, NM, (b) 
Torcido Creek, CO, (c) Trinchera Creek, CO, (d) Vidal Creek, NM, (e) W. F. Costilla 
Creek, NM, and (f) W. F. Rio Santa Barbra, NM. 

 

 
141 

 



 

Figure AII.10. Relationship between weekly average air temperature and weekly 
average stream temperature (WAT) in 2010 and/or 2011 for (a) Wagon Creek, CO. 
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