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Fisheries managers often use models of population density to evaluate the status of stream-living 

fishes, but many of these models have low predictive performance for abundance and density. 

These models could incorporate several factors that can limit population density, particularly the 

effect of body size, envisioned by the theory of self-thinning. In addition, constraints imposed on 

density by physical and biological habitat conditions in streams are important to consider. In this 

study, we describe a two-phase approach to predict density of stream-living fish. We started by 

modeling maximum density in relation to body size (length and mass) using quantile regression. 

We extracted residuals from these models (deviations from maximum predicted density, termed 

“residual density”). In a second phase of analysis, we applied generalized linear models to 

predict residual density in relation to habitat factors known to limit abundance of stream-living 

salmonids (temperature, discharge, and non-native species).  Models were based on data from 

Redband Trout (Oncorhynchus mykiss spp.) sampled over 1615 site visits in the Northern Great 

Basin Region of southeast Oregon, USA. Results in the first phase of the analysis indicated 

strong evidence for the influence of body size on maximum fish densities in sampled stream 

reaches. However, in the second phase of the analysis, we found poor predictive capability for 



 
 

models attempting to correlate limiting habitat factors to residual density. The importance of 

body size as a predictor of population density is qualitatively consistent with theoretical 

expectations based on body size and density dependence in stream-living fish, as well as a host 

empirical studies reporting inverse relationships between body size and population density. Our 

inability to predict residual density of Redband Trout in this study is also consistent with a long 

history of variably successful attempts to predict density based on local environmental variables. 

Although there are several possible reasons for why density of stream-living is so difficult to 

predict based on environmental variables, body size is a consistently important factor. Given this, 

additional work to understand environmental drivers of body size may be a more productive 

route to better understand factors that ultimately drive population density of stream-living fishes. 
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Introduction 

Spatial and temporal patterns in the abundance of stream fishes are important factors managers 

consider when looking at when setting harvest regulations or developing species conservation 

plans (Isaak et al. 2020, Hubert and Quist 2011). These patterns are the result of physical and 

biological processes operating at multiple scales including stream discharge, thermal regimes, 

intra- and interspecific interactions, and stream productivity. Collectively, these factors influence 

growth, movement, reproduction, and survival in riverine fishes (Poole and Berman 2001, 

Fausch et al 2002, Rosenfeld 2003, McMillan et al. 2012, Grossman and Simon 2020), and these 

processes drive abundance. Although the importance of these factors is reasonably well known, 

attempts to predict the standing stocks of salmonid fishes (e.g., abundance, density, or biomass) 

have not fully considered them together and often fail to produce accurate predictions (Dunham 

and Vinyard 1997a, Fausch et al.1988, Van Horne 1983, Muhlfeld et al. 2001). 

In this study, we considered abundance of stream-living trout in the context of density-

dependence and physical factors that can limit population density. Density dependence is 

widespread in trout and other salmonids and occurs as a response to intraspecific competition for 

limited space and energetic resources (Elliott 1994, Rose et al. 2001, Grossman and Simon 2020, 

Chapman 1966). Often, years of data are required to evaluate the influence of density 

dependence on many responses (e.g., recruitment, survival, or fecundity), but changes in growth 

and body size indicating patterns of density dependence and can be explored using observations 

of body size and population density (Grossman and Simon 2020). In theory, the relationship 

between body size and population density should be inverse (i.e., lower population density as 

body size increases) as a result of density-dependent constraints imposed by the capacity of a 

given location to support trout (Grant 1993, Bohlin et al. 1994). This negative relationship, 
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referred to as self-thinning, is often observed through time (e.g., cohorts) or space (e.g., 

locations) and presumably represents constraints imposed by resource requirements (e.g., food or 

space) associated with individual body size and thus population density (Dunham and Vinyard 

1997b, Grant et al. 1998, Rincón and Lobón-Cerviá 2002).  

Because of its hypothesized relationship to resource competition, self-thinning is 

commonly observed in salmonid populations assumed to be at or near carrying capacity, but 

factors other than space and metabolic needs can also result in self-thinning in salmonid 

populations (Grant et al. 1998). In some cases, the slopes of self-thinning relationships can differ 

for smaller fish versus larger fish, presumably due to habitat segregation between different age 

classes as a potential response to intraspecific competition or thresholds in size-related resource 

requirements (Rincón and Lobón-Cerviá 2002). In addition to habitat segregation, behavioral 

differences relationships among larger fish in access to high quality habitats can have a large 

influence on the presence of self-thinning in stream salmonids. For example, larger and dominant 

individuals have higher metabolic requirements and may occupy larger spaces than smaller and 

subordinate individuals (Grossman and Simon 2020). The influence of self-thinning can also 

differ based habitat availability, particularly differences in discharge and space constraints 

among years. For example, in years with high discharge, self-thinning may be expressed to a 

lesser extent than during low flow years, where low flows and reduced habitat volume can 

significantly increase intraspecific competition (Dunham and Vinyard 1997b). 

Whereas body size is clearly an important factor that can limit densities of stream-living 

salmonids, it is also clear that other factors can limit density below theoretical maximums 

imposed by body size. As a result, consideration of other potential biotic and abiotic constraints, 

such a stream temperature, discharge, and competition with non-native species, as possible 
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limiting factors on fish density may be important (Magnuson et al. 1979, Poff et al. 1997, Miller 

et al. 2014). In the context of self-thinning, deviations from empirical relations depicting lower 

than expected densities in relation to body size can indicate the potential influences of these 

alternative constraints (Figure 1).  Limits on population density related to body size can be 

modeled with statistical techniques such as quantile regression, which are well-suited to such 

questions (Cade and Noon 2003, Cade and Guo 2000). Deviations or residuals from such 

relationships may indicate the influences of factors other than body size that constrain local 

densities (e.g. Cade et. al 1999; Figure 1). 

 

Figure 1. Schematic diagram illustrating self-thinning in salmonid populations, indicating a 

negative linear relationship between mean body size (by either length, mass, or other measure of 

size) and population density. Such relationships can be considered on any scale (e.g., 

logarithmic, or linear). Populations below maximum equilibrium density are limited by other 

factors other than food or space. 

 

In this study, we used data on body size and density Redband Trout (Oncorhynchus 

mykiss spp.) sampled from 1615 site visits in Southeastern Oregon streams between 2006 and 

2012 to test two hypotheses related to density-dependence. First, using data on fish population 

density (fish/m2) and mean individual body size for both mass (g) and fork length (mm), we 
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expected to find a negative relationship between population density and mean body size. We also 

investigated whether several physical and biological conditions can constrain population density 

using the residuals from the upper predicted quantiles of population density (“residual density”) 

in this relationship. These included stream temperature (Isaak et al. 2017a) and discharge (Miller 

et al. 2018), along with the presence of non-native Brook Trout (Salvelinus fontinalis), which in 

previous analyses have been identified as factors that influence the body size and population 

density of Redband Trout (Zoellick 1999, Meyer et al. 2010, Miller et al. 2014). Collectively, the 

density-body size relationship can help to understand constraints on population density imposed 

by alternative physical or biotic factors important to stream-living fishes like Redband Trout. 
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Methods 

Study Location 

We studied Redband Trout in the hydrographic Great Basin of Southeastern Oregon (Grayson 

1994, Figure 2.), a region that covers ~ 36,600 km2 with vegetation primarily composed of high 

elevation (>1200 m) sagebrush steppe and conifer forest (Minshall et al. 1989). The region 

contains six major endorheic subbasins, with streams and rivers in the region emptying into 

terminal and sometimes saline lakes or playas in the lower elevations (Grayson 1994). While 

currently hydrologically separated, many watersheds within these basins were formerly 

connected to one another by pluvial lakes during the Pleistocene (Hubbs and Miller 1948 , 

Bisson and Bond 1971, Minckley et al. 1986). The high degree of topographic and hydrographic 

variability in the region is paralleled by variation in environmental conditions in streams as 

indicated by stream flow and temperature regimes. For example, measured average August 

stream temperatures in 2018 ranged from 7.2 Co to 20.3 Co for 123 monitoring sites in the basin 

(Thorson et al. 2020) and approximately 84% of stream length in the region are classified as 

intermittent or ephemeral by National Hydrography Dataset Plus (NHD Plus) stream reaches (US 

EPA 2021). Stream flow is highly seasonal and dominated by snowmelt (Poff 1996), with flows 

lowest in late summer through winter and highest during the period of snowmelt and highest 

precipitation (April-June). For example, measured flows at USGS gage station 10396000 on the 

Donner und Blitzen River for the period of study ranged from 0.34 m3/s in January 2007 to 35.31 

m3/s in May 2011. 

 

Species of Interest 

Redband trout includes diverse lineages of inland O. mykiss found in watersheds east of the 

Cascade Mountains and includes the populations we studied in the Northern Great Basin region 
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(Behnke 1992, Currens et al. 2009). For management purposes, populations are delimited into 

six Species Management Units (SMUs) that align with the major hydrological basins in the 

regions (Meeuwig and Clements 2015) (Fig. 2., Table 1.). These SMUs represent distinctive 

geographic locations and corresponding patterns of genetic divergence as a result of past 

connections to other basins (Meeuwig and Clements 2015). Redband Trout generally occupy 

cold water (< 18 oC), with growth potentially lowered at temperature conditions above this 

threshold and mortality increasingly likely as temperatures exceed 24 oC (Gamperl et al. 2002, 

Rodnick et al. 2004). 

 

Fish Dataset 

To evaluate relationships between the population density (fish/m2) of Redband Trout and habitat 

features (stream flows and temperatures) within our study area, we used data on fish collected by 

ODFW crews at 1,212 sites between May 2006 and October 2012 (Figure 2.). A total of 1615 

surveys of Redband Trout were conducted at the sites, with 490 surveys representing 102 sites 

surveyed multiple years. (2-6 years of repeated surveys at these 102 sites). Sampling efforts were 

centered on major basins across years (Table 1.), and thus location and year of sampling could be 

confounded from a statistical perspective. Surveys were conducted using backpack electrofishing 

units using multi-pass depletion methods, with a subset (102) of surveys also employing mark-

recapture methods (Dunham et al. 2009). Trout representing year-of-young (fork length < 60 

mm) were excluded from the analysis (Meeuwig and Clements 2014). In addition to the fish 

capture data, the survey reach was measured to find stream length, and measurements of stream 

width and depth were collected from five equally spaced transects along the survey reach. 

Surface area was then calculated by multiplying the average transect width by the total length of 

the survey site. 
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Figure 2. Map of Species Management Units (SMUs) for Redband Trout in southeast Oregon 

(outlined with black lines) Within SMUs, fish sampling locations within shaded HUC10 

watersheds and major streams sampled are indicated, with survey sites indicated by dots. Survey 

sites with Redband Trout present or not detected are indicated by black or white dots, 

respectively. 
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Table 1. Number of surveys per year and Species Management Unit (SMU) for all visits in the 

study 

 
SMU 2006 2007 2008 2009 2010 2011 2012 

Catlow 0 8 0 11 13 19 7 

Chewaucan 32 33 25 69 30 29 65 

FortRock 0 30 24 61 28 25 83 

Goose 0 94 24 29 87 29 29 

Malheur 0 39 139 33 37 158 39 

Warner 0 96 24 31 79 30 26 

 

Standing stock of Redband Trout was summarized for each visit in terms of numerical 

density (fish/m2). Depending on how fish were sampled, mean population size estimates ± SD 

for Redband Trout were estimated using the K-pass depletion method and Lincoln-Peterson 

mark-recapture methods (Rosenberger and Dunham 2005). We used the FishR package (Ogle et 

al. 2021) and the R code in their FishR Vignette to estimate fish population size. Among the 

depletion estimates, 54 surveys had inadequate data for proper estimates, which included surveys 

with a larger number of fish encountered on subsequent passes or negative population estimates 

for the lower 95% confidence interval. A regression analysis relating mark-recapture as the 

response and depletion estimates as the predictor for the 102 sites that used both methods yielded 

a slope of 1.58 and an R2 = 0.73. To find the mean fish mass for each survey, a length/mass 

equation for Rainbow Trout referenced in Railsback et al. (2005) was used to estimate the mass 

of each captured Redband Trout caught during the depletion passes. To account for the 

differences in surface area between survey reaches, population estimates were divided by the 

surface area of the site to calculate to number of fish per square meter.  

 

Predicting Population Density of Redband Trout 

We initially predicted maximum density of Redband Trout within sites based on the size of 

conspecifics across all sites and years sampled, based on the theory of self-thinning in space 
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across all cohorts of fish older than age 1 (Dunham and Vinyard 1997a). For this, we used data 

from 1129 unique surveys to determine the influence of body size on maximum fish densities, 

two quantile regression models were fit between log10(Mean Mass) and log10(Estimated 

Density), and Mean Length and log10(Estimated Density) using the quantreg package (Koenker 

et al. 2018) on R (Version 3.6.0). Residuals for the linear regression equations at the upper edge 

of the distribution (i.e., quantiles 95th, 90th, 80th, and 70th) were then extracted for each site visit. 

We considered body size to impose a primary limitation on maximum population density 

of Redband Trout. Residual deviations from predicted maximum densities could indicate the 

presence of alternative limiting factors (Cade et al. 1999). We considered three alternative 

factors (in addition to body size) as limiting density of Redband Trout in our study sites 

including the presence of nonnative Brook Trout and two primary physical environmental 

features: stream temperature and discharge. We determined presence of nonnative Brook Trout 

using the capture data for each survey (numbers of Brook Trout were not quantified). To 

quantify these environmental features, the latest coordinates for each site were used to create a 

point shapefile in ArcMap (Version 10.7.1). To predict the impact of stream temperature on 

Redband Trout density, mean predicted August stream temperature from NorWeST (Isaak et al. 

2017) was used. Modeled stream temperature data used was available for each year of the study. 

Predicted discharge estimates from Miller et al. (2018) were also used to predict the influence of 

mean annual discharge on fish density. The stream discharge data was aggregated to calculate 

the mean annual discharge for each National Hydrography Dataset (NHD) COMID, which was 

then joined to the NHD shapefile (USGS 2021). Both stream datasets were spatially joined into 

one stream shapefile using the flowlines from the NHD Plus (US EPA 2011). The site points 
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were then snapped to the combined stream shapefile to extract the relevant reach data (i.e., mean 

annual discharge and mean summer stream temperature) used in the analysis. 

With data on alternative limiting factors assembled, we employed multiple linear 

regression to determine their potential influences on population density of Redband Trout on 

residual densities at sites (the value of residuals from quantile regression model predicting 

maximum density from conspecific body size). To reduce co-linearity among variables a 

correlation matrix was employed, and any variables with >70% correlation were removed. 

Population density and mean body mass were log10 transformed to account for non-linearity and 

non-normality.  

Because we expected the response of Redband Trout to temperature to be quadratic 

(Isaak et al. 2017b), we included a squared term for mean August temperature in addition to the 

linear value for mean August temperature. A log10 transformation was also applied to mean 

yearly discharge to correct for the non-normality in the data. To avoid issues with 0 log, 1 was 

added to discharge before log transformation. To account for variation between years and basins 

on fish density, site visit year and SMU were used as random effects. 
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Results 

Self-Thinning Analysis 

A negative relationship between mean fish size and estimated density was found for both 

log10(Mean Mass) and Mean Length for all quantile regression lines (Figure 3, Table 2). For both 

log10(Mean Mass) and Mean Length, the regression slope was lowest and least significant for the 

95th quantile. All the remaining quantile regression lines were significant at the 95th percentile. 

Quantile regression slopes appeared to better fit the upper bounds of the distribution for the 

Length/logDensity than the logMass/logDensity relationship. Overall, variability in densities was 

greater for locations with smaller sized fish (Figure 3) 

Table 2. Quantile regression statistics for the relationship between Fish Density (log10Density 

(Fish/m2) and (a.) Mean Length (mm) and (b.) log10Mean Mass (g).  

 

a.    

Quantile Slope Intercept T (slope) p (slope) 

95 -0.0013 -0.2181 -0.588 0.5569 

90 -0.0068 0.1218 -4.685 < 0.001 

80 -0.0076 -0.0530 -9.915 < 0.001 

70 -0.0076 -0.2415 -13.437 < 0.001 

50 -0.0046 -0.9869 -7.457 < 0.001 

b.    

Quantile Slope Intercept T (slope) p (slope) 

95 -0.3462 -0.0175 -0.105 0.9167 

90 -0.3836 -0.1790 -5.213 < 0.001 

80 -0.4898 -0.2935 -5.870 < 0.001 

70 -0.5550 -0.4163 -6.076 < 0.001 

50 -0.2067 -1.2819 -3.131 0.0018 
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a. 

 
b. 

 
Figure 3. Scatter plot of log10 population densities (Fish/m2) for site visits in the study in relation 

to (a.) Mean Length (mm) and (b.) log10Mean Mass (g) with regression lines used in the analysis 

for reference 

 

Multiple Linear Regression 

Multiple linear regression model fits for the quantile residuals from both log10(Mean Mass) and 

Mean Length and the limiting habitat variables (Aug Temp, Sq Aug Temp, Brook Trout, and 

logMean Yearly Flow, SMU, and Year of Survey) was poor (R2 < 0.1) for all quantiles (Table 3, 
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Figure 4). The best model fits for both the Mean Length and Mean Mass models were for the 95th 

quantile, while the lowest fits were those for the 90th quantile model. 

Table 3. Full model fits for (a.) Mean Length (mm) and (b.) log10Mean Mass (g) of residual 

density as explained by potential limiting factors (Aug Temp, Sq Aug Temp, Brook Trout, 

logMean Yearly Flow, SMU, and Year of Survey). 

a.         b.       

Quantile df F R2   Quantile df F R2 

95 1113 4.182 0.05336   95 1113 4.372 0.05564 

90 1113 4.059 0.05186   90 1113 4.088 0.05222 

80 1113 4.154 0.05301   80 1113 4.103 0.0524 

70 1113 4.15 0.05297   70 1113 4.134 0.05277 

 

a.      

 
b. 

  
Figure 4. Residual plots for 90% quantile models for (a.) Mean Length (mm) and (b.) logMean 

Mass (g) to display model fits. 
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After accounting for the effect of self-thinning on fish density, coefficients for model 

variables did not appear to differ between models for each quantile (Appendix Table 1). While 

overall the models showed poor predictive capacity, the large sample size included in the study 

did show significant slopes for some predictor variables. Mean August temperature was 

positively associated with fish density residuals, with a negative association to quadratic term for 

Mean August Temperature and the fish density residuals. Residual fish density was positively 

associated with Mean Yearly Discharge. Brook Trout presence was negatively associated with 

residual fish density. Mean August Temperature, Squared Mean August Temperature, and Mean 

Yearly Discharge all had slopes significantly different from zero at p = 0.001 confidence level, 

while Brook Trout presence was significant at the p =0.1 level. Despite the confounding of Year 

and SMU to site visits, there was evidence to suggest that residual densities differed between 

years at the p = 0.05 confidence level for all years except 2007. No differences in residual 

density were found between SMU’s at the p = 0.05 level.  
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Discussion 

For decades, fisheries biologists have sought to find models capable of predicting standing stock 

of salmonids with variable success (Platts and Nelson 1988, Fausch 1988, Rosenfeld 2003). In 

this study we evaluated relationships between population density (fish/m2) of Redband Trout and 

two sets of factors hypothesized to influence density including: body size and environmental 

variables (stream discharge, temperature, and presence of non-native Trout). Using quantile 

regression to predict maximum density of Redband Trout, we show that both mass and length 

were effective predictors. Sites at or above the 90th quantile of the logMean Mass/Mean Length 

and logDensity relationship were at or near maximum predicted density, but most sites were well 

below this threshold. To potentially explain these deviations from maximum predicted density, 

we extracted residuals from values predicted by the 90th quantile regression based on body size 

(“residual densities”), and modeled them as a function of stream discharge, temperature, and 

presence of non-native Brook Trout. This analysis indicated that none of these factors could 

explain residual densities, even though they are often cited as important drivers of salmonid 

populations in streams (Magnuson et al. 1979, Poff et al. 1997, Dunham et al. 2002).  Based on 

these findings, we discuss implications for future studies to better predict standing stock of 

salmonids in streams. 

Based on the prevalence of density dependence in stream-living salmonids (Grossman 

and Simon 2020) and widespread observation of inverse relationships between body size and 

population density of these species (Chapman 1966, Grant 1993, Bohlin et al. 1994, Elliott 1994, 

Dunham and Vinyard 1997, Hughes and Grand 2000) we expected a negative relationship 

between body size and population density. Indeed, such relationships can emerge due to 

intraspecific competition for limited energetic resources and space for populations near carrying 
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capacity (Chapman 1966, Grant 1993, Bohlin et al. 1994). In this study we did not seek to 

identify which of these factors or others potentially associated with body size were important, as 

they can be extremely difficult to identify with such observational data alone (Dunham and 

Vinyard 1997a). In a purely predictive context, we found that quantile regression was 

particularly useful in modeling possible limits to maximum density constrained by body size.  

One important finding from this work is that deviations from predicted maximum density 

were greater for smaller fish (< ~150 mm) versus larger fish.  This could indicate that factors 

other than body size are more likely to influence numerical densities of smaller fish.  Similar 

studies have also noted this, offering a range of potential explanations (Rincón and Lobón-Cerviá 

2002, Elliott 1994). In natural stream settings, larger individual salmonids may differ in their 

vulnerability to predators (Penaluna et al. 2021, Harvey and White 2017), are typically 

competitively dominant to smaller individuals (Young 2004). Larger individuals also have 

greater per-capita resource requirements (Hughes and Grand 2000) and since they are more 

likely to be mature, their patterns of resource use may also reflect more than just the need to 

grow or survive, but also to reproduce (Kendall et al. 2015). Although we were unable to 

evaluate these processes in this work, we suspect variability in their influences among locations 

was likely important and is an important area for future work to better understand variability in 

body size itself, with implications for expected density of Redband Trout in streams. 

Although we observed considerable deviations from maximum densities predicted by 

body size, especially for locations with smaller sized individuals, we were unable to link this 

residual density to stream discharges, temperatures, or the presence of nonnative Brook Trout. 

Although temperature is known to be important for salmonids for many reasons (McCullough et 

al. 2009), we were unable to detect associations with summer (August mean) temperatures. This 
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may be because for many stream salmonids, stream thermal regimes outside of the summer 

season can also be important, particularly in the context of growth opportunities that vary across 

thermal regimes and potentially drive body sizes (Railsback et al. 1999, Hayes et al. 2000, 

Benjamin et al. 2020, Armstrong et al. 2021). Similarly, discharge has been shown to be an 

important factor in predicting fish abundance (Isaak et al. 2020), likely due to its association with 

processes and patterns influencing productivity in lotic systems (Vannote et al. 1980). Stream 

productivity (both instream and riparian or allochthonous subsides) can also interact with 

temperature and drive food availability, growth, and ultimately body size of salmonids (Wipfli 

and Baxter 2010, Whitney et al. 2020). To address these interactions, more detailed studies of 

spatial and temporal variability in thermal regimes, productivity and growth of Redband Trout 

would be needed. 

Productivity in partially migratory species such as Redband Trout is not only limited by 

local conditions at the time of survey, but by conditions in adjacent locations or ecological 

neighborhoods, particularly for adult fish (Schlosser 1995, Wiens 2002, Rosenfeld 2003). For 

example, adult Redband Trout may migrate long distances (>50 km), in streams with strong 

longitudinal environmental gradients and migratory connectivity (Anderson et al. 2011, 

Hahlbeck 2021). While movement patterns in smaller fish are generally more limited, studies 

have suggested that they can migrate within local watersheds to minimize exposure to warm 

water temperatures during the summer and to maximize growth potential in the fall (Tattum et al. 

2013, McMillan et al. 2012). Accounting for this spatial and temporal variability and habitat 

complementation may be important in predicting density of Redband Trout in this region. 

Despite previous studies demonstrating lower densities of Redband Trout in relation to 

Brook Trout presence (Miller et al. 2014) we did not find sufficient evidence in this analysis that 
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Brook Trout presence was important in predicting residual densities in Redband Trout. Unlike 

other species, such as Bull Trout (Salvelinus confluentus) and Cutthroat Trout (O. clarkii ssp.), 

negative impacts from interactions between Redband Trout and Brook Trout may be limited due 

to habitat partitioning among the two species limiting interspecific competition that can result in 

lower species abundance, as was hypothesized by Miller et al. (2013). These spatial patterns may 

occur on large scales, such as differences in suitable thermal regimes between species (Benjamin 

et al. 2016) or may occur on local scales within stream reaches where species may differ in 

microhabitat usage or feeding strategies (Nakano and Furukawa‐Tanaka 1994). More 

mechanistic studies that identify patterns of habitat use within sites and species interactions may 

be required to better understand impacts of non-native species, particularly Brook Trout, on 

Redband Trout abundance (Peterson et al. 2004).  

There may also be differences between juveniles and adults in terms of what factors 

influence abundance, particularly in migratory Redband Trout populations. Studies of juvenile 

salmonids have had much greater success in predicting abundance using habitat variables, even 

without considering the influence of self-thinning on density. For example, Isaak et al. 2020 used 

many similar limiting habitat metrics (R2 = 0.57) as this study (Mean August Stream 

temperature, mean yearly discharge, and Brook Trout abundance) to predict abundance of 

juvenile O. mykiss in the Columbia Basin. Density is also heavily determined by spawning 

location, particularly for juvenile fish. Studies of anadromous O. mykiss in the nearby John Day 

basin found high prediction (R2 = 0.79) of juvenile occurrence in relation to spawning habitat 

and neighborhood habitat characteristics to important juvenile rearing (Falke et al. 2013).  

There were some facets of the survey design that limited the analysis of population 

density to habitat attributes in this study despite the relevance of the habitat factors included in 
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the analysis. First, site visits were not randomly distributed between years and basins, which 

limited both analysis of the impact of different yearly conditions on fish density. This also 

limited analysis of variability that could be attributed to spatial factors ranging from intrinsic 

(e.g. phenotypic differences in a region with a high degree of genetic and phenotypic diversity 

between populations; Currens et al. 2009, Meeuwig and Clements 2015, Gamperl et al. 2002) or 

extrinsic (e.g., environmental modifiers that act independently or interactively with temperature, 

discharge, or nonnative Brook Trout) factors that influence population density. Much of the 

yearly differences may be accounted for by variation in flow and temperature but a longer time 

series of observations and analysis design to account for spatial and temporal variability would 

be needed to elucidate these potential inflences. For example, lagging effects related to flow and 

cohort growth can be more easily detected with multiple visits when compared to single visit 

sites (Kovach et al. 2016, Elliott 1994, Leasure et al. 2020). Finally, while our study included a 

relatively long period (7 individual years), this still may not be long enough to fully account for 

variability among populations of Redband Trout in the region given their maximum lifespan of at 

least 6-7 years (Kendall et al. 2015).  Longer term studies, while difficult to execute, might help 

determine the influence of environmental conditions on density on multiple generations of 

Redband Trout and help better understand how such variability influences population dynamics 

in fishes (Leasure et al. 2019). 

Given the large number of sites and long duration of the period of study it can be inferred 

that maximum density of Redband Trout in Northern Great Basin streams are limited by mean 

body size. While understanding the influence of habitat factors on limiting fish densities requires 

additional analyses, the influence of body size is well established in this study. Determining the 

extent of this self-thinning and what factors influence it (territoriality, food availability) could be 
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a valuable next step in any future analyses. Furthermore, although there are many factors we 

were not able to consider to more effectively predict density in this work, it may be more 

important to consider body size itself as a response. Further understanding the full suite of 

processes that influence both body size and population density of Redband Trout can better 

inform conservation of this species in the face of climate change and further environmental 

variability. 
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Appendix 

Appendix Table 1. Coefficient estimates for response variables used in 90% quantile models for 

(a.) Mean Length (mm) and (b.) logMean Mass (g). Estimates include difference from 2006 for 

years and difference from Catlow for SMU’s 

 

a. 

 

Variable Estimate SE t value p 

Intercept -2.0664 0.5200 -3.974 < 0.001 

Aug Temp 0.1946 0.0641 3.037 0.002 

Square Aug Temp -0.0058 0.0023 -2.533 0.011 

Brook Trout -0.1341 0.0606 -2.213 0.027 

LogMean Flow 3.0230 0.6142 4.922 < 0.001 

2007 -0.2897 0.1719 -1.685 0.092 

2008 -0.4291 0.1700 -2.525 0.012 

2009 -0.4458 0.1689 -2.639 0.008 

2010 -0.4540 0.1714 -2.649 0.008 

2011 -0.5675 0.1655 -3.429 < 0.001 

2012 -0.4603 0.1659 -2.775 0.006 

Chewaucan -0.1332 0.1178 -1.131 0.258 

FortRock -0.1687 0.1230 -1.371 0.171 

Goose -0.1520 0.1182 -1.287 0.199 

Malheur -0.0704 0.1126 -0.625 0.532 

Warner -0.0813 0.1207 -0.674 0.501 

 

b. 

 

Variable Estimate SE t value p 

Intercept -2.3623 0.5290 -4.466 < 0.001 

Aug Temp 0.2514 0.0652 3.858 < 0.001 

Square Aug Temp -0.0083 0.0023 -3.573 < 0.001 

Brook Trout -0.1259 0.0616 -2.043 0.041 

LogMean Flow 3.0122 0.6248 4.821 < 0.001 

2007 -0.2855 0.1748 -1.633 0.103 

2008 -0.4283 0.1729 -2.478 0.013 

2009 -0.4678 0.1718 -2.723 0.007 

2010 -0.4677 0.1743 -2.683 0.007 

2011 -0.5952 0.1683 -3.536 < 0.001 

2012 -0.4810 0.1687 -2.851 0.004 

Chewaucan -0.1284 0.1198 -1.071 0.284 

FortRock -0.1712 0.1252 -1.368 0.172 

Goose -0.1294 0.1202 -1.077 0.282 

Malheur -0.0988 0.1146 -0.862 0.389 

Warner -0.0877 0.1227 -0.715 0.475 
 


