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Abstract 

Understanding the empirical relationships between biotic diversity and components of the 

environment is crucial for effective research and management, particularly in highly disturbed 

watersheds. The Smoky Hill River is a semi-arid prairie stream with a historic native fish 

community that is adapted to the extreme and highly variable climatic and hydrological 

conditions characteristic of the Great Plains streams. Following a literature review on 

environmental variables, diversity responses, and analysis methods, I evaluated the importance 

of land use, flow, discontinuities (dams, confluences), and stream type (mainstem-tributary) 

variables in explaining fish richness using AICc model selection with multiple linear, Poisson 

and negative-binomial regressions. I then compared these results from 48 sites across three 

watershed regions to those from a long-term monitoring dataset (ST) using the same candidate 

variables. Finally, I examined phylogenetic patterns of the fish community using ordination 

analyses. Patterns and drivers of biodiversity differed with watershed region, land use, stream 

type, and flow.  Fish species richness in the Smoky Hill watershed was negatively correlated 

with percent developed land in the Lower region of the watershed, but positively correlated with 

percent herbaceous grassland, the reference prairie condition, in the Upper region of the 

watershed. Summer mean flow was consistently and positively related to species richness in the 

Middle and Upper regions of the watershed where flow was limited. In the Lower region of the 

watershed, species richness was higher in the more flow-moderate tributaries relative to high-

flow mainstem sites. In the Middle and Upper flow-limited regions, species richness was lower 

in the low-flow tributaries than main stem sites. Families of fish species were also related to 

region and stream type (mainstem vs. tributary). A comparison of two databases showed how 



  

different goals, questions, and methods result in different insights, emphasizing the need for 

establishing a priori goals before sampling. 
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Chapter 1 - Large-Scale Drivers of Fish Biodiversity Differ Across 

an Environmentally Variable Great Plains Watershed 

 Introduction 

Understanding the empirical relationships between biotic diversity and environmental 

correlates is crucial for effective research and management, particularly in highly disturbed 

watersheds. Specifically, determining which environmental factors alter biodiversity across a 

watershed is both important and complex.  

While components of rivers have long been shown to follow a natural pattern from 

headwaters to mouth (Vannote et al. 1980, Davies and Walker 2013), spatial and temporal 

discontinuities alter this gradient (Poole 2002, Burchsted et al. 2014). Natural discontinuities 

such as confluences can be significant disruptions in the river continuum, altering localized 

abiotic components of streams such as depth, width, sediment quality, and water quality (Rice et 

al. 2008). Recent studies have noticed an alteration of fish species assemblages in close 

proximity to confluences (Thornbrugh and Gido 2009; Czegledi et al. 2016). Relative to large 

rivers, tributaries often differ in their species richness and composition due to differences in 

water discharge, as has been shown using species-discharge relationships (McGarvey and 

Hughes 2008). 

Additionally, impacts to watersheds can often be linked to anthropogenic effects. 

Humans drastically alter landscapes, and the alteration of land use and composition is considered 

to be a major environmental issue (Foley et al. 2005). Nutrient-rich runoff from agriculture and 

livestock has led to decreases in water quality through eutrophication in many reservoirs and 

other surface waters in the central United States (Carpenter et al. 1998). Developed land is often 

accompanied by impervious surfaces and the physical alteration of streams, which can increase 
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runoff, decrease in-stream habitat diversity, and negatively impact characteristics of water flow 

and subsequently localized fish diversity (Jungwirth et al. 1993; Brabec et al. 2002).  

Water quantity is greatly impacted by human use through damming and withdrawal for 

municipalities and agriculture. Water withdrawal for human use generally reduces flow rates, 

which help to shape important characteristics of aquatic habitat including water quality, 

substrate, and physical habitat features (Matthews 1998). Additionally, global climate change 

predicts altered flow regimes and water availability, which may cause an even greater strain on 

aquatic biodiversity in particularly water-limited systems. Understanding which natural and 

anthropogenic components of the environment impact stream ecosystems across a watershed is 

therefore important for sustaining water security for freshwater biodiversity (Vörösmarty et al. 

2010).  

To determine appropriate methods of environmental and biotic variable quantification as 

well as commonly used data analyses, I first conducted a standardized literature review using 

relevant key terms. To test relationships among fish species richness and the environmental 

variables identified in the literature review, I addressed four research issues by sampling 48 sites 

across the Smoky Hill watershed. First, I evaluated the importance of land use, flow, 

discontinuities (dams and confluences), and physical variables (mainstem vs tributary) for three 

a priori selected regions of the watershed (Upper, Middle, and Lower) using AIC selection on 

multiple linear regression models. Second, I compared results of the above-described variable 

selection to that which resulted from Poisson and negative binomial models.  I refer to this as the 

KSU dataset. Third, I repeated this variable selection process on a second Smoky Hill long-term 

fish monitoring dataset collected by the Kansas Department of Wildlife Parks and Tourism 

(KDWPT).  I refer to this as the Stream Team (ST) dataset. I then compared the results of the 
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KSU and ST analyses.  Lastly, I used CCA analyses on the KSU dataset in order to determine 

whether there were any consistent differences in fish species and families between mainstem and 

tributary sites. 

 

 Methods 

 Literature Review 

Prior to collecting and analyzing data, I wanted to first perform a preliminary screening 

of similar studies in order to develop appropriate methods of variable quantification and analysis. 

To identify which environmental variables, responses, and statistical analyses have been 

examined, I conducted a Web of Science search using the keywords  (1) “fish” and (2) 

“correlates” or “predict” or “driver,” and (3) “ecology” or “environment,” and (4) “stream” or 

“river” or “lotic” for 14 journals in four categories: (1) Interdisciplinary (Science of the Total 

Environment, Ecological Indicators, PLoS One), (2) Ecology (Freshwater Biology, Ecology of 

Freshwater Fish, Canadian Journal of Fisheries and Aquatic Sciences, Journal of Animal 

Ecology, Annual Review of Ecology and Systematics), (3) Ecological Applications (Biological 

Conservation, Ecological Applications, River Research and Applications, Aquatic Conservation- 

Marine and Freshwater Ecosystems), and (4) Global Change (Global Ecology and 

Biogeography, Global Change Biology).   

Environmental variables were examined in all 60 peer-reviewed papers plus nine highly 

cited reviews. Each paper was categorized as being either a (1) watershed study or a (2) non-

watershed study on the basis of whether the study attempted to obtain a representative sample of 

(1) the majority of streams located within a specific drainage area or (2) one or only a few 

streams within a specific drainage area. Land use / land cover and flow dynamics were the 
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dominant environmental variables linked to fish biodiversity in both watershed (Fig. 1A) and 

non-watershed studies (Fig. 1B). However, the importance of these variables differed between 

studies that took a watershed and a non-watershed approach. For watershed-approach studies, the 

most common environmental variables examined were land use (35% of all studies) and flow 

(32% of studies) (Fig. 1A). In watershed studies, other environmental variables (e.g. temperature, 

elevation, water chemistry, river kilometer, gradient, and discontinuities) were examined in < 

10% of all studies.  In non-watershed studies, flow was the most common variable linked to fish 

biodiversity (32% of all studies), temperature was a focus in 32% of the studies, land use was a 

focus in 19% of all studies, and other variables were examined in less than 12% of this literature 

(Fig. 1B).   

Species richness (number of species) and guilds (functional richness) were the two most 

common biotic response metrics in both watershed (Fig. 2A) and non-watershed studies (Fig. 

2B).  These two responses were used in approximately one-third of all studies reviewed. 

Abundance was more common in non-watershed studies (26%; Fig. 2B) than in watershed 

studies (11%; Fig. 2A).  Multi-species diversity indices were more common in watershed studies 

(15%; Fig. 2A) than non-watershed studies (4%; Fig. 2B).  Less common biotic metrics included 

trophic level/isotopes, life history characteristics, and diversity indices (<10%; Fig. 2).   

The most common analytical method across all studies was multiple regression, used in 

75% of the watershed scale papers (Fig. 3A) and 52% of the non-watershed studies (Fig. 3A).  

Ordination was used more often in watershed studies (39%; Fig. 3A) than in non-watershed 

studies (13%; Fig. 3B). Less common analytical tools included categorical and regression trees 

(10-25% of all studies that linked environmental variables to fish biodiversity).  
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Flow was the most common environmental variable linked to biotic diversity in the 

literature; in all 14 studies metrics of flow magnitude and variation had a positive relationship 

with biotic diversity (Fig. 4; e.g. He et al. 2010, Espinoza et al. 2013, Bond et al. 2015). Stream 

size including stream type (mainstem vs. tributary) was the second most common variable that 

affected fish diversity (e.g. Osborne and Wiley 1992, Meyer et al. 2007, Radinger et al. 2015).  

Of the seven papers that found a relationship between biotic diversity and land use, four found a 

negative relationship between diversity and developed land (e.g. Lammert and Allan 1999, 

Doledec et al. 2006, Esselman and Allen 2010, Macedo et al. 2014), two found a negative 

relationship between diversity and cultivated land, and one found a positive relationship with 

grassland (Fig. 4). Temperature was linked to fish diversity in seven studies (e.g. Crozier 2010, 

Braun and Reynolds 2014, Alexiades and Fischer 2015, Letcher et al. 2015), but all of these 

studies examined abundance and reproduction in temperature-dependent salmonid fishes (Fig. 4). 

Four papers found relationships between biotic diversity and a spatial environmental gradient 

(e.g. González-Bergonzoni et al. 2012, Rypel 2012) while only two inferred a relationship 

between biota and connectivity (Crook et al. 2010). Based on these results from the literature, I 

prioritized the following as important environmental variables: region (longitudinal area), flow, 

land use (developed land and grassland), type (mainstem and tributary to reflect physical 

conditions and size), dams, and confluences. 

 

 Study System 

 General location 

The Smoky Hill River watershed is a 900-km long semi-arid prairie stream located in the 

North American Great Plains eco-region (Summerfelt 1967) that originates in the High Plains of 
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Eastern Colorado and flows eastward through Kansas (Fig. 5A, B). The headwaters of the river 

are composed of two streams, the Smoky Hill River and the North Fork Smoky Hill River, which 

begin in Cheyenne County, Colorado and join together in Logan County, Kansas. From Logan 

County the river flows through central Kansas to Russell County where it joins the confluence of 

Big Creek, then to Salina where it joins the Saline and Solomon Rivers, and finally further east 

to Junction City where it joins the Republican River to form the Kansas River (Fig. 6A, B). The 

basin drains an area of approximately 50,000 square kilometers (Summerfelt 1967). My study 

area (650-km long, approximately 30,000 km2 drainage area) extends from Cedar Bluff 

Reservoir and Big Creek to the confluence of the Smoky Hill and Republican Rivers (Fig. 6A). 

 Regions 

I divided my study area within the Smoky Hill River Basin (Fig. 6A) into three distinct 

geographic regions [Upper (U), Middle (M), and Lower (L)] of approximately equal lengths 

(U=97 km, M=97 km, U=106 km) that are separated by distinct landmarks (Fig. 6B). The Upper 

region is between Cedar Bluff reservoir and the confluence of the Smoky Hill River and Big 

Creek (Fig. 6B). The Middle region is between the Smoky Hill-Big Creek confluence and 

Kanopolis Reservoir (Fig. 6B). The Lower region extends from below Kanopolis Reservoir to 

the confluence of the Smoky Hill and Republican Rivers (Fig. 6B). 

 Land use 

Agricultural production in the Smoky Hill watershed consists primarily of winter wheat, 

sorghum, and corn, which are frequently irrigated in the western part of the watershed (Gao et al. 

2017). Irrigated land use removes water directly from the stream as well as the underlying 

aquifer, and can be accompanied by stream fragmentation and hydrologic alteration by dams, all 

of which have been negatively associated with native fish presence and diversity (Xenopolous et 
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al. 2005; Perkin et al. 2014; Perkin et al. 2017). Rangeland (labeled on Fig. 7A as “other”) is 

composed of a mix of native and non-native herbaceous grassland, is most abundant in the Upper 

region of my Smoky Hill study area, and is frequently used for cattle grazing. In addition to 

altering vegetation, cattle grazing can reduce flow via water diversion and use in stock ponds 

(Belsky et al. 1999). Historical land cover was predominantly mixed-grass prairie that has been 

gradually converted to agriculture or is grazed by cattle (Matthews 1988). Human population 

density in the majority of the Smoky Hill basin averages <5 people per square kilometer with the 

exception of several moderately large towns including Hays, Ellsworth, and Salina (Dykstra 

1983; Fig. 7B). Municipalities are the main source of developed land in the Smoky Hill basin 

(NLCD 2011). The majority of developed land occurs in the Lower region of our Smoky Hill 

study area with additional significant development near Hays in the Upper region of the 

watershed. Urbanization often reduces the quantity of water, affects water quality through 

pollution, and physically alters instream and riparian habitats (Jurajda 1995, Winter et al. 1998, 

Cumming 2004). 

 Flow 

The Smoky Hill River flows along a strong precipitation gradient with annual 

precipitation in the headwaters of the basin averaging roughly half of the amount of rainfall 

received in the farthest eastern (downstream) portion of the watershed (Gunal and Ransom 2006; 

Fig. 7C). Thus, precipitation is increasingly limited from downstream to upstream which can 

make the role of instream flow more important in the Middle and Upper regions. Instream water 

discharge varies significantly between the three regions of the Smoky Hill basin. Mean annual 

discharge in the Lower region of the Smoky Hill River is 95.4 m3 s-1, with an observed 

minimum of 1.84 m3 s-1 and observed maximum of 648.46 m3 s-1 (Fig. 8A- USGS 06877600 at 
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Enterprise, KS). Mean annual discharge in the Middle region of the Smoky Hill River is 13.37 

m3 s-1, with an observed minimum of 0.17 m3 s-1 and observed maximum of 365.29 m3 s-1 

(Fig. 8B- USGS 06864500 at Ellsworth, KS). Mean annual discharge in the Upper Smoky Hill 

Basin is 4.3 m3 s-1 with an observed minimum of 0 m3 s-1 and an observed maximum of 202 

m3 s-1 (Fig. 8C- USGS 06861000 at Arnold, KS). The Upper Smoky Hill River has significantly 

lower flow than the other regions making water limitation more severe, and stream desiccation 

more likely in this western region. Water is also limited in the Middle region but summer stream 

desiccation is often restricted to tributaries.  Flow is rarely limiting in the Lower region of the 

Smoky Hill River, where lower flow tributaries can provide more heterogeneous fish habitat than 

the higher flow in the mainstem (Fig. 6B). 

 Dams 

Two Corps of Engineers (CoE) reservoirs (Cedar Bluff Reservoir and Kanopolis 

Reservoir) constructed in the late 1940s impound the Smoky Hill River. Both reservoirs were 

constructed to serve as sources of flood control and water conservation (Sowards et al. 2016; Fig. 

6B). Cedar Bluff was also constructed to serve as a source of water for irrigation in response to 

severe drought in Western Kansas during the 1930s. Both serve secondary purposes as sources of 

recreation and contain similar populations of fish species including Crappie (Pomoxis spp.), 

Catfish (Ictalurus spp.), Black Bass (Micropterus spp.), True Bass (Morone americana & 

Morone americana x saxatilis), Walleye (Stizostedion vitreum), and Gizzard Shad (Dorosoma 

cepedianum). These CoE reservoirs are likely to affect the three regions differently. The Upper 

region includes Cedar Bluff reservoir, which may significantly impact fish by habitat and flow 

alteration and could add reservoir fish to the Smoky Hill watershed downstream of the reservoir. 

The Middle and Lower regions are divided by Kanopolis reservoir. Consequently, the Upper and 
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Middle region sites will likely be most affected by distance to the upstream Cedar Bluff 

Reservoir, while the Lower region sites will be most affected by distance to the upstream 

Kanopolis Reservoir. Since there is no reservoir downstream of our Lower region study area, the 

Lower region will not be affected by any downstream CoE dam. The Lower region is farthest 

from a CoE dam, and CoE dam effects will likely be least for this region. The majority of intact 

low-head dams in the Smoky Hill Basin occur relatively high on tributaries (National Inventory 

of Dams). Although low-head dams are important elsewhere for other sustainability questions, 

none of the sites that I sampled were adjacent to low head dams.   

 Site type: mainstem vs. tributaries 

The majority of the mainstem Smoky Hill River is a large, sand-bed river. Tributaries 

feeding into it are higher gradient streams that may have intermittent flow (especially in the 

Middle and Upper region of the watershed) even during years of normal precipitation (Dodds et 

al. 2004). All three sampled regions of the basin contain both mainstem and tributary sites, but 

their relative conditions vary. In the Lower region, mainstem sites are considerably larger (7th 

order stream) with greater discharge relative to the Middle (6th order stream) and Upper (5th and 

6th order stream) regions. First and second order tributaries in the Middle region often have low 

or intermittent flow. Tributaries in the Upper region have irregular flow and are intermittent with 

isolated pools, especially in the later summer. Thus, the aquatic habitat suitability of mainstem 

and tributary sites varies across regions. 

 Confluences 

The size and complexity of confluences, or river junctions, varies throughout the basin 

and is highly dependent on stream order and magnitude of flow. Confluences serve as sources of 

physical and biological heterogeneity as well as increased productivity in lotic systems (Rice et 
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al. 2006, Kiffney et al. 2006). Throughout the watershed and in all regions, confluences exist 

where numerous tributaries join each other and merge into the mainstem. Hence, confluences are 

a ubiquitous discontinuity in my study area.  What differs across regions is the size of the 

streams that merge, which is dependent on stream order and magnitude of flow. 

 Summary of regional conditions 

In summary, the Lower region has the greatest amount of developed land, has the least 

amount of grassland, has the most precipitation, has the highest flow (especially in the 

mainstem), has tributary sites with intermediate physical conditions compared to the high-flow 

habitat in the mainstem, is only affected by the upstream Kanopolis CoE dam, and has a variety 

of confluences.  The Middle region has an intermediate to low amount of developed land, has 

limited but variable amounts of grassland, has an intermediate level of precipitation, has limited 

instream flow especially in the summer, has tributary sites with low flow and variable physical 

conditions compared to the more stable mainstem sites, is affected by both Kanopolis and Cedar 

Bluff CoE dams, and has a variety of confluences. The Upper region has the lowest amount of 

developed land, has a substantial amount of grassland, has the lowest level of precipitation, has 

very limited instream flow, has tributary sites with no or intermittent flow that are physically 

harsh compared to mainstem conditions, is only affected by the Cedar Bluff CoE dam, and has a 

variety of confluences. 

 

 Research Design 

 To capture and quantify watershed-scale fish biodiversity in the Smoky Hill River that 

may be linked to human impacts, I collected environmental and fish community data at 48 

sample sites within the three regions of the Smoky Hill River (Fig. 6B). The sample sites were 
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chosen using several criteria. First, many of my sample sites (hereafter called KSU sites and 

samples) were near sites that were previously sampled for fish by the Kansas Department of 

Wildlife, Parks and Tourism Stream Team long-term monitoring program (hereafter called ST 

sites and samples). Second, most KSU mainstem sample sites were paired with two sites on an 

adjacent tributary- a lower and upper tributary site. Third, all geographic areas of the river were 

sampled such that, in general, KSU samples were at regular intervals along the river (~15-30 km 

between mainstem samples). Lastly, near equal sample sites were selected in each of the three 

river regions (Upper N=17, Middle N=20, Lower N=11). Because I was interested in linking 

biodiversity to a full range of natural and anthropogenic conditions throughout the watershed 

(not just differences in existing fish community), the above-described, predetermined KSU sites 

were always included in the data analysis regardless of fish presence or absence. 

 

 KSU Fish Sampling 

I used standard fish sampling methods at all 48 study sites between the months of June 

and September, 2015. At each of the above-described 48 study sites in the Smoky Hill 

watershed, fish were sampled at three 100-meter transects that I combined to estimate species 

richness and abundance for a 300-meter longitudinal section of stream. To make samples at all 

sites comparable throughout the watershed, I chose to sample the dominant habitat: mid-channel 

pool. At several sites where there were isolated pools, three 100-meter transects of stream 

channel were sampled beginning at the first substantial pool at that site. All sites were sampled 

with a crew of 2 to 3 people. 

To sample fish, I used a mini-Missouri trawl (Herzog et al. 2009) as a hand trawl 

(without trawl doors). The Mini-Missouri trawl is constructed with lead weights on the bottom of 
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the net that allow it to remain on the streambed at all times. In this way, it functions similarly to a 

beach seine. The mini-Missouri trawl that I used was a 2.4-meter wide net with 35 mm outer 

mesh and 3.2 mm inner mesh. Operators of the mini-Missouri hand trawl can adjust the width 

(wider or narrower) to fit ambient and changing stream size. Like a beach seine, the mini-

Missouri trawl does not sample heterogeneous bottoms well (logjams and brush piles). However, 

these bottom structures were rarely present or encountered in the Smoky Hill River and were not 

part of the dominant mid-channel pool habitat. Unlike a seine, the double bag of the mini-

Missouri kept rocks separate from fish and thus limits fish tissue damage and mortality. The 

mini-Missouri trawl is a commonly used fish sampling gear, especially in larger rivers and lentic 

habitats (Phelps et al. 2010, Fischer and Quist 2014). Characteristics and performance of the 

mini-Missouri trawl, fished as a hand trawl in similar-sized, geographically adjacent rivers in 

Kansas, were evaluated elsewhere (Appendix 1).  In that quantitative gear assessment, this gear 

fished as I used it here) captured as many fish species as other common gear in mid channel 

habitats. 

In summary, the hand-pulled mini-Missouri trawl was chosen because it provided a 

standardized sample across all sites, depths, and substrates in the most common stream habitat 

(mid-channel pool) throughout the watershed. The mini-Missouri trawl did minimal damage to 

fish, effectively sampled the most common habitat, always remained on the bottom, and could be 

adjusted to any stream width as needed. These strengths were especially important for this study 

in which a primary goal was to compare fish across sites in three regions of the Smoky Hill 

watershed. After sampling, all fish were identified to species and returned to the river unharmed. 
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 Environmental Correlate Data Collection 

 Choice of environmental variables 

Based on the literature review from the introduction, I targeted data collection from four 

categories of environmental variables at the 48 sites at which I sampled fish species richness.  

These categories of environmental variables included  (1) Physical characteristics: river 

kilometer, region, elevation, stream order, type (mainstem/tributary); (2) Discontinuities: 

distance to confluence, distance to upstream CoE dams, distance to downstream CoE dams; 

distance to any CoE dam; (3) Land use in basin: developed land (%); forest (%), grassland (%), 

cultivated (%), rangeland (%); and (4) Flow: mean, minimum, maximum (overall, spring, 

summer), standard error, number of high and low peaks, reversals, number of zero flow days, 30-

day minimum flow, and 30-day maximum flow, calculated using IHA (Indicators of Hydrologic 

Alteration; Richter et al. 1996) on SWAT (Soil and Water Assessment Tool) and gage flow 

measurements. 

From these data, based on exploratory analysis (correlations among variables), I 

narrowed my candidate environmental variables to seven core variables that I used throughout 

the analysis: region, developed land (%), herbaceous grassland (%), mean summer flow (m3 s-

1), distance to upstream CoE dam (km), type (mainstem/tributary), and distance to nearest 2nd 

order confluence.  This method of candidate variable selection provided us with variables that 

represent broad classes of potential drivers. How I calculated the above metrics for my 48 study 

sites is described below. 
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 Land use 

Percent land use was calculated for all KSU study sites using the NLCD 2011 land cover 

database in ArcMAP version 10.3.1. Land cover was summarized for a 0.5 km radius circular 

buffer around each site (Fig. 9A). 

 Flow 

I determined flow at each of my 48 sites using one of three sources of data: (1) measured 

data from a USGS gage, (2) modeled data from a SWAT site, or (3) bootstrapped data from a 

combination of USGS gages and SWAT sites. For all three sources of flow data, at all sites, daily 

15-year flow records were obtained. Daily 15-year flow data were processed through the IHA 

program to obtain flow metrics. Summer mean flow (June-August) was used in all analyses 

because this time period is when flow is the most limited. Relative to the first source of flow 

data, 7 of the 48 sites were <10 km in proximity to a USGS gage with no major inflows between 

the gage and sample site.  In this first source, my sample sites used flow measurements from 

associated gages. Relative to the second source of flow data, 10 of the 48 sites were <10 km in 

proximity to a SWAT modeled flow site with no major inflows between the SWAT location and 

the fish sample site. In this second source of flow data, my sample sites were paired with flow 

estimates from associated gages.  

The remaining 31 sites were not close to a unique gage or SWAT site and required flow 

estimates from a third source. For these, I combined SWAT and gage flow estimates for region 

(Upper, Middle or Lower) and stream type (mainstem or tributary) to create six scenarios- Upper 

Mainstem, Upper Tributary, Middle Mainstem, Middle Tributary, Lower Mainstem, and Lower 

Tributary. For these, I calculated mean and standard deviation of yearly flow from SWAT and 

USGS gage estimates for each scenario, created a normal distribution, then randomly sampled 
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100 times to impute unique flow estimates to each site within this third that had no unique 

adjacent gage or SWAT site. 

I used this flow estimation protocol for the following reasons. First, I judged that multiple 

temporal estimates across days, months, and years was essential.  Hence, limited empirical 

estimates of velocity, as are often used in local studies, were not adequate. Second, USGS gages 

or unique SWAT flow estimates were not available adjacent to all fish sample sites.  Third, sites 

used for estimates were selectively matched to similar types and sizes of streams that were 

nearby, an approach that is a component of much hydrological modeling. Finally, temporally 

detailed, site-specific data were not available for these sites through other methods. 

 CoE dams 

The distance to upstream Corps of Engineers (CoE) Dams in the Smoky Hill watershed 

was calculated for all sample sites. This was done with the measure tool in ArcGIS using a 

digital shapefile obtained from KDWPT for all Corps of Engineers reservoirs in the state of 

Kansas (Fig. 9C). When measuring distance to dam for a sample site upstream of a CoE dam, the 

distance was measured from each site to the river inlet of the main part of the lake. If there was 

no dam upstream of a given sample site, the value for that variable was set at the empirical 

observed maximum distance from a dam among all sample sites. Although the effects of 

upstream and downstream dams are ecologically different, preliminary analyses indicated that 

distance to upstream or downstream dam did not have significant effects on species richness with 

our dataset and at the scale of our analysis. However, because we wanted to include a distance to 

dam variable in our variable selection analysis and because we had more sample sites located 

immediately below a reservoir dam than we did immediately above a reservoir, we chose to 
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include only distance to upstream dam in our model selection analyses. For parsimony, I chose 

distance to upstream dam for use in further analyses. 

 Confluences 

Distance to nearest 2nd order or larger confluence was calculated using ArcGIS 10.3.1. 

Distance to first order streams was not included in confluence measurements due to their 

frequent intermittency in the Smoky Hill Basin. For my calculations, first, the drainage basin was 

delineated using a Digital Elevation Model (DEM) acquired from the State of Kansas Data 

Access and Support Center (DASC). The DEM file provides coverage of Kansas in 7.5 by 7.5 

minute blocks. SWAT (Soil and Water Assessment Tool) was used to determine the locations of 

all streams within the Smoky Hill River watershed using the DEM data. Once this was done, 

stream order was calculated for all streams within the Smoky Hill River watershed. Using the 

measure tool, the distance from each fish sample site to 2nd order or larger streams both upstream 

and downstream was calculated (Fig. 9B). 

 

 Regression Analysis Methods 

I used information theoretic model selection on multiple linear regression (MLR) for 

small datasets (AICc) to determine which environmental variables [developed land, herbaceous 

grassland, summer mean flow, distance to upstream CoE dam, distance to confluence, and site 

type (mainstream or tributary)] influenced species richness in each of the three regions of the 

Smoky Hill watershed. Limiting the number and types of variables to those that test meaningful 

ecological concepts is crucial for maintaining parsimony, as model selection with too many 

parameters can lead to over-fitting (Burnham and Anderson 2004). Although multiple regression 
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can be used for many purposes, here, my primary goal was variable selection (i.e., to identify 

variables that were most influential in biotic patterns). 

Starting with an a priori analysis of the variables recognized to be important for 

biodiversity in lotic systems in the ecological literature, I ran a set of analyses to empirically 

identify variable importance for species diversity in the three regions of the Smoky Hill 

watershed. In each analysis the dataset was run as a whole and by region (Upper, Middle, 

Lower). Species richness was log transformed in all analyses in order to meet the assumptions of 

normality and homogeneity of variance. All models were tested for normality and homogeneity 

of variance using residual and QQ plots and met these assumptions. 

Regressors included in the AICc analysis included proportion of developed land (of total 

land use), proportion of grassland (of total land use), 15-year summer mean flow (m3 s-1), 

distance to upstream Corps of Engineers (CoE) dam (km), stream type (mainstem or tributary), 

and distance to 2nd order confluence (km). Stream type was categorized for each site and coded 

as a factor in MLR analyses (mainstem = 0, tributary = 1). Candidate variables were standardized 

for ease of comparison between variables of different units. For each analysis, multiple 

regression models were compared using AICc, a model selection tool for small sample sizes 

(Burnham and Anderson 2002) using the MuMIn package in program R. Prior to model 

selection, variance inflation factors (VIF; Function vif in Program R; Core Team 2014) were 

calculated in order to detect multicollinearity. Variables with VIF >10 were discarded. Models 

within Δ AICc <4 were retained as top models. Although Δ AICc <2 are also shown, I chose the 

larger range (Δ AICc <4) to capture the full range of information in the dataset.   

For these top models, I calculated model averaged regression coefficients (β), standard 

errors (SE), and variable importance (MuMIn in program R). A high variable importance value 
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shows a higher relative importance of that variable in the model selection process and thus a 

higher probability that the variable is in the best model (Burnham and Anderson 2002). A larger 

slope indicates a stronger relationship between the regressor and fish species richness. Model 

weights and adjusted R2 (Adj. R2) were also calculated. 

To test whether the type of statistical models changed these results, I also ran the same 

AICc model selection protocol, described above, using Poisson and negative-binomial 

distributions.  These generalized linear models were run in Program R using the MASS package 

version 7.3-47. 

 

 Fish Community Analysis Methods 

A Canonical Correspondence Analysis (CCA) was performed on the log-transformed fish 

abundance data set as a whole and by region (Program R using the vegan package version 2.4-3) 

in order to capture potential relationships between fish community response and environmental 

variables. The same variables used in our regression analyses were used in the CCAs. Sample 

sites and fish species were included in the ordinations. Each fish species detected was colored by 

phylogenetic order. Details of fish species distribution is discussed elsewhere (Appendix 2). 

 

 AICc Analysis- ST Dataset 

I ran the same multiple linear regression analysis, described above, on a fish community 

dataset collected by the Kansas Department of Wildlife, Parks and Tourism (KDWPT) Stream 

Team from 1996-2013 as part of a long- term fish monitoring program. The Stream Team 

collected 33 useable samples in the Smoky Hill River between 1996 and 2013 using a 

combination of seining and electrofishing.  For the locations of these samples, I calculated the 
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same environmental variables as described above with one exception: land use calculations were 

matched to the year of collection with the temporally most similar NLCD raster file (i.e., NLCD 

land cover data exists only for the years 1992, 2001, 2006, and 2011).  I followed AICc analysis 

with scatterplots and histograms of environmental and fish variables (including sample quartiles 

for environmental variables) to compare sample site selection and results for KSU and ST 

datasets. 

 Results 

 Overview 

Below, I review several types of results. First, I summarize the relationships between all 

explanatory variables and fish species richness in 1) the full KSU dataset, and 2) the KSU by 

region datasets (Q1). I then summarize the results of Poisson and negative-binomial models for 

the same datasets (Q2). Third, I provide a summary of the individual fish species and fish guilds 

patterns using a canonical correspondence analysis ordination on the KSU fish abundance dataset 

(Q3). Finally, I provide the results of a multiple linear regression analysis with AICc selection for 

the ST dataset followed by plots to help identify why differences existed between the KSU and 

ST datasets (Q4). 

 

 Variable Selection Using Multiple Linear Regression- KSU Dataset (Q1) 

 Full dataset 

The three most important variables for species richness in the full KSU dataset multiple 

linear regression AICc were developed land (%), summer mean flow (m3 s-1), and stream type 

(mainstem vs tributary) (Table 1). Developed land had a variable importance of 1.0, meaning it 

was included in all models with Δ AICc <2.  Developed land was included (< 0.05) in four of the 
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seven top models and this variable had a model averaged slope of -0.31, indicating a decrease in 

species richness with increasing developed land. Summer mean flow also had a variable 

importance of 1.0 (Table 1) and was significant in six of seven top models with a Δ AICc <4. 

This variable had a model averaged slope of 0.36, indicating an increase in species richness with 

an increase in summer mean flow. Stream type (mainstem or tributary) was in all top models and 

had a variable importance of 1.0.  Stream type had a model averaged slope of -0.90, indicating 

higher species richness in the mainstem Smoky Hill River relative to its tributaries. All top 

models had highly significant p-values. 

 Lower region 

In the Lower region of the Smoky Hill River, two regressors were present in the three top 

models (Table 2A; Lower Region models #1-3; Δ AICc 0-2.92; Adj. R2 0.33-0.52; p <0.05). All 

models had p-values <0.05 (Table 2A).  Specifically, percent developed land and stream type 

(mainstem vs tributary) were present in two top models, respectively. Developed land had a 

variable importance of 0.82, and was significant in one top model. Developed land had a Δ AICc 

<4 model averaged slope of -0.28, indicating that this environmental variable was negatively 

associated with species richness (Fig. 10A). Stream type had a variable importance of 0.34, was 

in one top model with a Δ AICc <4, and had a model averaged slope of 0.39, indicating that 

tributaries had higher species richness relative to mainstem sites in this region (Fig. 11D).   

 Middle region 

In the Middle region of the Smoky Hill River, six regressors were present in the seven 

top models (Table 2B; Middle Region - models #1-7; Δ AICc 0-3.69; Adj R2 0.72-0.76; p 

<0.00005). All models had highly significant p-values (p <0.00005). Percent developed land was 

in two top models but the slope of this variable was not significant (Fig. 10B). Herbaceous 
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grassland was present in two models, but the slope of this variable also was not significant (Fig. 

10E). Summer mean flow was present and significant in all seven top models with variable 

importance of 1.0. Summer flow had a Δ AICc <4 model averaged slope of 0.54 (Table 2B; Fig. 

10H), indicating that species richness increased with summer mean flow.  Distance to upstream 

dam and distance to confluence were also in top models but were not significant, indicating that 

they did not significantly explain the variation in species richness in this region (Fig. 11B & 

11H). Stream type was present and significant in all seven top models, and had a variable 

importance of 1.0. Stream type had a Δ AICc <4 model averaged slope of -1.27, indicating 

higher richness in the mainstem sites relative to tributaries in this region (Table 2B, Fig. 11E). 

 Upper region 

In the Upper region of the Smoky Hill River, five regressors were present in the four top 

models (Table 2C; Upper Region models 1-4; Δ AICc 0-3.31; Adj R2 0.70-0.78; p <0.0005). All 

models were highly significant with p-values <0.0005 (Table 2C). Percent developed land was in 

one top model but was not significant (Table 2C). Herbaceous grassland was significant in one 

top model with a variable importance of 0.36.  Herbaceous grassland had a Δ AICc <4 model 

averaged slope of 0.24, indicating that fish species richness increased with proportion of 

grassland (Table 2C, Fig. 10F). Summer mean flow was significant in all four top models with a 

variable importance of 1.0, and a Δ AICc <4 model averaged slope of 0.41, indicating that 

species richness increased with summer mean flow (Fig. 10J). Stream type was also significant 

in all four top models with a variable importance of 1.0. A Δ AICc <4 model averaged slope of -

1.56 indicated that higher species richness occurred in mainstem sites compared to tributaries in 

this region (Fig. 11F). Distance to confluence was in three of four top models with a model 
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averaged slope of 0.38 and variable importance of 0.90 (Table 2C).  The sites that were farthest 

from a tributary were also the sites highest in the watershed (Fig. 11J).   

 

 Variable Selection Using Poisson and Negative Binomial Models- KSU Dataset (Q2) 

Variables identified in multiple linear regressions for both full and by region datasets 

were the same as those identified by Poisson and negative-binomial models (Table 3 & 4). 

 

 CCA Ordinations (Q3) 

While there is some interspersion of mainstem and tributary sites, two distinct groupings 

of mainstem and tributary sites occurred in ordination space (Fig. 12). Several species were 

grouped around mainstem in the ordination space. These include several large bodied species 

such as freshwater drum (Aplodinotus grunniens), channel catfish (Ictalurus punctatus), river 

carpsucker (Carpiodes carpio), but also several smaller bodied species that were predominantly 

caught at mainstem sites such as northern plains killifish (Fundulus kansae) and western 

mosquitofish (Gambusia affinis). Another group of fishes was also associated distinctly with 

tributaries in the ordination space. This included some smaller bodied fish species such as 

orangethroat darter (Etheostoma spectabile), central stoneroller (Campostoma anomalum), 

bluntnose minnow (Pimephales notatus), and members of the order perciformes including 

several sunfish species (Lepomis spp.). The rest of the species were grouped around 0, indicating 

no particular relationship with either mainstem or tributary sites (Fig. 12).   

CCA trends, by region, generally reflected similar patterns (Fig. 13). Lower Smoky Hill 

River sites were grouped around the mainstem factor with several small-bodied fish species 

including red shiner (Cyprinella lutrensis), sand shiner (Notropis stramineus), western 
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mosquitofish, and northern plains killifish. The tributary factor in the Lower region was grouped 

with a number perciformes fishes, mainly centrarchid species including longear sunfish (Lepomis 

megalotis), green sunfish (Lepomis cyanellus), orangespotted sunfish (Lepomis humilis), and 

bluegill (Lepomis macrochirus) as well as the orangethroat darter. The central stoneroller was 

also primarily associated with tributary sites. 

The Middle region CCA showed distinct groupings of mainstem and tributary sites (Fig. 

14). Fish species that grouped around the mainstem in the ordination space included northern 

plains killifish as well as several larger bodied fish species such as freshwater drum, channel 

catfish, and river carpsucker. Tributary sites were composed mainly of fish of the order 

perciformes, including several sunfish species. Black bullheads (Ameiurus melas) were also 

sampled mainly in tributary sites. 

The Upper region CCA showed less distinct patterns than the Middle and Lower regions 

(Fig. 15). While there was some grouping of perciformes fishes around the tributary factor in 

ordination space, both mainstem and tributary sites had a considerable amount of interspersion. 

 

 Multiple Linear Regression- ST Dataset (Q4) 

 Full dataset 

Relationships between environmental variables and fish richness for the ST dataset were 

weak. Few ST results matched KSU trends, as variation in sampling year and season was high in 

the ST long-term monitoring dataset. For the entire watershed, no environmental variables had a 

significant relationship with species richness for the ST dataset. ST models had high, non-

significant p-values, and R2 values were low [Table 6; ωi = 0.02 - 0.13, Adj. R2 = -0.03 - 0.07, 

p-value = 0.14 – 0.61]. 
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 Lower region 

In the Lower region of the Smoky Hill River, for the ST dataset, only three regressors in 

two models had significant p-values (Table 7A). In a single model, summer mean flow was 

significant, but variable importance was low (0.25).  In a single model, the distance to upstream 

CoE dam was significant, but again, variable importance was low (0.18).  The slope of the 

regressors in the ST analysis did not match the direction of the relationships in the KSU data. 

However, in the ST dataset, the relationship between species richness and flow (Fig. 16G), and 

species richness and distance to nearest CoE dam (Fig. 17A) were highly variable and possibly 

influenced by the two lowest points.  In the Lower region of the Smoky Hill River, for the ST 

dataset, stream type (mainstem vs tributary) affected fish species richness. 

 Middle region 

In the Middle region of the Smoky Hill River, stream type was significant in both top 

models with a variable importance of 1.0 (Table 7B; Fig. 17E). As in the KSU dataset, mainstem 

sites had higher species richness than tributary sites (ST model averaged slope of -0.25). 

 Upper region 

In the Upper region of the Smoky Hill River, for the ST dataset, 15 models had AICc < 4. 

However, these “top” models had high p-values (Table 7C; p= 0.18-0.89), were not significant, 

and R2 values were low (Table 7C; Adj. R2 = -0.08-0.11). In these weak models, no 

environmental variables were significantly related to fish species richness. 

 

 

 KSU-ST sample site comparison 
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Both KSU and Stream Team datasets were collected over the same geographic area (Fig. 

19). However, the timing of sampling was quite different. KSU samples were collected over one 

summer season during 2015 (June-August), while Stream Team samples were collected in 

different seasons over a 17-year period (1996-2013; May-September). In addition to temporal 

variation, the choice of sampling sites between the KSU and ST datasets varied in important 

ways that reflected the different purposes for which the two datasets were collected. 

Furthermore, there was significant variation in the number of species captured within the study 

region by KSU and ST. KSU sampled a mean species richness of 4.6, while ST sampled a mean 

species richness of 11.4. 

 Land use 

For land use, two of top three KSU models in the Lower region analysis showed a 

negative relationship between species richness and developed land, while none of the ST models 

in the Lower region showed this relationship. As an explanation, KSU sample sites were chosen 

to include a greater amount of variation in developed land (Quartile 1-3: 0.09-0.17) than ST sites 

(< 0.10; Fig. 20).   

Herbaceous grassland in the Upper region showed a positive relationship with species 

richness in the KSU dataset, while there was no relationship between herbaceous grassland and 

fish species richness in the ST dataset. As an explanation, the KSU sites were chosen to cover a 

wider range of herbaceous grassland values than the ST dataset (including many more sites in the 

Lower range, 0-0.2; Fig. 21).   

 

 

 Flow 
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In the Lower region, for the ST dates, summer mean flow was negatively related to 

richness in a single model (Table 7A) whereas no relationship for this variable in this region was 

significant for the KSU dataset. This trend may be driven by a single low-flow point in the ST 

dataset (Fig. 22). In the Middle and Upper regions, for the KSU dataset, a positive relationship 

existed between flow and fish species richness. This trend was not observed for this variable in 

this region in the ST dataset.  As an explanation for differences, KSU sample sites had a greater 

amount of variation in summer mean flow than ST sites (including sites with low flow; Fig. 23-

24).   

 CoE dams 

In the ST dataset, but not in the KSU dataset, the distance to upstream dam was 

significantly related to fish species richness in the Lower region. Again, this difference in results 

may be related to differences in the choice of sample sites. The KSU dataset had more sites 

closer to (5 vs. 1 <20 km) and farther away from (2 vs. 0 >100) CoE dams than the ST dataset 

(Fig. 25). 

 Confluences 

For the Upper region, the KSU dataset showed a positive, significant relationship 

between species richness and distance to confluence while the ST dataset did not show this trend. 

Because the KSU dataset included many points in the Upper region, the KSU dataset had a wider 

range of confluence values including a few more that were very close to a confluence (< 0.5 km) 

and many more that were very far from a confluence (> 5 km) (Fig. 26). 
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 Discussion 

 Role of Region for Watershed Patterns 

Across a watershed, environmental variables that affect species richness can vary 

regionally.  In a river such as the Smoky Hill that spans a large geographic area that parallels 

environmental gradients (i.e., precipitation), components of environmental variables can vary 

significantly in the Upper, Middle, and Lower watershed. A whole system analysis can mask 

complex regional trends. Thus, it is essential to consider regional patterns.  For example, in my 

analysis, whole watershed trends did not detect a number of important regional patterns. 

Human conversion of land cover for municipalities and agriculture is rarely debated in its 

importance to biotic communities and impacts on in-stream habitat quality. The Great Plains of 

the central United States is an area of intense agriculture and ranching, both of which pose 

significant threats to stream health (Hall et al. 1999). In the Smoky Hill watershed, developed 

land was negatively associated with species richness. The adverse effects that developed land can 

have on instream habitat and species richness through impacts such as channelization, water 

withdrawal, and altered connectivity has been widely reported elsewhere (Jurajda 1995, Winter 

et al. 1998, Cumming 2004). A study within a sub-basin of the Kansas River found increased 

nutrient concentrations in tributaries located in the lower-reaches of the basin, reflecting an 

increased density of row-crop agriculture (Dodds and Oakes 2006).  In the Lower, most 

populated region of the Smoky Hill River, the negative effect of developed land on species 

richness was more pronounced than in the less populated Middle and Upper regions.  

In contrast, a positive relationship between species richness and herbaceous grassland 

was observed.  This trend was strongest in the Upper region, weak in the Middle region, and 

nonexistent in the Lower region. When comparing the Lower, Middle, and Upper regions of the 
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Smoky Hill watershed, the proportion of herbaceous grassland in the Upper watershed is greater. 

The positive relationship that I noted between richness and herbaceous grassland in the Middle 

and Upper regions is likely due to the positive effect of a greater proportion of herbaceous 

grassland at sites in these regions. This response could be reflective of fish in the Middle and 

Upper regions responding positively to the natural land use “reference condition,” which in a 

semi-arid prairie stream like the Smoky Hill is herbaceous grassland (Stoddard et. al 2006). 

Flow alteration and water withdrawal are obvious major threats to aquatic organisms. 

Water withdrawal for human consumption generally reduces flow rates, which help to shape 

important characteristics of aquatic habitat (Matthews 1998). In the Smoky Hill watershed, 

higher summer mean flow was generally associated with higher species richness. In the KSU 

dataset, summer mean flow had no effect on species richness in the Lower region, but had a high 

importance and consistent significance in the Middle and Upper regions. This is reflective of the 

major decrease in flow between the Lower region and the Middle and Upper regions.  In our 

Middle and Upper region sample sites in the Smoky Hill, flow is often considerably lower, even 

intermittent, in headwater and tributary streams. This is a common characteristic of prairie 

streams (Williams 1988). However, global climate change literature predicts altered flow 

regimes and water availability, which may place an even greater strain on aquatic organisms in 

particularly water limited systems (Covich et al. 1997). Since humans are highly dependent on 

aquatic resources and thus closely linked to them, it is important to diagnose and limit threats to 

water quality and quantity at the source in order to provide water security for humans as well as 

for freshwater diversity (Spinazola et al. 1985; Vörösmarty et al. 2010). 

Stream type follows a similar pattern, with tributaries in the Lower region having higher 

species richness than mainstem sites and tributaries in the Middle and Upper regions having 
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lower species richness than mainstem sites.  This reflects different habitat availability between 

mainstem and tributaries in the different regions. When flow is high as in the Lower region, 

tributaries may represent more moderate and diverse habitats relative to the large, fast-flowing 

mainstem. Additionally, tributaries in dendritic systems serve as natural spatial discontinuities, 

altering components of stream size, discharge, substrate, and water chemistry- and have 

subsequently been shown to increase local biotic diversity (Kiffney et al. 2006). 

Although distance to upstream dam and distance to confluence were the least influential 

variables across all regions in our analysis, this is not necessarily an indication of a lack of an 

effect of these environmental components on biota or fish response. The negative effects of dams 

on aquatic ecosystems, in particular, have been well documented elsewhere in the scientific 

community (Poff et al. 1997; Olden and Naiman 2009; Dugan et al. 2010). One specific study in 

the Kansas River Basin observed highly localized effects of reservoirs on upstream fish 

assemblages (Falke and Gido 2006). However, the sampling design used in this study included a 

considerably more detailed sampling of streams at sites closer to reservoirs and in tributaries 

directly connected to reservoirs. So, while large dams can serve as major discontinuities in the 

river continuum, their effects on fish communities were not seen using our watershed-scale 

sampling design. In other whole river studies, the effects of dams on fish can also be masked 

(Welch et al. 2008; Rechisky et al. 2013). 

 

 Fish Response 

Fish species richness provided insights about biotic patterns. One of the simplest and 

most common ways that ecologists have measured species diversity is by species richness 

(Humphries et al. 1995). Even with the development of different ways of quantifying biological 
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diversity, maximizing species richness has remained an explicit or implicit goal of conservation 

studies (Gotelli and Colwell 2001).   

CCA ordinations of the KSU dataset further support the idea of differences in fish 

communities between mainstem and tributary sites, possibly related to differences in flow, 

habitat type, and heterogeneity. Tributary sites were dominated by a diversity of perciformes 

fishes, while mainstem sites were composed mainly of cypriniformes and other smaller-bodied 

species. Similar differences in fish richness and assemblage structure were noticed in another 

study of the Kansas River basin, with abrupt changes in fish assemblages between mainstem 

river sites and tributaries above confluences (Thornbrugh and Gido 2009). 

Furthermore, while our analyses provided some useful information as to which 

environmental variables affect species richness and fish communities, looking in more detail at 

which fish are considered to be native and non-native may provide some interesting insights. I 

categorized all species collected in 2015 KSU samples using the USGS Nonindigenous Aquatic 

Species (NAS) database, which suggested that 33% of all fish collected in my samples were 

either native transplants or exotic species (Appendix 3). Further research looking at how non-

native species negatively impact lotic ecosystems as well as the benefits of restoring native 

biodiversity is needed. 

 

 Choice of Sites, Timing of Sampling, and Sampling Gear Choice Affect Results 

The results of the same data analysis procedure differed for the KSU and ST datasets. 

These differences are not surprising because the two datasets were collected for completely 

different reasons that motivated very different sampling designs and choice of sample sites. The 

KSU dataset was designed to collect environmental and fish data across the entire watershed in a 
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narrow time period in order to minimize confounding temporal variation caused by year and 

month. The KSU dataset intentionally included sites spread throughout the three regions that 

were equally divided between mainstem and tributaries. The KSU dataset also included sites 

with a range of values for each environmental variable. Because the KSU research sought to link 

anthropogenic and climate impacts to fish biodiversity, data were collected at a predetermined 

set of sites, not just where fish were abundant and diverse in previous samples. One major 

implication of this is that some pre-determined KSU sample sites had little to no flow, and thus 

few or no fish. This contributed to a decreased mean richness at KSU sites relative to ST sites. 

Additionally, this likely also contributed to the importance of summer mean flow in our model 

selection analysis. 

On the other hand, the ST dataset was designed as a long-term fish sampling and 

intentionally focused on sites where fish had been collected in the past rather than at sites chosen 

for research design reasons a priori.  In addition, the ST sites intentionally sampled over a wide 

range of seasons and years.  For example, the ST dataset (N=33) was collected over a 17-year 

period between 1996 and 2013 with a maximum of 10 samples collected in one year (2010). The 

KSU dataset (N=48) was sampled entirely during the summer of 2015, representing the 

conditions during that single season. Since tributaries and headwaters in prairie streams are 

known to vary considerably in their hydrology from year to year, the ST decision yielded both 

generality and variability. Because the KSU dataset was collected under less variable conditions, 

this dataset provided a more cohesive relationship between environmental variables and fish 

diversity.  

Another important difference between the ST and KSU sampling methods was choice of 

sampling gear. The KSU data collection sought to maintain standardization between sites by 
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using the same sampling distance with the same gear type (hand trawl) that best sampled the 

most common habitat type- mid-channel pool. Because of different goals and protocols, the 

Stream Team applied more effort at each site, sampled in more habitats at each site, and used a 

variety of gear (seining and electro-fishing) at each site. This difference in sampling protocol 

resulted in higher mean richness in ST samples, likely because this protocol caught more 

uncommon and rare species in the Smoky Hill basin. 

Although neither the KSU nor ST sample design is better or worse than the other, my 

analysis indicates that choice of sampling sites and design affects the outcome.  Consequently, 

thoughtful decisions about goals are essential before sampling and analysis occurs. 

 

 Future Considerations 

Below, I discuss potential implications that this research may have for future study and 

monitoring of Great Plains Streams. First, it is critical to consider the scale at which 

environmental variables may affect biota. I intentionally conducted my study at a large scale in 

order to see which variables may be affecting biota throughout the watershed.  While this did 

provide information on relationships between components of the environment and biota, we 

obtained more information by dividing our study area into regions. Finer scale trends, examined 

through microhabitat variables, may yield different patterns still. So, a conscious choice on scale 

is essential.  

 Lastly, when sampling across such a large spatial extent, intensive single year 

sampling may be more useful for examining ecological relationships than multiple year sampling 

aimed towards monitoring fish species presence and absence. This may be particularly applicable 

in a highly variable system like the Smoky Hill River, where a flowing tributary from which fish 
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were collected one year may be dry the next. In future studies it is important to clearly state 

research goals and develop sampling methods that fit those goals. 
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Figures and Tables 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Bar plots numerically representing the environmental variables present in each 

study in the literature at the A) watershed scale, and B) non-watershed scale. Since not 

every study in the search empirically analyzed an environmental variable, not all studies 

are represented in this plot. The Y-axis represents the number of papers in the literature 

search that analyzed a given variable, while the X-axis represents each variable that was 

analyzed. 
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Figure 2. Bar plots numerically representing the biodiversity response variables present in 

each study in the literature search at the A) watershed scale, and B) non-watershed scale. 

Since not every study in the search empirically analyzed a biodiversity response variable, 

not all studies are represented in this plot. The Y-axis represents the number of papers in 

the literature search that analyzed a given variable, while the X-axis represents each 

variable that was analyzed. 
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Figure 3. Bar plots numerically representing the statistical analysis used in each study in 

the literature search at the A) watershed scale, and B) non-watershed scale. Since not every 

study in the search used statistical analyses, not every study is represented in this plot. The 

Y-axis represents the number of papers in the literature search that used a specific type of 

statistical analysis, while the X-axis represents each type of statistical analysis that was 

used.  
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Figure 4. Bar plot indicating relationships inferred between environmental variables and a 

measure of biotic diversity in the papers included in my literature search. Not all papers 

included in the literature review are included here, as not all papers produced empirical 

results inferring relationships between biota and environmental metrics. 
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Figure 5. Map showing the origin of the Smoky Hill River and the North Smoky Hill Rivers 

in eastern Colorado and their junction in Logan County, KS. The river then flows through 

central Kansas where it joins the Saline and Solomon rivers near Salina, KS, then further 

east to Junction City where it joins the Republican River to form the Kansas River. The 

study area for this project is indicated the light blue box. Corps of Engineers dams are 

indicated by thick red lines. Figure credit- USGS. 
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Figure 6. Map of study area within the Smoky Hill River-Big Creek watershed, KS. 

Included in the map of the watershed are the divisions for the three regions of the reservoir 

(Upper region, Middle region, and Lower region), locations of Corps of Engineers Dams, 

and the location of the confluence of the Smoky Hill River and Big Creek. Regions are used 

to describe trends across a large geographic area. The division between Lower and Middle 

regions is Kanopolis reservoir, while the division between the Middle and Upper regions is 

the confluence of Big Creek.  
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Figure 7. Maps showing the delineation of the Smoky Hill-Big Creek watershed within KS 

and patterns of (A) land cover, (B) population density, and (C) annual normal 

precipitation. Figure credit- Melinda Daniels. 
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Figure 8. Discharge in cubic feet per second for USGS gauges on the Smoky Hill River in 

three regions of the basin: A) Smoky Hill River at Enterprise, KS (Lower Region), B) 

Smoky Hill River at Ellsworth, KS (Middle Region), and C) Smoky Hill River near Arnold, 

KS (Upper Region). Graphs and data courtesy of the United States Geological Survey 

(USGS). 
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Figure 9. Example figure showing methods used to calculate A) buffer land use with 0.5 km 

radius buffer surrounding each sample site, B) distance to upstream dam using the 

measure tool in ArcGIS, and C) distance to nearest confluence using the measure tool in 

ArcGIS. KSU sample points are indicated by purple dot, while the end location measured 

to for distance measurements is indicated by a gold star. 
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Figure 10. KSU data scatterplot matrix of first three environmental variables vs. species 

richness for all three regions. Significant variables are indicated by an asterisk in the top 

right corner of the scatterplot.  
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Figure 11. KSU data scatterplot matrix of second three environmental variables vs. species 

richness for all three regions. Significant variables are indicated by an asterisk in the top 

right corner of the scatterplot.  
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Figure 12. Canonical correspondence analysis plot for full KSU dataset with green circles 

showing distinct groupings of tributary sites (indicated by “T” before a set of numbers) 

and mainstem sites (indicated by “SH” before a set of numbers). Fishes comprising four 

orders were collected across all sample sites, with each species represented by a colored X 

on the plot. Light blue represents perciformes, green represents cypriniformes, orange 

represents siluriformes, and red represents cyprinodontiformes. Environmental factors 

potentially affecting fish presence are in blue.   



46 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Canonical correspondence analysis plot for Lower region KSU dataset with 

green circles showing distinct groupings of tributary sites (indicated by “T” before a set of 

numbers) and mainstem sites (indicated by “SH” before a set of numbers). Fishes 

comprising four orders were collected across all sample sites, with each species represented 

by a colored X on the plot. Light blue represents perciformes, green represents 

cypriniformes, orange represents siluriformes, and red represents cyprinodontiformes. 

Environmental factors potentially affecting fish presence are in blue. 
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Figure 14. Canonical correspondence analysis plot for Middle region KSU dataset with 

green circles showing distinct groupings of tributary sites (indicated by “T” before a set of 

numbers) and mainstem sites (indicated by “SH” before a set of numbers). Fishes 

comprising four orders were collected across all sample sites, with each species represented 

by a colored X on the plot. Light blue represents perciformes, green represents 

cypriniformes, orange represents siluriformes, and red represents cyprinodontiformes. 

Environmental factors potentially affecting fish presence are in blue.   
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Figure 15. Canonical correspondence analysis plot for Upper region KSU dataset with 

green circles showing distinct groupings of tributary sites (indicated by “T” before a set of 

numbers) and mainstem sites (indicated by “SH” before a set of numbers). Fishes 

comprising four orders were collected across all sample sites, with each species represented 

by a colored X on the plot. Light blue represents perciformes, green represents 

cypriniformes, orange represents siluriformes, and red represents cyprinodontiformes. 

Environmental factors potentially affecting fish presence are in blue. 
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Figure 16. Stream Team data scatterplot matrix of first three environmental variables vs. 

species richness for all three regions. Significant variables are indicated by an asterisk in 

the top right corner of the scatterplot.  
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Figure 17. Stream Team data scatterplot matrix of second three environmental variables 

vs. species richness for all three regions. Significant variables are indicated by an asterisk 

in the top right corner of the scatterplot.  
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Figure 18. Stream type vs. species richness plots for A) KSU Lower region dataset, and B) 

Stream Team Lower region dataset. A box on each plot indicates 1) whether this variable 

was in top models Δ AICc <4, 2) if the variable was significant in any top models, 3) Δ AICc 

<4 model average (MA), 4) and Δ AICc <4 variable importance (VI). 
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Figure 19. River kilometer vs. species richness plots for A) KSU full dataset, and B) Stream 

Team full dataset. Mean richness is indicated by a red arrow on the y-axis of each plot. 

Lower, Middle, and Upper regions are divided on each plot by a vertical dashed line. 
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Figure 20. Proportion developed land vs. species richness plots for A) KSU Lower region 

dataset, and B) Stream Team Lower region dataset. 0.25, 0.5, and 0.75 quartiles for the 

explanatory variables are marked indicated by vertical dashed lines. A box on each plot 

indicates 1) whether this variable was in top models Δ AICc <4, 2) if the variable was 

significant in any top models, 3) Δ AICc <4 model average (MA), 4) and Δ AICc <4 variable 

importance (VI). 
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Figure 21. Histogram of Upper region proportion herbaceous grassland vs. frequency for 

A) KSU and B) Stream Team data. 
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Figure 22. Summer mean flow (cm/s) vs. species richness plots for A) KSU Lower region 

dataset, and B) Stream Team Lower region dataset. 0.25, 0.5, and 0.75 quantiles for the 

explanatory variables are marked indicated by vertical dashed lines. A box on each plot 

indicates 1) whether this variable was in top models Δ AICc <4, 2) if the variable was 

significant in any top models, 3) Δ AICc <4 model average (MA), 4) and Δ AICc <4 variable 

importance (VI). 



56 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Summer mean flow (cm/s) vs. species richness plots for A) KSU Middle region 

dataset, and B) Stream Team Middle region dataset. 0.25, 0.5, and 0.75 quantiles for the 

explanatory variables are marked indicated by vertical dashed lines. A box on each plot 

indicates 1) whether this variable was in top models Δ AICc <4, 2) if the variable was 

significant in any top models, 3) Δ AICc <4 model average (MA), 4) and Δ AICc <4 variable 

importance (VI). 
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Figure 24. Summer mean flow (cm/s) vs. species richness plots for A) KSU Upper region 

dataset, and B) Stream Team Upper region dataset. 0.25, 0.5, and 0.75 quantiles for the 

explanatory variables are marked indicated by vertical dashed lines. A box on each plot 

indicates 1) whether this variable was in top models Δ AICc <4, 2) if the variable was 

significant in any top models, 3) Δ AICc <4 model average (MA), 4) and Δ AICc <4 variable 

importance (VI). 
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Figure 25. Histogram of Lower region distance to upstream CoE reservoir vs. frequency 

for A) KSU and B) Stream Team data. 
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Figure 26. Distance to confluence (km) vs. species richness plots for A) KSU Upper region 

dataset, and B) Stream Team Upper region dataset. 0.25, 0.5, and 0.75 quantiles for the 

explanatory variables are marked indicated by vertical dashed lines. A box on each plot 

indicates 1) whether this variable was in top models Δ AICc <4, 2) if the variable was 

significant in any top models, 3) Δ AICc <4 model average (MA), 4) and Δ AICc <4 variable 

importance (VI). 



60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. KSU multiple linear regression Δ AICc <4 model selection table for the full Smoky 

Hill River dataset. The dataset includes the six final a priori selected explanatory variables. 

The response variable was species richness at each sample site. Species richness was log10 

transformed. Coefficients (β) and standard errors (SE) are included for all explanatory 

variables in each model. Model averages (MA) and variable importance (VI) were 

summarized for each explanatory variable in models both Δ AICc<2 and Δ AICc<4. Model 

evaluation criteria include number of parameters (K), Δ AICc, Akaike weights (ωi), model 

adjusted R2 (Adj. R2), and p-values. Variables were considered influential correlates if 

present and significant in models Δ AICc<4. Significant variables are bolded and 

underlined. 
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Table 2. KSU multiple linear regression AICc <4 model selection table for the A) Lower 

region, B) Middle region, and C) Upper regions of the Smoky Hill River watershed. The 

dataset includes the six final a priori selected explanatory variables (X1-X6). The response 

variable is species richness at each sample site. Species richness was log transformed. 

Standardized coefficients (β) and standard errors (SE) are included for all explanatory 

variables in each model. Model averages (MA) and variable importance (VI) are 

summarized for each explanatory variable in models both Δ AICc<2 and Δ AICc<4. Model 

evaluation criteria includes number of parameters (K), Δ AICc, Akaike weights (ωi), model 

adjusted R2 (Adj. R2), and p-values. Significant variables are bolded and underlined. 
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Table 3. Full KSU dataset model comparison table with the results of the top model for 

each regression analysis performed (MLR, Poisson, and Negative-Binomial). Coefficients 

(β) and variable significance (p) are reported for each variable in each model. NI indicates 

that a variable is not included in the top model. Significance is indicated by three asterisks 

and non-significance is indicated by a period.  
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Table 4. By region KSU dataset model comparison table with the results of the top model 

for each regression analysis performed (MLR, Poisson, and Negative-Binomial). 

Coefficients (β) and variable significance (p) are reported for each variable in each model. 

NI indicates that a variable is not included in the top model. Significance is indicated by 

three asterisks and non-significance is indicated by a period.  

 



64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. Canonical correspondence analysis diagnostic table for the full KSU dataset 

including all explanatory variables. Significant variables are indicated by an underline. 

Diagnostic criteria include the number of parameters (K), chi-square (X2), f-value (F), and 

p-value. 
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Table 6. Stream Team multiple linear regression Δ AICc <4 model selection table for the 

full Smoky Hill River dataset. The dataset includes the six final a priori selected 

explanatory variables. The response variable was species richness at each sample site. 

Species richness was log10 transformed. Coefficients (β) and standard errors (SE) are 

included for all explanatory variables in each model. Model averages (MA) and variable 

importance (VI) were summarized for each explanatory variable in models both Δ AICc<2 

and Δ AICc<4. Model evaluation criteria include number of parameters (K), Δ AICc, 

Akaike weights (ωi), model adjusted R2 (Adj. R2), and p-values. Variables were considered 

influential correlates if present and significant in models Δ AICc<4. Significant variables 

are bolded and underlined. 
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Table 7. Stream Team multiple linear regression Δ AICc <4 model selection table for the 

A) Lower region, B) Middle region, and C) Upper regions of the Smoky Hill River. The 

dataset includes the six final a priori selected explanatory variables. The response variable 

was species richness at each sample site. Species richness was log10 transformed. 

Coefficients (β) and standard errors (SE) are included for all explanatory variables in each 

model. Model averages (MA) and variable importance (VI) were summarized for each 

explanatory variable in models both Δ AICc<2 and Δ AICc<4. Model evaluation criteria 

include number of parameters (K), Δ AICc, Akaike weights (ωi), model adjusted R2 (Adj. 

R2), and p-values. Variables were considered influential correlates if present and 

significant in models Δ AICc<4. Significant variables are bolded and underlined. 
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Appendix A- Gear Comparison 

In a gear comparison in the adjacent Neosho River Basin, the mini-Missouri trawl (fished 

as described here) caught as many fish species as a beach seine and more species than backpack 

electrofishing or nets (Fencl 2015; Mean richness by gear type: Backpack Electrofishing- 4, 

Hoop Net- 6, Beach Seine- 6, Mini-Missouri Trawl- 7). The Mini-Missouri net, used as a hand 

trawl that was pulled along the bottom, was an effective gear in the most common mid-channel 

pool habitat.  Use of this gear allowed me to collect comparable samples in all regions of the 

watershed, which was my research goal.  Other advantages of the seine-like Mini-Missouri hand 

trawl were that (a) the width could be adjusted for different sized streams through operator 

position, (b) because of the gear construction, the net always stayed on the bottom regardless of 

operator skill, and the (c) double bag protected fish from rocks, and, as a consequence, improved 

post-release condition survival. 

Appendix B- Fish Heat Maps 

I constructed heat maps of fish abundance by species and functional guilds to provide a 

visual summary of the fish community data. . Fish were classified into six empirically-based 

functional habitat guilds (Hitchman et al. 2017): riffle specialists, pool specialists, two-habitat 

generalists (riffle-pool, pool-run, or riffle-run generalists), and generalists. For species not 

commonly caught in the Neosho River habitat sampling for which the above described empirical 

classifications were created, my guild classification used habitats described elsewhere (e.g., 

Frimpong and Angermeier 2009). In the heat maps, riffle specialists were colored red, pool 

specialists were colored blue, two-habitat generalists were colored pink, and generalists were 

colored gray. The number and identity of individual species and guilds for these heat maps, mean 
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guild richness, and mean proportion guild richness were summarized by 1) river region (Upper, 

Middle, Lower: Table B.1) and 2) stream type (mainstem, tributary: Table B.2). 
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Appendix C- Nonindigenous Species 

The USGS Nonindigenous Aquatic Species database uses GIS technology and historical 

samples to create a digital repository of nonindigenous species distributions in the United States. 

Using this database, I grouped 24 fish species collected during our 2015 fish sampling season 

into three groups: native, native transplant, and exotic (Table C.1). This was done by using a 

query specific to the Smoky Hill Basin, KS. 8 of 24 (33.3%) species collected in our samples 

were listed in database as either a native transplant or exotic to the Smoky Hill Basin 

(https://nas.er.usgs.gov). 

 

Table C.1. Table including all species collected in 2015 KSU Smoky Hill samples. 

Species are grouped by native, native transplant, and exotic categories according to 

their classification in the USGS Nonindigenous Aquatic Species (NAS) database for the 

Smoky Hill Basin. 


