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ABSTRACT 

Knowledge of early life history strategies and ecological dynamics of larval fish growth 

and development is invaluable for effectively managing and conserving common and 

endangered fish species. Isotopic analysis of otoliths (bony structures of the inner ear) 

from larval Flannelmouth Suckers Catostomus latipinnis obtained from the Colorado 

River in Grand Canyon could greatly facilitate understanding of thermally-regulated 

growth rates, thermal preferences, and ontogenetic habitat use by these fishes. Colorado 

River water temperatures in the Grand Canyon are highly modified from projected 

historic water temperatures present before closure Glen Canyon Dam. Cold water as 

result of Glen Canyon dam and hypolimnetic releases from Lake Powell are predicted to 

slow growth and development of ectothermic fish larvae unless young fish can occupy 

warmer aquatic microhabitats (i.e., channel margins or shallow backwaters) within the 

river. Isotope ratio mass spectrometry (IRMS) is a technique that reveals integral aspects 

of an individuals’ life history that are often difficult to infer with traditional sampling 
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methods. I developed and evaluated IRMS of oxygen isotopes (δ18O) of larval fish 

otoliths as a means to reconstruct water temperatures experienced by fish during early 

developmental phases. Stable isotope analysis of larval fish otoliths allowed for confident 

determination of relative water temperatures experienced by individual larvae and the 

potential for larvae to influence the temperatures they experience through active 

transport. Water temperatures experienced by larval C. latipinnis closely mirrored the 

seasonal temperature variation and on average were slightly warmer ≅ 2°C than the 

temperatures present in the mainstem river. Ultimately, this technique, while not 

completely tested, may provide a better understanding of potential limiting factors for 

other catostomids. Further, this research has identified potential impacts to the 

interpretation of growth rates of wild caught catostomid larvae spawned in cold-water 

temperatures. This unforeseen result may indicate an adaptive response to colder 

temperature by changes in resource provisioning to eggs and changes in early 

developmental ontogeny.     
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Introduction 

The Colorado River basin stretches across 7 states and 2 countries in western 

North America. The basin drains 629,100 km2 from Wyoming to its historical terminus in 

the Sea of Cortez. The Colorado River basin has a rich ichthyofaunal legacy. Over the 

last 100 years, construction of over a dozen major dams (Clarkson and Childs 2000) have 

negatively affected native fish species (Miller 1961; Holden and Stalnaker 1975; 

Dowling et al. 1996; Webb et al. 1999; Bezzerides and Bestgen 2002). Dams were 

constructed for a variety of reasons including flood control, irrigation, and hydroelectric 

power generation. Dams impact aquatic environments by moderating discharge, reducing 

sediment input, armoring river bottoms, altering the food web, and lowering and 

stabilizing water temperatures through hypolimnial water releases (Ligon et al. 1995; 

Clarkson and Childs 2000).  

The Colorado River within the Grand Canyon provides an impressive example of 

downstream effects of hydroelectric dams and hydrologic alteration to the riverine 

system. Impacts include dramatically altered water temperatures, cessation of a natural 

flow regime, reduction in suspended sediment, and degradation of a the aquatic food web 

(Clarkson and Childs 2000; Cross et al. 2013; Kennedy et al. 2016).  

Altered sediment budgets and dam operations reduce habitat for larval fishes and 

invertebrates (Korman et al. 2004; Yarnell et al. 2015; Kennedy et al. 2016). Because 

access to warm water habitats such as wetlands and backwaters is thought to be an 

important component in development of larval and juvenile fish it is important to assess 

what impacts the decreased temperatures of the modified Colorado River may have on 
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larval fish development (Modde et al. 2001; Hedrick et al. 2009; Bestgen et al. 2011). 

The combined effects of altered flow regime, habitat loss, and blockage of nutrient input 

from upstream have severely impacted aquatic food resources for native fishes which 

may be limited by the abundance of aquatic invertebrates (Cross et al. 2013).  

The relationship between growth rate of larval fishes and temperature is generally 

well documented (McCormick 1977; Houde 1989). Decreased temperatures resulted in 

lower growth rates of Razorback Suckers in the laboratory (Bestgen 2008). Fishes are 

ectotherms, meaning that their body temperature and corresponding metabolic rates are 

influenced by environmental temperatures, thus, lower water temperatures yield 

decreased growth rates and extended larval period (O’Connor et al. 2007). Cooler water 

temperatures of the Colorado River below Glen Canyon Dam could limit larval sucker 

recruitment through increased mortality that results from increased time spent at small 

size and in vulnerable life stages. Access to food resources could also be reduced through 

reduced swimming and feeding performance of small and poorly developed larvae 

(Govoni et al. 1986; Ward et al. 2002).  

The Colorado River within the Grand Canyon is bounded by Lake Powell 

upstream and Lake Mead downstream.  Historical ichthyofaunal records in the lower 

Grand Canyon reach recorded numerous endemic species many with distinct 

physiological attributes (Minckley 1991). Three co-occurring catostomid species are 

among the eight fish species native to Grand Canyon National Park. Flannelmouth 

Sucker Catostomus latipinnis, Bluehead Sucker Catostomus discobolus, and Razorback 

Sucker Xyrauchen texanus appear in historic and contemporary records (Minckley 1991; 

Kegeries et al. 2016). All three catostomids have are thought to have similar life history 
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strategies, spawning ecologies, and were all thought to be historically abundant within the 

Colorado River Basin (Minckley 1991; Bezzerides and Bestgen 2002; USFWS 2002).  

Both X. texanus and C. latipinnis share many similarities in life history and 

reproductive ecology. Both are known to migrate upstream prior to spawning (USFWS 

2002; Carman 2007). Both species have similar spawning requirements and spawn in 

groups, typically over gravel beds in both riverine and lacustrine habitats (USFWS 2002; 

Carman 2007). Eggs are adhesive and demersal and settle into the gravel beds to 

incubate. Xyrauchen texanus and C. latipinnnis spawn in the spring in water temperatures 

as low as 6°C (Bozek et al. 1990; Carman 2007), although more often both species are 

reported to spawn in water temperatures exceeding 10°C, which is considered the lower 

thermal threshold for successful egg incubation (Bozek et al. 1990). Both species are 

omnivorous and their diet consists of algae, detritus, and benthic invertebrates (USFWS 

2002; Carman 2007). Life-history similarities notwithstanding, subsequent to 

construction of mega dams along the Colorado River X. texanus became increasingly rare 

throughout the basin while C. latipinnis remained comparatively common. Despite 

detection of successful spawning in remaining populations of X. texanus there was little 

to no evidence of successful recruitment which eventually warranted the U.S. Fish and 

Wildlife Service to list X. texanus as federally endangered in 1991 under the Endangered 

Species Act. 

There is no obvious single reason for low recruitment of X. texanus , but 

prevailing hypotheses include predation of eggs, larvae, and young fish (from non-native 

fish predators), contaminants, reduced water temperatures, limited food availability, and 

habitat loss (Marsh and Minckley 1989; Papoulias and Minckley 1990).  
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Managers and researchers have been attempting to determine reasons for the 

decline of Razorback Sucker while simultaneously trying to sustain and restore remaining 

populations. Conservation and management efforts include stocking programs, removal 

of exotic species, habitat restoration, seasonally timed and experimentally operated flows 

to mimic natural conditions, and implementation of water temperature control devices 

and fish passage. Conservation efforts are conducted on a basin-wide scale and 

implemented through the Upper Colorado River Basin Recovery Implementation 

Program, San Juan River Recovery Implementation Program, Glen Canyon Adaptive 

Management Program, and the Lower Colorado River Multi-Species Conservation 

Program that are mandated by the U.S. Congress. Despite these efforts, Razorback 

Sucker recruitment from larval to juvenile and adult life stages is limited and observed in 

only a few locations throughout the Colorado River basin (Papoulias and Minckley 1990; 

Albrecht et al. 2010). In rivers similar to the Colorado river, where successful recruitment 

of Razorback Suckers has been observed, off channel habitats are warm, food-rich 

environments, that appear to increase growth rates and survival of Razorback Sucker 

larvae (Bestgen et al. 2011; Sabo et al. 2012). Hypolimnetic releases from Lake Powell 

and Glen Canyon Dam have stabilized and significantly lowered mainstem maximum 

water temperatures (Stevens et al. 1997). Lower water temperatures reduce swimming 

performance, hatching success, and are likely a limiting factor for development, growth, 

and recruitment of Colorado River catostomid larvae (Marsh 1985; Ward et al. 2002).  

Until recently (2014), X. texanus was absent from contemporary ichthyofaunal 

surveys and considered to be functionally extirpated from the Colorado River in the 

Grand Canyon (Bunch et al. 2012; Kegerries et al. 2016). Though X. texanus is present in 
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the river and there is some evidence of spawning, to date there is no evidence of 

recruitment to later life stages (e.g. sub-adult and adult). In contrast, C. latipinnis is 

prominent in the Colorado River within the Grand Canyon. Due to the similarities in life-

history, prevalence in the river, and abundance of specimens available, C. latipinnis is a 

good proxy for X. texanus for elucidating potential impacts of temperature on larval fish 

growth in the Grand Canyon.  

Thermal conditions experienced by wild catostomid larvae and the effects of 

environmental temperatures on growth rate and survival are difficult to study in nature. 

Although larval fishes are capable of short bursts of movement (active transport), passive 

transport (drift) is the main mode of movement for many big-river larval fishes (Carter et 

al. 1985; Dudley and Platania 2007) and largely determines habitats and water 

temperatures experienced by larvae. Active transport determines the time spent and 

position in a nursery habitat and also potentially affects the thermal environment a larval 

fish experiences. Traditional sampling methods for larval riverine fishes are only capable 

of substantiating that a larval fish collected anywhere in the system likely originated from 

that location or upstream of that position. Movement of larvae by drift in combination 

with larval use of thermally distinct shoreline associated microhabitats makes 

determining the thermal conditions experienced by larvae in a riverine system nearly 

impossible; however, oxygen isotope analysis of a larva’s otoliths may be used to 

elucidate key insight into the thermal conditions experienced (Kitagawa et al. 2013).  

Dendrochronological and micro-chemical analyses of otoliths have been used to 

determine growth rates and temperatures experienced by fishes over their lives (Edmonds 

et al. 1991; Campana 1999; Guiguer et al. 2003; Zeigler and Whitledge 2011; Matta et al. 
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2013). Otoliths are accretionary hard structures comprised of biogenic calcium carbonate 

within the inner ear of a fish formed at the earliest stages of larval development. Otoliths 

grow continuously throughout the life of the fish and, during growth, otoliths form daily 

and annual growth rings called annuli that can be used to determine age in days or years 

(Panella 1971; Campana 2005). Otoliths are present when a catostomid larvae hatches, 

and annuli are accreted at a rate of one per day, allowing for reliable age estimates of 

even the earliest stages (Bundy and Bestgen 2001). In addition to a temporal record, 

otoliths accrete elements from the environment in which the fish was living when the 

otolith was formed, so otoliths also serve as a geochemical record (Elsdon et al. 2008). 

Otoliths are acellular, thus material and isotopes that are accreted in the annuli remain 

permanent fixtures in the structures. Recent advances in isotopic and elemental analysis 

have led to increased awareness and use of microchemical analysis of otolith material to 

study fish life history (Campana 2005; Elsdon et al. 2008).  

As an otolith grows, some elements and their isotopes from the environment are 

incorporated into the CaCO3 matrix of the otolith, thus creating a permanent record of the 

fish’s life history (Campana 1999). Analysis of elements and isotopic ratios of otolith 

material have been used to elucidate natal origin, stock differentiation, migration, diet, 

and thermal history (Edmonds et al. 1991; Campana 1999; Guiguer et al. 2003; Zeigler 

and Whitledge 2011; Matta et al. 2013). Thermal history of environments can be 

determined through analysis of oxygen isotopes in the calcium carbonate structure of 

materials such as ice cores, carbonate rocks, shells, and otoliths, and is often referred to 

as paleothermometry (Patterson et al. 1993; Fry 2006). Because the record of a larva’s 

thermal history is difficult to infer with traditional sampling methods, otolith stable 
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isotope analysis (SIA) may be used and enables determination of average water 

temperature experienced by catostomid larvae within the Grand Canyon. Reconstruction 

of water temperatures experienced by freshwater riverine fishes by otolith oxygen isotope 

analysis is uncommon and is unknown for larval riverine fishes.  

There are three stable isotopes of oxygen, O16, the most abundant form of oxygen 

on earth (99.76%); O18, far less abundant (0.20%); and O17, which is extremely rare (< 

0.04%, Fry 2006). The relative abundance of isotopes in a sample is calculated as a ratio 

of the rare isotope to the most abundant form, divided by a standard. This is denoted with 

the Greek letter δ and reported as per mil (i.e., ‰). Determination of temperatures 

experienced by a fish is possible because oxygen isotopes are incorporated into otoliths at 

near equilibrium with the isotopic composition of the surrounding water; (Degens et al. 

1969; Campana 1999; Guiguer et al. 2003). However, values of δ18O measured from 

otolith material differ from δ18O of environmental water due to temperature-dependent 

fractionation of oxygen isotopes in the formation of otoliths (composed of the biogenic 

calcium carbonate crystalline material known as aragonite). At cooler temperatures more 

O18 is incorporated in the crystalline structure due to its greater bonding affinity in colder 

temperatures. (Epstein et al. 1953; Grossman and Ku 1986; Guiguer et al. 2003). 

The use of oxygen isotope ratios from otoliths to interpret water temperature was 

developed in marine and estuarine environments (Devereux 1967), and has more recently 

been applied in freshwater systems (Guiguer et al. 2003). In a large volume well-mixed 

system (e.g., oceans) the δ18O of seawater (H2O
18) is well mixed and consistent over 

time. However, freshwater systems are subject to periodic fluctuations in isotope 

abundance as a result of inputs from precipitation, ground water, and snowmelt (Kendall 
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and Coplen 2001). Moreover, the baseline amount of O18 in freshwater systems varies by 

geographic location; as water masses move further from the coast, more of the heavier 

isotopes are precipitated out preferentially leaving behind higher concentrations of the 

lighter isotope O16 (Kendall and Coplen 2001). Because δ18O values can vary in 

freshwater systems it is important to understand and anticipate how the system of interest 

is affected, and to know the contributing sources that affect δ18O of the water. In the 

Grand Canyon, the δ18O of the Colorado River is relatively consistent because of 

regularly-timed hypolimnial releases for hydropower production at Glen Canyon Dam. 

While the Grand Canyon has numerous tributaries that vary in baseline values of δ18O, 

these contribute relatively small amounts to the overall water budget and thus are 

unlikely to affect average values of δ18O ratios of mainstem Colorado River water within 

the Grand Canyon.  

Specific research objectives: 

 Establish a method of obtaining δ18O values from individual larval catostomid 

otoliths.  

 Use δ18O values to determine the average water temperatures experienced by C. 

latipinnis collected within the Grand Canyon in 2015 and use multiple linear 

regression analysis to assess the role of contributing environmental and temporal 

variables.  

 Compare experienced temperatures with mean environment temperatures in the 

river and determine and use multiple linear regression analysis to assess the role 

of contributing environmental and temporal variables. 

 Analyze the effect that average temperature experienced has on fish growth rates 

during early life stages, as measured by otolith microstructure analysis of 

individual larvae. 
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Methods 

Field collection  

A fine mesh seine (1m x 1m x 0.8mm) was used to collect age-0 catostomids in 

zero to low velocity habitats from the Colorado River within the lower Grand Canyon. 

Collection was conducted from river kilometer (RK) 289 to 449 during survey trips that 

were conducted to monitor Razorback Sucker spawning and recruitment in the Grand 

Canyon (Kegerries et al. 2016) (Figure 1). These trips occurred once per month (March – 

September) for the purpose of monitoring spawning and recruitment of Razorback Sucker 

in the Grand Canyon. Sampling for this project occurred from March to July, the period 

when wild catostomids are spawning and larvae were present. During each trip, larval 

fishes were collected from two to three low-velocity habitats approximately every 20 RK, 

equaling a maximum of 8 samples collected over 160 RK. Sampling sites were selected 

based on longitudinal position and the amount of low velocity habitat, which is 

considered high quality habitat for larvae and can be efficiently sampled. All age-0 fish 

collected were preserved in a 95% solution of ethanol and placed into a Whirl-Pak® with 

a field tag containing an alpha-numeric code (field number) and habitat code. 

Preservation of all fishes was necessitated because the small size of larval fishes 

precludes field identification. To ensure useful otoliths, it was necessary to preserve 

fishes in 95% EtOH as this solution maintains the crystalline structure of otoliths. 

Formalin, a common preservative, is acidic and erodes the calcium carbonate matrix of 

otoliths and was not used. Each sampling locality represents one collection. At each 

sampling location at least one digital photograph of the sampled habitat was taken and 

water temperature, salinity, conductivity, pH, and secchi disk measurements were 
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recorded.   

Water samples for oxygen isotope analysis were collected during each sampling 

trip; however, water samples from March and April 2015 were compromised. Samples 

were collected mid channel at or near the RK where fishes were sampled. All water 

samples were collected with a large syringe and filtered with a sterile 0.45μm Whatman™ 

glass micro filter. Water samples were stored in a labeled acid washed plastic screw top 

vial or Whirl-Pak® and maintained in a cool and dark location. Water samples were 

transported to the University of New Mexico and analyzed at the Center for Stables 

Isotopes. Additional δ18O, collected from Colorado River tributaries between 2009 and 

2012 were obtained with permission from Nearshore Ecology Final Report (Pine, W.E, 

unpublished data).  

Temperature and discharge (Q) data were obtained from United States Geological 

Survey (USGS) stream gages (09380000 - Colorado River at Lee’s Ferry, AZ, 09402300 

- Little Colorado River above the mouth near Desert View, AZ, 09402500 - Colorado 

River near Grand Canyon, AZ , 09403000 - Bright Angel Creek near Grand Canyon, AZ, 

09404115 - Havasu Creek above the mouth near Supai, AZ , 09404120 - Colorado River 

above National Canyon near Supai AZ, 09404220 – Colorado River above Spencer 

Canyon at river mile 246). Daily mean temperature was calculated for both water 

temperature and discharge data.  

Laboratory – collections 

At MSB, each sample was cleaned to remove debris and sediment, placed into 

labeled glass museum quality jars filled with fresh 95% EtOH. All specimens were 

identified to species by trained experts under polarized light and stereoscope 
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magnification with the use of larval fish guides and interactive computer based keys 

(Snyder 1981; Snyder and Muth 2004).  

Once specimens were identified and separated by ontogenetic stage, larvae were 

randomly selected from collections of C. latipinnis that had large numbers of individuals 

from each monthly sampling (March – July). Because obtaining oxygen isotope ratios 

from larval otoliths is both novel and destructive, preference was given to the mesolarval 

ontogenetic stage because it was the most abundant in the samples. Using polarized light 

and a stereoscope with low-power magnification (10-40X) all six otoliths were dissected 

from selected larvae. Larval forceps were used for stabilization of the specimen and a 0.3 

mm stainless steel BioQuipTM insect pin and vise were used for removal and transfer of 

otoliths. The left sagitta and lapillus otoliths were mounted on a labeled glass microscope 

slide microscope slide with CrystalbondTM, and covered with a coverslip for use in age 

determination. Remaining sagitta and lapillus otoliths were placed into the individual 

sample holder holes of an aluminum ablation sample holder. Asteriscii, if present, were 

omitted from isotope and aging analysis because they form post hatch and are often 

comprised of polymorphic crystalline structures (Tomas and Geffen 2003; Hoff et al. 

2016). 

Otolith aging  

Otoliths were aged under high magnification (500-1000X) by at least two readers. 

Each reader determined age by counting the number of visible daily annuli. This step was 

repeated by the other reader, and scores compared. If consensus was met (+/- 1 annulus) 

the age in days was recorded. If the independent ages were not within one annulus (1 

day) the procedure was repeated by both readers. If ages were still not within one day, no 
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age was recorded and that sample was removed from analysis.  

Growth rate calculation  

Daily growth rates for individual larvae were calculated using Equation 1; the 

numerator is standard length at hatch is subtracted from the standard length at capture, 

the denominator is daily annuli revealed by age determination. Length at hatch for C. 

latipinnis is reported in a range from 10 to 11 mm standard length (Snyder and Muth, 

2004); for this study 10.5 mm SL was used.  

Equation 1 

𝐺𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 =  
𝐿𝑒𝑛𝑔𝑡ℎ 𝑎𝑡 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 (𝑆𝐿) − 𝐿𝑒𝑛𝑔𝑡ℎ 𝑎𝑡 ℎ𝑎𝑡𝑐ℎ (𝑆𝐿)

𝑑𝑎𝑦𝑠 𝑜𝑙𝑑 𝑝𝑜𝑠𝑡 ℎ𝑎𝑡𝑐ℎ (𝑎𝑛𝑛𝑢𝑙𝑖)
 

Isotope analysis  

Oxygen isotope ratio of otoliths were obtained by laser based gas chromatography 

isotope ratio monitoring mass spectrometry (GC-IRMMS) which allows for in-situ rapid 

analysis of small samples and spatial resolutions that would otherwise be infeasible using 

traditional extraction methods (Cerling and Sharp 1996; Sharp and Cerling 1996). For 

isotopic (δ18O) analysis, a “sample” consisted of either a sagitta or lapillus otolith and 

sometimes both from a single individual placed into the well of a custom sample holder. 

The sample holder is machined from aluminum barstock with final dimensions 12.8 mm 

diameter by 6.4 mm height. A total of 20 sample wells were CNC machined into one face 

of the sample holder with a total five rows each containing four sample wells arranged in 

a star pattern. Each well is approximately 1.0 mm deep by minimum diameter of 0.4 mm 

and maximum diameter of 0.7mm. The countersunk wells were designed to allow for line 

of sight imaging and target acquisition while simultaneously preventing the otoliths from 



 
 
 

 
 
 

13 

ejecting from the sample holder before being completely combusted by the laser. During 

sample analysis, the sample holder, containing a maximum of 20 samples, was placed 

into a sample chamber along with a small slab of Solnhofen limestone. Solnhofen 

limestone was used as an in-situ standard (Brand et al. 2014).  

The sample chamber was designed at UNM’s CSI to allow for analysis of small 

samples by minimizing the volume within the combustion chamber to approximately 6.6 

ml, which was further reduced by the addition of the sample holder and limestone slab to 

approximately 1.8 ml. Simply, the chamber is a machined stainless steel cylinder with a 

solid bottom, two gas ports (entrance and exit) on either lateral side, and a screw top lid 

with a 30 mm diameter zinc selenide viewing window (Sharp et al. 2000) . 

Laser  

The sample chamber was placed below a Photon Machines Inc. FUSIONS 10.6 

CO2 laser, equipped with motorized motion control in all planes (X, Y, Z), minimum spot 

size of ~125 μm flat beam technology, and high resolution live view optics with 

motorized magnification and a 5.4 mm minimum field of view. Sample analysis was 

conducted at 100% zoom magnification, power setting of 25%, pulse width of 1 second, 

and 0.8 mm spot size. The 0.8 mm was sufficient to cover the entire sample and in nearly 

every example the entire sample was completely combusted. The same laser settings 

were used to analyze both samples and the Solnhofen limestone standard.  

Sample produced CO2 analysis  

During sample acquisition a continuous flow of helium (He) gas was maintained 

through the sample chamber. Samples were analyzed heating samples with the laser, 
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which decarbonates the otolith material and produces CO2. Laser produced CO2 was 

carried by high flow rates (<350 ml/min) of He away from the sample chamber through 

stainless steel capillary tubing. Downstream of the sample chamber gasses passed 

through a Swagelok™ high purity inline particle filter and Nafion® water trap before 

entering a liquid nitrogen cryotrap. Sample CO2 was frozen in the cryotrap for a total of 

two minutes, allowing the entirety of CO2 to collect. After releasing the cryotrap, the CO2 

gas was carried to the 6-way valve, which in the inject position directed the flow to the 

gas chromatograph (GC) column. After the GC column the sample passed through 

another water trap before moving to the open split valve and was then injected into the 

mass spectrometer. All gas handling during this analysis was operated through a Thermo 

Fisher Scientific™ Gas Bench II. Sample acquisition and analysis methods were modeled 

from (Sharp et al. 2000) (Figure 2). 

Three different Thermo Fisher Scientific Delta isotope ratio mass spectrometers Delta V, 

Delta V Plus, and 253 Plus were used in this study. Of these mass spectrometers, only the 

Delta V was unfavorable to use because of its lower range of sensitivity. Because the 

Delta V Plus and 253 Plus were capable of measuring sample peaks above 10 sVs these 

were most often used. Sample peaks below 3 sVs produced untrustworthy results and 

were exclude from further analysis. During analysis, two reference gas injections (CO2) 

were placed at initiation of each sample acquisition and before and after each sample 

peak. Reference peaks were used to monitor for drift and a time-calculated correction was 

applied. Sample peaks were assigned an isotope ratio based on the second reference gas 

injection, unless manual correction was deemed necessary and then the nearest reference 

peak was used. Solnhofen standard (-4.1 ‰ δ18O) was analyzed in-situ using the same 
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methods for otolith analysis during each sample acquisition and resultant values were 

used to correct the sample values within each sample acquisition. Standards were 

generally measured at the beginning and end of each sample acquisition.  

To correct for any difference in δ18O fractionation caused by the laser between 

material types (aragonitic otoliths and calcitic limestone), I analyzed Solnhofen limestone 

and a lapillus otolith from a hatchery stock sub-adult Xyrauchen texanus by laser based 

GC-IRMMS and conventional acid digestion methods. The otolith was from a sub-adult 

(136 cm total length) reared at the US Fish and Wildlife Service’s Southwest Native 

Aquatic Resources and Recovery Center in Dexter, New Mexico and was procured from 

American Southwest Ichthyological Researchers LLC (Barkalow et al. 2015). The 

resultant δ18O values produced by acid digestion were used as the “true” values for each 

of the substrates (Solnhofen -4.1 ‰ δ18O, otolith -4.9 ‰). Comparing the laser obtained 

δ18O values (Solnhofen -7.5 ‰ δ18O, otolith -7.4 ‰) to the conventionally obtained δ18O 

produced the offset for the laser obtained samples. The offset for calcitic limestone was -

3.4‰ while the offset for aragonitic otolith material was -2.5‰. The difference between 

offsets (-0.9 ‰) was used as a material fractionation correction factor and applied to all 

samples (otoliths).  

Sample classification  

Samples were classified into three categories representing natal habitat types, 

mainstem, travertine tributaries, and other tributaries. The mainstem of the Colorado 

River δ18O SMOW averages -14.6 ‰ and is temporally and spatially stable except during 

episodic monsoon floods (L.J. Crossey, University of New Mexico, personal 

communication). Tributaries, important spawning habitats for many Colorado River 
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native fishes (Weiss et al. 1998; Gorman and Stone 1999), have similarly stable δ18O 

SMOW but are isotopically distinct from the mainstem. Oxygen isotope signatures define 

two general tributary types available to suckers in the Grand Canyon. Travertine spring 

systems like the Little Colorado River (LCR) and Havasu Creek have the lowest δ18O 

(mean = -11.5 ‰, SD = 0.40). Other tributaries (Bright Angel Creek, Shinamu Creek, 

and Tapeats Creek) have an intermediate δ18O value (mean = -13.5 ‰, SD = 0.20). To 

calculate a relative temperature experienced from the δ18O of a larva’s otoliths, an 

environmental water δ18O value must be used; larvae were assigned environmental water 

by a classification scheme similar to a quadratic discriminant analysis (QDA). The water 

δ18O used to determine a larval fish’s experienced temperature is assigned based on the 

Mahalanobis generalized squared distance (𝐷𝑗
2(𝑋), or M-distance of a larva’s assigned 

temperature (XFISH) to mean temperature present in the environment water (j) during the 

time post hatch for each individual independently, i.e., using the three possible water 

δ18O (mainstem, travertine, tributary) there are three possible temperatures that could be 

calculated from the δ18O of a larva’s otoliths(s), therefore the M-distance model was used 

to determine which of the experienced water temperatures was more likely given the 

temperatures present in those systems during a larva’s development post hatch. This 

model was chosen because it allows for analysis of data with unequal variances (Sj) and 

prior probability (PRIORj). Prior probabilities for all classification runs were set equal to 

one. M-distance was calculated using Equation 2.  

Equation 2 

𝐷𝑗
2(𝑋) = (𝑋𝐹𝐼𝑆𝐻 − �̅�𝑗)

′
𝑆𝑗

−1(𝑋𝐹𝐼𝑆𝐻 − �̅�𝑗) − 2 𝑙𝑜𝑔(𝑃𝑅𝐼𝑂𝑅𝑗) + log|𝑆𝑗| 
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Where: 𝐷𝑗
2 =  Mahalanobis generalized squared distance. 

 𝑋𝐹𝐼𝑆𝐻 = A larva’s experienced temperature in j environment water. 

             �̅�𝑗 =  The mean water temperature of j environment during lifetime of FISH.  

  𝑆𝑗
−1 = The standard deviation of water temperature in j environment water . 

  𝑃𝑅𝐼𝑂𝑅𝑗 = The prior probability of belonging to j environment water. 

 

For clarity, Equation 3 was used to construct a posterior probability 𝑃𝑟(𝑗 | 𝑋) of 

belonging to one of (k) groups and, while the results of these are equivalent to M-distance 

results, probability assignments from 0 to 1 are more easily interpreted. All classification 

was done in R-studio (Fan and J.Hyndman 2009).  

Equation 3 

𝑃𝑟(𝑗 | 𝑋) =  
exp {−0.5D𝑗

2(𝑋)}

∑ exp𝑘 {−0.5D𝑘
2(𝑋)}

 

   

All larvae with a probability greater than 0.60 of belonging to (j) environment water were 

assigned into one of the three sources (mainstem, travertine, or tributary). All larvae that 

had less than 0.60 probability of belonging to (j) environment water were classified as 

“unknown” and removed from further analysis.  

Experienced temperature calculation  

The temperature dependent equation developed by Grossman and Ku (1986, 

Equation 4) was used to calculate temperature experienced from results of the GC-

IRMMS obtained δ18O of a larval fish’s otoliths. The assigned water δ18Owater (PDB) was 
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subtracted from GC-IRMMS obtained δ18Ofish of an otolith and the resultant value was 

multiplied by 4.38 and then subtracted from 20.6, resulting in a temperature in degrees 

Celsius. 

Equation 4 

T(°C) = 20.6-4.38(δ
𝟏𝟖

Ofish − δ
𝟏𝟖

Owater(PDB)) 

There are many different variations of the temperature dependent fractionation equation 

that have been derived for different types of biogenic calcium carbonate and species 

specific equations, however there are none currently developed for any catostomid. The 

equation by Grossman and Ku is widely cited as reliable for determination of temperature 

from otoliths of marine and freshwater fishes (Patterson et al. 1993; Guiguer et al. 2003; 

Høie et al. 2004).  

To compare carbonate δ18O values which are reported in the Pee Dee Belemnite 

(PDB) scale to water δ18O which is reported in Standard Mean Ocean Water (SMOW) 

water δ18O were rescaled to PDB by the relationship in Equation 5 (Friedman and O’Neil 

1977).  

Equation 5 

δ18O(𝑃𝐷𝐵) =  0.99978 ∗ (δ18O(𝑆𝑀𝑂𝑊)) − 0.22 

Additionally, relative difference in temperature experienced from the mean water 

temperature of the assigned environment (Temp(diff)) water was computed by subtracting 

the mean environment water temperature from temperature experienced as determined by 

isotope analysis. All mean environment water temperatures were calculated 

independently for the time interval that each larva was present as indicated by the dates 

between the hatch date and date of capture.  
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Data analysis and visualization  

Data analysis was conducted in program R accessed through R-studio version 

1.0.136 (Fan and Hyndman 2009). All data visualization was done using the ggplot2 

package (Wickham 2009). Prior to analysis, model assumptions were checked graphically 

and/or formally when appropriate. A quantile-quantile (Q-Q) plot was used to assess 

whether input data fit a normal distribution. If the data appeared to deviate from the 

normal distribution both a Shapiro-Wilks test and an Anderson Darling test were 

performed (Shapiro and Wilk 1965; Stephens 1979). Homogeneity of variance (HOV) 

plots, based on the Brown-Forsyth test, were used to assess the assumption of equal 

variance among groups (Heiberger 2017). Additionally, I performed both the Barlett and 

Fligner-Killen tests to formally assess the homogeneity of variance assumption (Conover 

et al. 1981). All mean water temperature and mainstem discharge data were 

independently calculated for the time interval that each larva was present as indicated by 

the dates between the hatch date and date of capture. 

The difference in temperatures that larvae experienced among capture months 

(March – July) was assessed with a one-way analysis of variance ANOVA. A post-hoc 

Tukey’s honest significant difference (HSD) was used to compare means between 

months. Additionally, a one-way ANOVA was performed to assess the difference 

between the temperatures experienced by larvae assigned to different environment waters 

(mainstem, travertine, or tributary). A post-hoc Tukey’s HSD was used to compare 

means between groups. Further investigation into variables responsible for determining 

the temperature experienced by larvae was done  with a multiple linear regression model. 

The explanatory variables chosen for the full model were river kilometer of capture, 
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mean mainstem water temperature, mean travertine tributary water temperatures (Havasu 

Creek, Little Colorado River), mean temperature tributary water temperature (Bright 

Angel Creek), month of capture, hatch date, annuli, mean mainstem discharge between 

hatch and capture dates, and mean daily fluctuation in mainstem discharge (Q) between 

hatch and capture date as determined by subtracting the daily minimum Q from the daily 

maximum Q. Backward stepwise model selection was performed using Akaike 

Information Criterion (AIC) scores. After low scoring variables were removed from the 

model the remaining explanatory variables were included in the final model.  

The difference in Temp(diff) among month of capture (March – July) was assessed 

with a one-way ANOVA. A post-hoc Tukey’s HSD was used to compare mean Temp(diff) 

between months. To assess differences in Temp(diff) between assigned and environmental 

water (mainstem, travertine, or tributary) a one-way ANOVA was used. A post-hoc 

Tukey’s HSD was used to compare the mean Temp(diff) between groups. Further 

investigation into explanatory variables responsible for the Temp(diff) was modeled with 

multiple linear regression. The explanatory variables included in the full model were 

river kilometer of capture, mean mainstem water temperature, mean travertine tributary 

water temperatures (Havasu Creek, Little Colorado River), mean tributary water 

temperature (Bright Angel Creek), month of capture, hatch date, annuli, mean mainstem 

discharge, and mean daily fluctuation in mainstem discharge. Backward stepwise model 

selection was performed using (AIC) scores. After low scoring variables were removed 

from the model, the remaining explanatory variables were included in the final model. 

To assess the difference in growth rates of larvae among capture months (March – 

July) was assessed with a one-way ANOVA. A post-hoc Tukey’s HSD was used to 
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compare mean growth rate between months. The relationship between growth rate and 

experienced temperature and Temp(diff) were modeled with ordinary linear regression. 

Further investigation into other explanatory variables responsible for the variance 

observed between growth rate and temperature was modeled with a multiple linear 

regression. The explanatory variables chosen for the full model were experienced 

temperature, Temp(diff),  river kilometer of capture, mean mainstem water temperature, 

mean travertine tributary water temperatures (Havasu Creek, Little Colorado River), 

mean temperature tributary water temperature (Bright Angel Creek), month of capture, 

hatch date, mean mainstem discharge, and mean daily fluctuation in mainstem discharge. 

Backward stepwise model selection was performed using (AIC) scores. After low scoring 

variables were removed from the model the remaining explanatory variables were 

included in the final model. 

Results 

Water Oxygen Isotopes  

Fourteen mainstem Colorado River water samples were analyzed for δ18O from 2015 

(Table 1). Mainstem δ18OSMOW mean was -14.6 ‰ ± 0.31. The δ18O data obtained from 

the Nearshore Ecology Project included years 2009, 2010, and 2012. Data were available 

in 2009 from May, July, August, September, and October. In both 2010 and 2012, data 

were only available from the month of September. A total of 13 travertine (Little 

Colorado River and Havasu Creek) δ18O samples (mean,  -11.5 ‰, SD, 0.4); (Table 2) 

and 18 tributary (Bright Angel Creek, Shinamu Creek, and Tapeats Creek) (mean = -13.5 

‰, SD = 0.2) (Table 3) samples were available. Because the three environment waters 

are relatively stable and distinct from each other (ANOVA: F2, P<0.05) δ18O of these 
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systems is sufficiently stable to allow for oxygen isotope thermometry within and 

between systems.  

Water temperature and discharge  

From the period in which larval catostomids were present, as indicated by the 

earliest hatch date (February 28th, 2015) to the last collection date (July 9th, 2015), daily 

mean water temperatures in the mainstem Colorado River ranged from 8.0–19.7°C, 

(mean, 12.5°C). In all months (February–July), mainstem water temperatures increased 

temporally and longitudinally (colder upstream and warmer downstream). Mean daily 

temperatures in Bright Angel Creek (tributary) ranged from 6.7–29.2°C, (mean = 

15.9°C). Mean daily temperatures in travertine (Little Colorado River and Havasu Creek 

combined) ranged from 8.4–27.7°C (mean = 19.2°C). Travertine mean daily water 

temperatures were, on average, warmer than both the tributary and mainstem 

temperatures in every month. Tributary temperatures were more similar to mainstem 

temperatures for months February–May and became more similar to travertine 

temperatures during June and July (Figure 3).  

 Discharge of the three riverine systems is markedly different from each other; 

mainstem discharge varies by seasonal power demand and Glen Canyon dam operations 

while tributary and travertine systems vary mostly due to seasonal precipitation patterns 

(Figure 4). Mainstem Colorado River mean daily discharge ranged from 200.1–580.7 

m3/s, (mean = 346.0 m3/s). Mean daily fluctuations in discharge due to peak power 

demands (i.e., hydropeaking) ranged from 102.5–158.7 m3/s (mean = 124.7 m3/s). Mean 

daily discharge in Bright Angel Creek (tributary) ranged from 0.2–5.8 m3/s, (mean = 0.5 

m3/s). Mean daily discharge in travertine (Little Colorado River and Havasu Creek 
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combined) ranged from 1.8–61.7 m3/s (mean = 5.2 m3/s).  

Age and development   

Nearly all (95%) of the total selected larvae that were analyzed isotopically and 

aged (n = 88) were ontogenetically staged as mesolarvae; the remaining fish (5%; n = 5) 

were protolarvae. Mesolarvae were further subdivided into sequential sub-stages of 

development (flexion and postflexion). Within mesolarvae just under half (45%; n = 37) 

were identified as flexion and the remaining 46 were the latter developmental sub-stage, 

postflexion mesolarvae. Larvae ranged in age 17–57 days post-hatch. Mean age was 32 

days post-hatch (SD = 11). Both sub-stages of mesolarvae were present April–July; there 

were no postflexion mesolarvae analyzed from March since only protolarvae were 

collected in March. Protolarvae (n = 5) ranged from 12.6–14.0 mm SL, (mean = 13.4 mm 

SL) and ages ranged from 17–20 days post-hatch (mean = 19 days). Flexion mesolarvae 

ranged from 12.6–15.6 mm SL, (mean = 14.4 mm SL) and ages ranged from 17–44 days 

post-hatch (mean = 26 days). Postflexion mesolarvae ranged from 13.9–18 mm SL, 

(mean =16.2 mm SL) ranged from 22–57 days post-hatch (mean = 37 days; Table 4) 

Hatch dates ranged from February 28, 2015 to July 09, 2015. The distribution of 

hatch dates followed a bi-modal pattern, where the first and largest peak in hatching 

occurred around March 10 followed by a lull around April 7 and a second although lesser 

peak in hatching around April 29 (Figure 5).  
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Larval growth rates ranged from 0.07–0.28 mm/day, (mean = 0.16 mm/day, SD = 

0.04). Larvae collected from March–May had the highest growth rates while larvae 

collected in June and July had the lowest growth rates (Figure 6). Growth rates did not 

significantly differ between developmental stages (Kruskal-Wallis ANOVA: X2 = 1.2, df 

= 2, P = 0.5). Growth rates were negatively correlated with hatch date (Pearson’s 

Correlation Coefficient: R = 0.41, P < 0.05). 

Isotope analysis  

 A total of 200 C. latipinnis were selected for isotopic analysis. Unfortunately, a 

subset of these samples (n = 112) were deemed insufficient for analysis. Samples were 

excluded for two reasons: insufficient intensity peaks (too low < 3 sVs or too high > 10 

sVs) or, less often, severe drift (indicated by deviation in values obtained for reference 

gas injections from known values). The remaining samples (n = 88) ranged in δ18OPDB 

from -8.8 to -14.8‰ (mean = -12.8 ‰, SD = 1.2).  

Sample classification 

 Oxygen isotope ratios obtained from otoliths were used to calculate a range of 

possible temperatures experienced using the three mean different environment waters 

(mainstem, travertine, and tributary). These results were used to classify each larva into 

of the three potential environment water categories. Of the total larvae, slightly more than 

three quarters of them (76%; n = 67) were classified into one of the three environment 

waters and the remainder (n = 21) were unclassified. Slightly more than half (52%; n = 

35) of the larvae were classified as mainstem. Travertine was next most commonly 

assigned water (n = 20) while the remainder (n = 12) were classified as tributary. Prior to 
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setting the assignment cutoff (60%) the removed individuals were classified as either 

mainstem (n = 11) or tributary (n = 10). Majority of individuals (78%, n = 52) that were 

classified had greater than or equal to 90% probability of belonging to their assigned 

group (Table 5).  

Temperature experienced  

Once larvae were classified, relative temperature experienced was calculated 

using the assigned water δ18OPDB. Relative temperatures experienced by larvae ranged 

from 8–25°C (mean = 16°C, SD = 4.5). Initial tests of significance revealed that there is a 

significant difference between the temperatures experienced by fish from different 

environment water (ANOVA: F2,64 = 29.8, P < 0.05) and by month (ANOVA: F4,64 = 

26.8, P < 0.05). Further post-hoc analysis revealed that each environment water group is 

significantly different from each other (Tukey’s HSD: P < 0.05); on average, fish 

assigned to the mainstem experienced the lowest temperatures while fish assigned to the 

tributaries experienced the warmest temperatures (Figure 7). Temporal variation in 

temperature experienced tracked increasing monthly water temperatures; fish captured in 

March experienced colder temperatures than all other months (Tukey’s HSD: P < 0.05). 

After March the temperature experienced by larvae increased from April to July, 

however, not all subsequent months were significantly different from each other (Tukey’s 

HSD: P  > 0.05; Figure 8).  

The results of the multiple linear regression models showed that the temperature 

experienced by larvae included all of the explanatory variables (n = 9) and accounted for 

nearly two-thirds (MLR: R2
(adjusted) = 0.65) of variation observed in temperature 

experienced by larvae; however many of the variables (n = 8) included in the full model 
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were not indicated as significant (P < 0.05;Table 6). Month of capture was the only 

explanatory variable indicated as significant. Following stepwise AIC model selection the 

explanatory power of model improved slightly (MLR: R2
(adjusted) = 0.67) and all remaining 

variables (n = 4; month of capture, hatch date, annuli, and river kilometer) were indicated 

as significant (P < 0.05;Table 6; Figure 9) 

Temp(diff)  

The Temp(diff) experienced by larvae ranged from -8–8°C (mean = 1.2°C, SD 

=3.1). Initial tests of significance indicated a Temp(diff) between environment water groups 

(ANOVA: F2, 64 = 17.0, P < 0.05) and a slight difference by month of capture (ANOVA: 

F4,64 = 3.1, P = 0.01). Further post-hoc analysis revealed that Temp(diff) for travertine fish 

is different from both mainstem and tributary fish (Tukey’s HSD: P < 0.05); there was no 

significant difference of Temp(diff) between mainstem and tributary (Tukey’s HSD: P 

=0.18; Figure 10). There were no clear patterns of Temp(diff) varying by month of capture; 

June was significantly different from March and May (Tukey’s HSD: P < 0.05) and all 

other comparisons were not significant (P > 0.05; Figure 11).  
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Results of multiple linear regression modeling Temp(diff) that included all 

explanatory variables (n = 9) explained about one-fifth (MLR: R2
(adjusted) = 0.20) of the 

variation observed in Temp(diff) experienced by larvae and all of the variables indicated no 

significant influence (P > 0.05). Following stepwise AIC model selection the explanatory 

power of the model improved (MLR: R2
(adjusted) = 0.26) and all remaining variables (n=4; 

annuli, tributary mean temperature, mainstem mean Q, and mainstem mean temperature) 

were indicated as significant (P < 0.05; Table 7; Figure 12). 

Growth rate analysis  

The results of the multiple linear regression modeling larval Growth rates 

including all explanatory variables (n = 10) explained more than one-third (MLR: 

R2
(adjusted) = 0.41) of the variation observed in larval growth rates, however, only two of 

the variables were significant (P < 0.05). Following stepwise AIC model selection the 

explanatory power of the model only slightly increased (MLR: R2
(adjusted) = 0.44), 

however, all of the variables remaining (n= 4; hatch date, mainstem mean temperature, 

travertine mean temperature, and mean mainstem daily Q fluctuation) were significant (P 

< 0.05; Table 8; Figure 13).  

Discussion 

 Glen Canyon dam has severely altered Colorado River water temperatures since 

its construction. This is because hypolimnial releases dampen seasonal variability and 

decrease the mean annual temperature (Stevens et al. 1997) relative to conditions before 

the dam was closed in 1963. From Glen Canyon dam the Colorado River spans nearly 

450 RK and traverses the Grand Canyon before entering Lake Mead. Larval catostomids, 
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which are prone to passive downstream transport by water currents (Kennedy and 

Vinyard 1997; Robinson et al. 1998; Hedrick et al. 2009), are subject to water 

temperatures that are sub-optimal for growth and development (Clarkson and Childs 

2000; Bestgen 2008). However, there are areas within the mainstem Colorado River, 

primarily in the lower 100 RK, where water temperatures are warmer and potentially 

sufficient for growth and development. Additionally there is potential for larval fish to 

experience warmer than average temperatures in tributaries and shoreline-associated, 

microhabitats (Robinson and Childs 2001; Childs et al. 2011; Ross et al. 2013). Isotopic 

analysis of larval C. latipinnis otoliths allowed for the reconstruction of an average 

temperature experienced by an individual larva from the time it hatched to the time it was 

collected. Temperatures experienced by larvae were within the range of environment 

water temperatures present in the tributaries and mainstem river and closely mirrored 

temporal variation displayed in water temperatures. While it is difficult to assess the 

accuracy of isotopically derived temperatures for wild-caught larvae, these results 

suggest that both the methods of obtaining δ18O from a larval otolith and the subsequent 

determination of temperature experienced are likely valid.  

 Because there are isotopically (δ18O) distinct aquatic systems within the Grand 

Canyon it was important to be able to classify fish into environment water categories 

based on their oxygen isotope signatures. Determination of temperature experienced 

would otherwise likely lead to grossly underestimated water temperatures experienced for 

some fish (e.g., a larva collected in May that was classified as travertine had an 

experienced temperature of 15.4°C vs. 2.8°C had it been assumed to belong to 

mainstem). This classification scheme is by no means analogous to other studies 
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(Limburg et al. 2013) that have used stable isotopes and elemental ratios for 

determination of natal origin and or spawning location of juvenile and adult fish; rather 

this is an analysis of where a larva likely spent the majority of its life post-hatch. The 

majority of classified larvae were assigned with a very high probability of belonging to 

their assigned group. Approximately 85% of fish assigned to mainstem and travertine 

groups were assigned with greater than 90% probability. Tributary fish on average had 

the lowest probability assignment values (66%), likely due to the tributaries intermediate 

δ18O value of -13.5 ‰ making it difficult to distinguish between true tributary fish and 

fish that have intermediate values as a result of emigrating from a travertine tributary into 

the mainstem. It is important to note that all fish were collected within the mainstem 

Colorado River, yet nearly 50% of the larvae were classified with a greater than 60% 

probability of having spent the majority of life post hatch in a tributary to mainstem. A 

drawback of this classification scheme is that it cannot discriminate between fish that 

spent a significant portion of their life in an isotopically distinct (δ18O) aquatic system 

before emigrating to another; which is a likely scenario in general because tributaries to 

Colorado River within the Grand Canyon are considered important for spawning and 

maintenance of native fishes (Weiss et al. 1998; Robinson et al. 1998) but especially for 

fish (n = 21) that were not classified. However, this confusion could potentially be 

addressed in future research by sampling larval fishes within and upstream of tributaries 

to greatly increase the known provenance and of larvae and the decrease range of 

potential water temperatures experienced by larvae.  

 The temperatures that larvae experience are greatly influenced by seasonal 

variability in temperature indicated by the month of capture and hatch date being the 
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most influential variables in the temperature experienced model (Table 7). These results 

are likely influenced by the fact that most larvae collected in later months were classified 

as the two warmest environments (tributary and travertine) and the smaller sample sizes 

available from months June and July (Figure 8). Additional variation of temperature 

experienced is explained by the age of a larva; older larvae experienced warmer 

temperatures. Possible explanations for influence of age over the temperature 

experienced can likely be broken into two categories, biotic and abiotic. Possible 

arguments for an abiotic explanation would be that as the fish increased in age, the water 

temperature similarly increased and by virtue of being present longer may have had a 

greater chance of being transported into warmer water. A biotic explanation may be that 

older larvae likely had increased swimming abilities (Ward et al. 2002; Korman et al. 

2004) which allowed them to preferentially access warmer water temperatures especially 

in low velocity thermally graded habitats (e.g. backwaters, embayments, etc.). This 

hypothesis is supported by age being the most the most influential variable in the 

Temp(diff) model. Older larvae were more likely to have experienced warmer temperatures 

and, interestingly, mainstem and tributary fish were more likely to have experienced 

warmer than mean temperatures of their prospective environments while the majority of 

travertine fish experienced near or below average water temperatures (Figure 12). This 

result is a likely consequence of both abiotic and biotic influences. One possible biotic 

explanation for the lower Temp(diff) values for travertine fish may be that water 

temperatures in the travertine systems are more similar to optimal temperatures and thus 

fish do not preferentially access warmer microhabitats. A more simple explanation 

however, may be that temperatures within habitats used by larvae within the travertine 
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systems are more similar to the mean temperature. 

Growth rates of larvae examined in this study were negatively correlated with 

temperature experienced, month of capture, and mean environment water temperature 

(Figure 13). This result was initially perplexing, primarily because it is contradictory to 

both basic ectothermic metabolic theory and empirical studies where growth rates 

increase with an increase in temperature (Pepin 1991; Charnov and Gillooly 2004; 

Bestgen 2008). Growth rate of wild caught larval fish is determined by subtracting the 

size at hatch from length at capture and dividing that by the number of days post hatch. 

Two of these variables (size at capture, and age) were obtained directly by measurement 

within this study. Size at hatch however, could not be measured directly in the field, and 

thus a well accepted mean size at hatch  (11. 5 mm) was used (Snyder and Muth 2004). 

While it is expected that individuals likely deviate from the mean hatch size, only a 

systematic deviation would produce an inverse relationship between growth rate and 

temperature. Size at hatch for other fishes has been shown to increase at lower 

temperature (Ware 1975). Female fish that experience cooler temperatures may produce 

larger ova, which in turn produce larger larvae (Ware 1975; Pepin 1991). Additionally, 

egg incubation duration increases with cooler water temperatures (Pepin 1991; Gillooly 

et al. 2002) which may lead to larger larvae (Ware 1975). There is no way of empirically 

testing whether fish collected in this study hatched at larger sizes due to colder water 

temperatures, thus skewing the growth rate data, but this could explain the anomalous 

results. Further support is given by the results of the growth rate model which showed 

that hatch date was the variable having the greatest influence on growth rates; on average 

larvae with the earliest hatch dates had the highest growth rates.  
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Determining the relationship between water temperatures growth rates of larval 

catostomids was the main impetus for this project, however, given my results it is 

unlikely that any comparison between growth rates and other variables is valid. 

Understanding the relationship between temperature experienced by larvae and how that 

may influence their survival is often accomplished through laboratory experiments where 

carefully controlled conditions permit clear results. While fundamentally important, 

laboratory experiments fail to accurately represent the abiotic and biotic conditions 

present in the wild populations of interest and often these conditions have overwhelming 

influence over growth and survival. While some results were unexpected, the results 

presented here are an excellent example of why analysis of wild caught fish is important. 

Hopefully these results can provide both a novel method for analyzing the temperatures 

experienced by individual larvae and better insight into the thermal conditions that larvae 

experience within the Grand Canyon.  

Given these findings, further investigation into the role of temperature and how 

that effects size at hatch of larval catostomids is warranted. Researchers often estimate 

impacts of altered ecosystems to wild populations of fishes and estimating altered 

temperature regimes on growth rate is profoundly important for early life stages. While 

the effect of variable hatch size on estimation of growth rates is minimized for later 

stages of development (juvenile, adult) estimation of larval growth rate is extremely 

important because maintenance of a population is dependent on their survival.  

The novel approaches of this study provide greater insight into the variability of 

temperatures experienced by individual larval C. latipinnis throughout their development, 

and identified some of the abiotic and biotic variables that have significant influence over 
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growth and survival. This study used larvae collected throughout the lower 160 RK of the 

mainstem Colorado River where each individual collected has an unknown provenance 

and has potentially experienced a wide range of temperatures and habitats. Expansion of 

the sampling area and analysis of larvae caught further upstream in areas without 

travertine and regular tributaries would potentially constrain many of the complications 

experienced and provide for further validation of these techniques. 
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Table 1. Oxygen isotope analysis results for mainstem Colorado River water samples 

collected and analyzed in 2015 organized by month and river kilometer.  

Year  Month River Kilometer δ18O ‰ 

2015 May 309.8 -14.8 

2015 May 385.6 -14.8 

2015 May 391.1 -14.9 

2015 June 309.8 -15.0 

2015 June 358.6 -15.0 

2015 June 391.1 -14.8 

2015 June 449.2 -14.5 

2015 July 296.6 -13.9 

2015 July 313.2 -14.4 

2015 July 384.0 -14.4 

2015 July 391.1 -14.4 

2015 July 432.9 -14.3 

2015 July 426.5 -14.6 
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Table 2. Oxygen isotope analysis results from travertine (Little Colorado River and 

Havasu Creek) stream water samples organized by year, month, site, and river kilometer. 

All data that appears below was collected and analyzed by the Nearshore Ecology Group 

and used with permission. 

Year Month Site 
River 

Kilometer 
δ18O‰ 

2009 May Little Colorado River 99.5 -11.6 

2009 July Little Colorado River 99.5 -11.2 

2009 July Havasu Creek 253.0 -12.0 

2009 August Little Colorado River 99.5 -11.6 

2009 August Havasu Creek 253.0 -11.9 

2009 September Little Colorado River 99.5 -11.1 

2009 September Havasu Creek 253.0 -12.1 

2009 October Little Colorado River 99.5 -11.8 

2009 October Havasu Creek 253.0 -12.2 

2010 September Little Colorado River 99.5 -9.7 

2010 September Havasu Creek 253.0 -11.7 

2012 September Little Colorado River 99.5 -11.0 

2012 September Havasu Creek 253.0 -11.8 
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Table 3. Oxygen isotope analysis results from tributary (Bright Angel Creek, Shinumo 

Creek, and Tapeats Creek) water samples organized by year, month, site, and river 

kilometer. All data that appears below was collected and analyzed by the Nearshore 

Ecology Group and used with permission. 

Year Month Site River Kilometer δ18O‰ 

2009 July Bright Angel 142.1 -13.4 

2009 July Shinumo Creek 175.7 -13.4 

2009 July Tapeats Creek 216.1 -13.7 

2009 August Bright Angel Creek 142.1 -13.6 

2009 August Shinumo Creek 175.7 -13.4 

2009 August Tapeats Creek 216.1 -13.6 

2009 September Bright Angel Creek 142.1 -13.8 

2009 September Shinumo Creek 175.7 -13.6 

2009 September Tapeats Creek 216.1 -13.8 

2009 October Bright Angel Creek 142.1 -13.8 

2009 October Shinumo Creek 175.7 -13.5 

2009 October Tapeats Creek 216.1 -14.0 

2010 September Bright Angel Creek 142.1 -13.2 

2010 September Shinumo Creek 175.7 -13.0 

2010 September Tapeats Creek 216.1 -13.5 

2012 September Bright Angel Creek 142.1 -13.4 

2012 September Shinumo Creek 175.7 -13.1 

2012 September Tapeats Creek 216.1 -13.6 
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Table 4. Larval C. latipinnis collected from Colorado River within Grand Canyon in 

2015 organized by collection month, river kilometer, development stage, standard length, 

annuli, and hatch date.  

Month River K Development Length (SL) Annuli Hatch Date 

March 314.0 Protolarvae 13.8 20 3-Mar 

March 314.0 Protolarvae 13.6 20 3-Mar 

March 369.7 Protolarvae 12.6 17 8-Mar 

March 391.1 Protolarvae 14 18 8-Mar 

March 434.5 Protolarvae 13 19 9-Mar 

March 314.0 Flexion Mesolarvae 14.3 25 26-Feb 

March 314.0 Flexion Mesolarvae 15.4 20 3-Mar 

March 369.7 Flexion Mesolarvae 15.1 28 25-Feb 

March 369.7 Flexion Mesolarvae 14.2 21 4-Mar 

March 391.1 Flexion Mesolarvae 14.4 23 3-Mar 

March 391.1 Flexion Mesolarvae 14.1 18 8-Mar 

March 391.1 Flexion Mesolarvae 15.4 24 2-Mar 

March 391.1 Flexion Mesolarvae 15 19 7-Mar 

March 391.1 Flexion Mesolarvae 15.6 22 4-Mar 

March 391.1 Flexion Mesolarvae 15.4 24 2-Mar 

March 391.1 Flexion Mesolarvae 14.2 17 9-Mar 

March 391.1 Flexion Mesolarvae 14.4 17 9-Mar 

March 391.1 Flexion Mesolarvae 15.1 19 7-Mar 

March 391.1 Flexion Mesolarvae 15.2 17 9-Mar 

March 391.1 Flexion Mesolarvae 14.6 24 2-Mar 

April 385.4 Flexion Mesolarvae 14.6 27 24-Mar 

April 385.4 Flexion Mesolarvae 14.7 26 25-Mar 

April 385.4 Flexion Mesolarvae 14.6 32 19-Mar 

April 385.4 Flexion Mesolarvae 14.8 26 25-Mar 

April 385.4 Flexion Mesolarvae 13.6 30 21-Mar 
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Month River K Development Length (SL) Annuli Hatch Date 

April 385.4 Flexion Mesolarvae 14.8 29 22-Mar 

April 391.1 Flexion Mesolarvae 15.2 44 8-Mar 

April 391.1 Flexion Mesolarvae 15.4 42 10-Mar 

May 385.4 Flexion Mesolarvae 14.4 24 22-Apr 

May 385.4 Flexion Mesolarvae 13.8 20 26-Apr 

May 385.4 Flexion Mesolarvae 14.4 21 25-Apr 

May 385.4 Flexion Mesolarvae 14.2 20 26-Apr 

May 385.4 Flexion Mesolarvae 15.3 22 24-Apr 

May 385.4 Flexion Mesolarvae 13.9 19 27-Apr 

June 449.0 Flexion Mesolarvae 14 34 12-May 

June 449.0 Flexion Mesolarvae 14.6 30 16-May 

June 449.0 Flexion Mesolarvae 14.1 35 11-May 

June 449.0 Flexion Mesolarvae 13.3 36 3-Jun 

July 296.1 Flexion Mesolarvae 13.9 39 31-May 

July 296.1 Flexion Mesolarvae 13.7 28 11-Jun 

July 296.1 Flexion Mesolarvae 13.9 24 15-Jun 

July 296.1 Flexion Mesolarvae 13.3 34 5-Jun 

April 385.4 Post-flexion Mesolarvae 17.2 45 6-Mar 

April 385.4 Post-flexion Mesolarvae 16.3 31 20-Mar 

April 385.4 Post-flexion Mesolarvae 16.5 33 18-Mar 

April 385.4 Post-flexion Mesolarvae 17.4 43 8-Mar 

April 385.4 Post-flexion Mesolarvae 15.3 31 20-Mar 

April 385.4 Post-flexion Mesolarvae 16 36 15-Mar 

April 385.4 Post-flexion Mesolarvae 16.2 36 15-Mar 

April 385.4 Post-flexion Mesolarvae 16.6 41 10-Mar 

April 385.4 Post-flexion Mesolarvae 17.6 34 17-Mar 

April 296.1 Post-flexion Mesolarvae 16.1 36 16-Mar 
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Month River K Development Length (SL) Annuli Hatch Date 

April 391.1 Post-flexion Mesolarvae 17.3 40 12-Mar 

April 391.1 Post-flexion Mesolarvae 17.4 39 13-Mar 

April 391.1 Post-flexion Mesolarvae 16.9 36 16-Mar 

May 309.8 Post-flexion Mesolarvae 16 35 10-Apr 

May 385.4 Post-flexion Mesolarvae 16.3 26 20-Apr 

May 385.4 Post-flexion Mesolarvae 15.7 22 24-Apr 

May 385.4 Post-flexion Mesolarvae 15.8 24 22-Apr 

May 385.4 Post-flexion Mesolarvae 15 26 20-Apr 

May 385.4 Post-flexion Mesolarvae 15.3 33 13-Apr 

June 391.1 Post-flexion Mesolarvae 14.6 33 12-May 

June 391.1 Post-flexion Mesolarvae 16.5 33 12-May 

June 391.1 Post-flexion Mesolarvae 15.7 37 8-May 

June 391.1 Post-flexion Mesolarvae 13.9 35 10-May 

June 391.1 Post-flexion Mesolarvae 16 37 8-May 

June 391.1 Post-flexion Mesolarvae 16.7 36 9-May 

June 391.1 Post-flexion Mesolarvae 16.6 46 29-Apr 

June 391.1 Post-flexion Mesolarvae 15.7 57 18-Apr 

June 449.0 Post-flexion Mesolarvae 15 52 24-Apr 

June 449.0 Post-flexion Mesolarvae 16.2 44 2-May 

June 449.0 Post-flexion Mesolarvae 16.2 31 15-May 

June 449.0 Post-flexion Mesolarvae 14.2 30 16-May 

June 449.0 Post-flexion Mesolarvae 14.6 44 2-May 

June 358.6 Post-flexion Mesolarvae 17.2 36 8-May 

June 358.6 Post-flexion Mesolarvae 17.8 51 23-Apr 

June 358.6 Post-flexion Mesolarvae 15.5 42 2-May 

June 358.6 Post-flexion Mesolarvae 16.5 41 3-May 

June 358.6 Post-flexion Mesolarvae 15.8 40 4-May 

June 358.6 Post-flexion Mesolarvae 16.6 45 29-Apr 
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Month River K Development Length (SL) Annuli Hatch Date 

June 358.6 Post-flexion Mesolarvae 17 56 18-Apr 

July 296.1 Post-flexion Mesolarvae 17.5 39 31-May 

July 296.1 Post-flexion Mesolarvae 16.4 41 29-May 

July 296.1 Post-flexion Mesolarvae 16.44 35 4-Jun 

July 296.1 Post-flexion Mesolarvae 16.6 47 23-May 

July 296.1 Post-flexion Mesolarvae 18 37 2-Jun 

July 296.1 Post-flexion Mesolarvae 14.7 40 30-May 

July 296.1 Post-flexion Mesolarvae 14.85 31 8-Jun 
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Table 5. Classification results (modified quadratic discriminate analysis)  of C. latipinnis 

larvae. The classification scheme used the δ18O‰ from each fish to determine water 

temperatures experienced and compared that to environment temperatures present. Fishes 

that had a greater than 60% probability of belonging to mainstem, travertine, or tributary 

were assigned to that group. All fishes with less than 60% probability were assigned 

unknown. 

Classification δ18O‰(otolith) Pr(mainstem) % Pr(travertine) % Pr(tributary) % 

mainstem -12.9 99 0 1 

travertine -10.6 0 100 0 

travertine -11.1 0 100 0 

mainstem -12.8 98 0 2 

unknown -12.3 50 0 50 

mainstem -13.6 100 0 0 

mainstem -12.4 68 0 32 

unknown -12.3 51 0 49 

mainstem -12.4 63 0 37 

mainstem -13.1 100 0 0 

mainstem -13.8 100 0 0 

travertine -11.3 0 97 3 

travertine -10.8 0 100 0 

mainstem -13.7 100 0 0 

travertine -10.7 0 100 0 

mainstem -14.2 100 0 0 

mainstem -13.5 100 0 0 

mainstem -13.8 100 0 0 
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Classification δ18O‰ Pr(mainstem) % Pr(travertine) % Pr(tributary) % 

mainstem -14.3 100 0 0 

mainstem -14.1 100 0 0 

mainstem -11.2 100 0 0 

mainstem -10.6 100 0 0 

mainstem -10.9 100 0 0 

mainstem -10 100 0 0 

mainstem -11.5 100 0 0 

mainstem -10.8 100 0 0 

mainstem -11.1 100 0 0 

mainstem -11.8 100 0 0 

mainstem -14.3 100 0 0 

mainstem -13 100 0 0 

mainstem -11.7 100 0 0 

mainstem -13.7 100 0 0 

mainstem -12.9 100 0 0 

mainstem -12.8 100 0 0 

tributary -12.4 36 0 64 

mainstem -13.8 100 0 0 

mainstem -13 100 0 0 

mainstem -13.2 100 0 0 

mainstem -13.4 100 0 0 
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Classification δ18O‰ Pr(mainstem) % Pr(travertine) % Pr(tributary) % 

mainstem -14.8 100 0 0 

mainstem -14 100 0 0 

mainstem -13.5 100 0 0 

mainstem -13.5 100 0 0 

mainstem -14.2 100 0 0 

mainstem -14.1 100 0 0 

mainstem -14.1 100 0 0 

mainstem -13.3 98 0 2 

travertine -13.6 0 100 0 

mainstem -13.7 99 0 1 

mainstem -13.9 100 0 0 

mainstem -14.3 100 0 0 

mainstem -14.3 100 0 0 

travertine -13.3 0 100 0 

travertine -13.5 0 100 0 

travertine -13 0 100 0 

travertine -14.4 0 100 0 

travertine -13.3 0 100 0 

travertine -12.6 0 100 0 

travertine -11.5 0 100 0 

travertine -14.4 2 86 12 
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Classification δ18O‰ Pr(mainstem) % Pr(travertine) % Pr(tributary) % 

mainstem -14.3 85 0 15 

mainstem -14.3 100 0 0 

travertine -14.6 1 84 15 

unknown -13.5 51 0 49 

unknown -12.2 50 0 50 

unknown -12.4 49 0 51 

unknown -13 44 5 52 

unknown -11.9 56 0 44 

unknown -8.8 51 0 49 

unknown -12.2 59 0 41 

unknown -12.1 44 0 56 

unknown -12 42 0 58 

tributary -12.8 32 0 68 

unknown -12.7 45 0 55 

unknown -13.3 49 0 51 

unknown -13.2 41 0 59 

unknown -13 59 0 41 

mainstem -12.5 72 0 28 

unknown -12.9 49 0 51 

unknown -12.6 46 0 54 

tributary -13 39 0 61 
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Classification δ18O‰ Pr(mainstem) % Pr(travertine) % Pr(tributary) % 

tributary -12.8 30 0 70 

unknown -12.5 56 0 44 

unknown -12.4 46 0 54 

travertine -12.8 0 100 0 
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Table 6. Multiple linear regression analysis results for both initial (full) model and final (reduced) temperature experienced model. 

Multiple linear regression was used to evaluate the explanatory variables significantly affecting temperature experienced (response 

variable) by C. latipinnis larvae. Backward stepwise AIC model selection was performed to produce the final (reduced) model. 

 Reduced Model – AIC stepwise Full Model – all variables 

Variable  Estimate Std. error t-value  Pr ( >| t |) Estimate Std. error t-value  Pr ( >| t |) 

(Intercept ) 5.86 e05 2.08 e05 2.812 0.006 7.842 e05 3.952 e05 1.984 0.052 

River kilometer  0.0290 0.0138 2.103 0.039 0.0188 0.0255 0.738 0.464 

Month  10.4200 2.8230 3.691 0.000 9.9380 3.9630 2.508 0.015 

Hatch date -0.2908 0.1034 -2.812 0.006 -0.3892 0.1962 -1.984 0.052 

Annuli -0.2415 0.1090 -2.216 0.030 -0.3022 0.1676 -1.803 0.077 

Mainstem mean  temp                    - - - -3.9790 12.7200 -0.313 0.756 

Tributary mean temp                     - - - - 2.1860 3.2390 0.675 0.503 

Travertine mean temp                   - - - - 0.4250 5.3150 0.08 0.937 

Mainstem mean Q        - - - - -0.0958 0.1313 -0.73 0.469 

Mainstem mean daily Q flux        - - - - 0.2018 0.3317 0.608 0.545 

         

Adjusted R2    0.67    0.65 

ANOVA 
 DF F-value P-value  DF F-value P-value 

  (4,62) 35.5 2.09e-15  (9,57) 15.02 3.62e-12 
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Table 7. Multiple linear regression analysis results for both initial (full) model and final (reduced) Temp(diff) model. Multiple linear 

regression was used to evaluate the explanatory variables significantly affecting temperature difference between experienced and 

environment temperatures (response variable) by C. latipinnis larvae. Backward stepwise AIC model selection was performed to 

produce the final (reduced) model. 

 Reduced Model – AIC stepwise Full Model – all variables 

Variable  Estimate Std. error t-value  Pr ( >| t |) Estimate Std. error t-value  Pr ( >| t |) 

(Intercept) 124.08554 48.95071 2.535 0.013785 4.67e04 4.18e05 0.112 0.911 

Annuli 0.1716 0.0422 4.064 0.0001 0.0156 0.0177 0.88 0.382 

Mainstem mean temp -14.8582 5.9934 -2.479 0.0159 -22.1700 13.4400 -1.649 0.105 

Tributary mean temp 6.0568 2.3441 2.584 0.0121 6.3070 3.4240 1.842 0.071 

Travertine mean temp - - - - 3.3580 5.6190 0.598 0.553 

Mainstem mean Q -0.1127 0.0445 -2.536 0.0138 -0.0853 0.1388 -0.614 0.542 

Mainstem mean daily Q flux       - - - - -0.0397 0.3507 -0.113 0.910 

River kilometer - - - - -0.0064 0.0270 -0.236 0.814 

Month - - - - -0.2509 4.1900 -0.06 0.952 

Hatch date - - - - -0.0231 0.2074 -0.111 0.912 

         

Adjusted R2    0.26    0.20 

ANOVA 
 DF F-value P-value  DF F-value P-value 

  (4,62) 6.814 0.001  (9,57) 2.866 0.007 
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Table 8. Multiple linear regression analysis results for both initial (full) model and final (reduced) larval growth rate) model. Multiple 

linear regression was used to evaluate the explanatory variables significantly affecting growth rate (response variable) of C. latipinnis 

larvae. Backward stepwise AIC model selection was performed to produce the final (reduced) model. 

 
Reduced Model – AIC stepwise Full Model – all variables 

Variable  Estimate Std. error t-value  Pr ( >| t |) Estimate Std. error t-value  Pr ( >| t |) 

(Intercept ) -6.31E+03 1.31E+03 -4.807 1.01E-05 -6.54e3 1.56 e3 -4.193 9.90 e-5 

Hatch date 0.0031 0.0007 4.316 0.0000 0.0032 0.0008 4.193 0.0001 

Mainstem mean Q - - - - -0.0013 0.0016 -0.821 0.4151 

Mainstem mean daily  

Q flux 
-0.0055 0.0166 -3.335 0.0014 -0.0041 0.0038 -1.068 0.2902 

River kilometer  - - - - -0.0001 0.0003 -0.323 0.7476 

Month  - - - - -0.0206 0.0274 -0.752 0.4554 

Mainstem mean temp       0.213         0.0616 3.460 0.0010 0.2580 0.1559 1.655 0.1036 

Tributary mean temp  - - - - 0.0273 0.0401 0.682 0.4983 

Travertine mean temp -0.0106 -0.0200 -4.265 0.0001 -0.1474 0.0663 -2.222 0.0303 

Experienced temp - - - - 0.0013 0.0020 0.661 0.5112 

Temp(diff) - - - - 0.0011 0.0019 0.557 0.5800 

         

Adjusted R2    0.43    0.41 

ANOVA 
 DF F-value P-value  DF F-value P-value 

 (4,62) 13.85 3.96e-08  (10,56) 5.584 9.99e-6 
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Figure 1. Study area encompassed 160 river kilometers (RK) of the Colorado River within Western Grand Canyon from RK 

288.2 near Lava Falls rapid to RK 449.2 near Pearce Ferry. Larval fish collection sites are indicated by green circles and study 

area boundaries are indicated by red lines. 
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Figure 2. Diagram of GC-IRMS CO2 acquisition for small carbonates samples from Sharp et al. 2000, used with permission.  
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Figure 3. Water temperature data in degrees Celsius for the mainstem Colorado River, travertine tributaries, and tributary during the 

period when larval C. latipinnis were present. Data are presented in a continuous format in panel A and summarized in boxplots in 

panel B. Mainstem data are the combined mean daily temperatures recorded by USGS gages (09380000 - Colorado River at Lee’s 

Ferry, AZ, 09402500 - Colorado River near Grand Canyon, AZ , , 09404120 - Colorado River above National Canyon near Supai AZ, 

09404220 – Colorado River above Spencer Canyon at river mile 246. The travertine data is the combined mean daily temperatures 

recorded by USGS Gages( 09402300 - Little Colorado River above the mouth near Desert View, AZ and  09404115 - Havasu Creek 

above the mouth near Supai, AZ). The tributary data is the mean daily temperature data recorded by USGS gage 09403000 - Bright 

Angel Creek near Grand Canyon, AZ.  
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Figure 4 (A) Combined daily stream discharge recorded by USGS gages (09380000 - Colorado River at Lee’s Ferry, AZ, , 09402500 

- Colorado River near Grand Canyon, AZ 09404120 - Colorado River above National Canyon near Supai AZ, 09404220 – Colorado 

River above Spencer Canyon at river mile 246), (B). Combined daily stream discharge recorded by USGS gages 09402300- Little 

Colorado River above the mouth near Desert View, AZ and 09404115 - Havasu Creek above the mouth near Supai, AZ (C) Daily 

stream discharge recorded by 09403000 - Bright Angel Creek near Grand Canyon, AZ, All data presented in A, B, and C were 

recorded during the period of time when C. latipinnis larvae used in this study were present., The discharge data is presented in m3/s  

and scaled independently for each system displayed (mainstem, travertine, and tributary).  
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Figure 5. Frequency plot of the distribution hatch dates for C. latipinnis used in this 

study. Hatch dates were calculated by subtracting age in days from date of collection.  
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Figure 6. Comparison of growth rates (mm/day) of C. latipinnis displayed by month of 

capture (A), development stage (B), and hatch date (C).  
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Figure 7. Comparison of temperature experienced estimated by analysis of oxygen 

isotope ratios of otoliths from C. latipinnis used in this study by the environment water 

(mainstem, travertine, tributary) into which they were classified. Black dots indicate 

outliers.    
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Figure 8. Comparison of temperature experienced (estimated by analysis of oxygen 

isotope ratios of otoliths from C. latipinnis) by month collected.  Single points represent 

individual larvae that are classified to source water conditions (mainstem, travertine, 

tributary). 

 

 

 

 

 

 

 

 

10

15

20

25

Mar Apr May Jun Jul

E
x
p
e

ri
e
n

c
e

d
 T

e
m

p
e
ra

tu
re

 (
°C

)
Mainstem Travertine Tributary



 
 
 

 
 
 

68 

 

Figure 9. Relationship of temperature experienced (estimated by analysis of oxygen 

isotope ratios of otoliths from C. latipinnis ) by variables remaining in the reduced (final) 

model, A) month collected, B) hatch date, C) river kilometer, and D) annuli. Single 

points represent individual larvae that are classified to source water conditions 

(mainstem, travertine, tributary) 
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Figure 10. Comparison of Temp(diff) estimated by analysis of oxygen isotope ratios of 

otoliths from C. latipinnis classified by the source water (mainstem, travertine, tributary).  

Box plots are composed of data from each fish classified to individual environment 

waters. Black dots indicate outliers.  
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Figure 11. Comparison of Temp(diff) estimated by analysis of oxygen isotope ratios of 

otoliths from C. latipinnis by collection month.  Points are color coded according to 

environment water and represent individual larvae classified to source water (mainstem, 

travertine, tributary). 
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Figure 12. Relationship of Temp(diff) (estimated by analysis of oxygen isotope ratios of 

otoliths from C. latipinnis used in this study) by variables remaining in the reduced 

(final) model, A) annuli, B) mainstream mean temperature C) travertine mean 

temperature, and D) mean mainstem discharge. Points are color coded according to 

environment water and represent individual larvae belonging to the water (mainstem, 

travertine, tributary) in which they were classified.   
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Figure 13. Relationship of growth rates from C. latipinnis used in this study by variables remaining in the reduced (final) model. A) 

hatch date, B) mainstem mean temperature, C) travertine mean temperature) mean mainstem discharge, E) experience temperature, F) 

month collected, and G) mean daily discharge. Points are color coded according to environment water and represent individual larvae 

belonging to the water (mainstem, travertine, tributary) in which they were classified.    
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