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ABSTRACT 

In the Midwestern United States, landscape and stream channel modification have caused 

habitat homogenization, erosional deposition, and increased nutrient loads. Concurrently, 

declines of native stream fishes, especially those intolerant to ecological disturbances or habitat 

degradation, have been observed. The Driftless Area ecoregion is a karst landscape that spans 

across the four states of Iowa, Minnesota, Wisconsin, and Illinois, and exhibits coldwater rivers 

and streams capable of supporting unique fish assemblages. Similar anthropogenic alterations 

threaten native fishes in the Driftless Area as seen elsewhere in Midwestern streams and rivers. 

However, the extensive network of coldwater habitats has allowed for the proliferation of a non-

native introduced piscivore, the Brown Trout (Salmo trutta). We collected fish assemblage and 

physical habitat data at 138 stream segments throughout Iowa’s portion of the Driftless Area to 

assess the spatial distribution and environmental associates of fishes, as well as the potential 

negative effects of non-native Brown Trout on multiple stream fish species of greatest 

conservation need (SGCN). Occupancy analysis of native Brook Trout (Salvelinus fontinalis) 

and Brown Trout revealed that watershed level factors were effective at predicting both trout 

species’ occupancy. However, estimates were improved by the inclusion of local habitat 

parameters. Habitat relationships with non-game SGCN were also evaluated using occupancy 

modelling. Environmental variables deemed important for occupancy varied by species, but were 

often a combination of environmental conditions at the instream (e.g., stream temperature, 

substrate, and velocity) and watershed level (e.g., forest land cover, catchment area, and 

elevation). Brown Trout length and CPUE displayed different relationships with the occupancy 

and relative abundance of sculpin (Mottled Sculpin Cottus bairdii and Slimy Sculpin Cottus 

cognatus) compared to Southern Redbelly Dace (Chrosomus erythrogaster) and Longnose Dace 
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(Rhinicthys cataractae). Additionally, we detected no negative effects of Brown Trout 

occurrence on the size structure of SGCN. Our results suggest that environmental factors at 

multiple spatial scales can be relevant for determining species’ occupancy, but the relative 

effects of characteristics at each scale likely depends on specific habitat requirements. 

Additionally, biotic interactions can influence the distribution and demography of stream fishes 

but are unique among species and may depend on abiotic conditions. Combined, results of this 

study can assist fisheries managers select effective conservation actions to benefit native stream 

fishes.
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CHAPTER 1.    GENERAL INTRODUCTION 

Background 

Lotic systems are globally recognized for providing critical ecosystem services and serve 

as biodiversity hotspots and culturally significant areas (Auerbach et al. 2014; Vollmer et al. 

2015; Colvin et al. 2019). Despite accounting for less than 0.009% of the world’s water supply, 

rivers and streams are estimated to harbor more than 85% of the total number of freshwater fish 

species (Helfman 2007). Unfortunately, these flowing habitats have declined in integrity and 

functionality due to myriad factors, including the introduction of nonnative species, water 

pollution, riparian habitat alteration, human-made barrier construction, and climate change 

(Strayer and Dudgeon 2010; Carpenter et al. 2011). Concurrent declines of lotic fishes and other 

freshwater biota have been observed for decades, and these taxa are among the most imperiled in 

the world (Ricciardi and Rasmussen 1999; Strayer and Dudgeon 2010).  

Since freshwater fauna have shown significant declines, researchers are often interested 

in documenting their current extent and predicting their distribution across spatio-temporal 

gradients, given changes in ecological parameters (i.e., climate change and land use land cover 

alteration). This process is referred to as species distribution modeling (Elith and Leathwick 

2009). Species distribution models (SDMs) have been applied to a wide variety of species and 

habitat types, from freshwater fishes to migratory songbirds (Olden and Jackson 2002; 

Hernandez et al. 2008; Furnas and McGrann 2018). SDMs allow researchers to investigate one 

of ecology’s basic questions: why do species occur where they occur? Models incorporate 

species presence/absence data along with environmental data describing a user-determined area 

of interest around that sampling location. Outputs from these models can answer specific 

research questions, such as habitat selection, projected range expansion/reduction, predator 
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avoidance, and more (Elith and Leathwick 2009; Pollock et al. 2014; Cordero and Jackson 

2019).  

Iowa’s landscape has experienced large-scale anthropogenic land cover alterations 

(Schilling et al. 2008, 2015; Wright and Wimberly 2013). As such, state natural resource 

professionals have expended enormous efforts to document and assess the status of all flora and 

fauna in hopes to conserve native and endemic species. The Iowa Wildlife Action Plan (IWAP; 

Iowa Department of Natural Resources 2015) assessed the distribution, abundance, population 

trends, and within-state status and listing of over 1,000 animal species. Fish species accounted 

for 14% (N = 155) of all evaluated animals. After evaluation, 405 total species were listed as 

Species of Greatest Conservation Need (SGCN), of which 79 were fishes (19.5%). Furthermore, 

the majority of listed species have lotic habitat preferences, despite lotic environments covering 

less than 1% of Iowa’s landscape. Thus, updating the status, distribution, and environmental 

relationships of riverine fishes of conservation need will inform better management practices 

regarding restoration, habitat improvement, and protection. 

One ecoregion in Iowa where lotic habitats are of particular significance is the Driftless 

Area. Technically known as the Paleozoic Plateau (Hallberg et al. 1984), this region’s unique 

topography is a result of environmental processes such as solifluction (incremental mass wasting 

caused by flow of water-saturated soil down steep slopes) and snowmelt sheetwash, creating an 

eroded valley-ridge patchwork and unique substrate composition (Iannicelli 2010). Steep slopes, 

entrenched stream valleys, bluffs, rock outcrops, mixed forests, and karst geology are all features 

differentiating this bedrock-dominated terrain from adjacent ecoregions, while also allowing the 

region to support rare microclimates and biota. Karst development is a product of water moving 

across and dissolving Paleozoic carbonates (limestones and dolomites) and exhibits formations 
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such as sinkholes, perennial springs, and extensive cavernous waterways underground (Iannicelli 

2010). These groundwater-surfacewater interfaces give rise to a vast network of cool and 

coldwater streams harboring fish species not seen elsewhere in Iowa (Eckblad and Coon 1984; 

Hallberg et al. 1984; Griffith et al. 1994). Brook Trout Salvelinus fontinalis, Mottled Sculpin 

Cottus bairdii, Slimy Sculpin Cottus cognatus, and Longnose Dace Rhinichthys cataractae are 

all SGCN whose Iowan extent is restricted to the cool rocky streams of the northeastern corner of 

the state. Several other SGCN or state Threatened and Endangered (T&E) species have been 

documented within the Driftless Area, and in some cases, only a handful of observations occur 

outside of the region. As such, the Iowa Department of Natural Resources (IDNR), along with 

The Nature Conservancy (TNC) and the Iowa Natural Heritage Foundation (INHF) have 

designated nearly all of the ecoregion as a conservation priority area, in hopes to maintain and 

enhance the vitality of these unique habitats and species (Iowa Department of Natural Resources 

2015).  

Brook Trout are of particular interest to the IDNR and the United States Fish and 

Wildlife Service (USFWS) because northeastern Iowa denotes the southwestern most edge of 

their endemic Midwestern range, as other populations found south or west of Iowa are all results 

of human introductions (MacCrimmon and Campbell 1969; Eckblad and Coon 1984). Select 

wild Brook Trout populations are genetically unique from the east coast and even other 

Midwestern states’ populations (Hoxmeier et al. 2015; Larson 2020; Siepker 2020) and are 

reported to have persisted here for thousands of years despite a complex glacial history 

(MacCrimmon and Campbell 1969; Eckblad and Coon 1984). Brook Trout are pollution 

intolerant and typically only thrive in coldwater streams, making them excellent indicators of 

water quality (Barton et al. 1985; Kwak and Waters 1997). Furthermore, trout management for 
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fishing (native Brook Trout and introduced Rainbow Trout Oncorhynchus mykiss and Brown 

Trout Salmo trutta), may have adverse effects on wild Brook Trout (Fausch and White 1981; 

Wagner et al. 2013; Kanno et al. 2016), but is a vital contribution to the small-town economies of 

the Driftless Area (IL, MN, and WI included). Anglers spend an average of $475 annually on 

fishing equipment, guides, supplies, lodging, etc., while the total economic impact including 

indirect effects of angling ecotourism is estimated to be over $1 billion (Anderson 2016).   

Coldwater streams of the Driftless Area are economically and ecologically valuable 

natural resources of information need and conservation concern because of environmental and 

anthropogenic threats such as climate change (Mitro et al. 2019), non-native species 

introductions (Weigel and Sorensen 2001; Hoxmeier and Dieterman 2016), and habitat 

degradation (Trout Unlimited 2015). Therefore, the goals of this study were to investigate the 

status, distribution, and environmental associations of stream fishes in headwater habitats of 

northeastern Iowa. Findings from this study will help fisheries managers identify critical areas 

for SGCN, guide reintroduction efforts of Brook Trout, and inform restoration and habitat 

improvement practices targeted at maintaining or creating habitat suitable for native species of 

concern. 

Thesis Organization 

Chapter 1 is a general introduction to this thesis. Chapter 2 focuses on occupancy 

modeling of Brook Trout and Brown Trout to investigate their current extent and environmental 

parameters that influence their occurrence and is written for the journal Transactions of the 

American Fisheries Society. Chapter 3 is written for submission to Ecology of Freshwater Fish 

and concentrates on potential negative influences of Brown Trout (a non-native piscivore) on 

three non-game fish SGCN. Chapters 2 and 3 each include an abstract, introduction, methods, 
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results, and discussion followed by tables and figures. Chapter 4 concludes this thesis and 

provides general conclusions and considerations for future conservation actions.  
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CHAPTER 2.    FACTORS ASSOCIATED WITH DETECTION AND DISTRIBUTION 

OF NATIVE BROOK TROUT AND INTRODUCED BROWN TROUT IN THE 

DRIFTLESS AREA OF IOWA 

Modified from a manuscript for submission to the journal of Transactions of the American 

Fisheries Society 

Brett Kelly1, Michael J. Siepker2, and Michael J. Weber1 

1Department of Natural Resource Ecology and Management, Iowa State University, Ames, IA 

50011, USA 

2Iowa Department of Natural Resources, 2325 Siewers Spring Road, Decorah, IA 52101, USA 

Abstract 

Non-native species, land cover conversion, and climate change threaten stream fish 

populations globally. Documenting biotic and abiotic environmental conditions related to species 

occurrence can inform management strategies of imperiled and alien fishes. We assessed the 

spatial distribution and habitat associations of Brook Trout Salvelinus fontinalis and Brown 

Trout Salmo trutta in 1st through 4th order streams in the Driftless Area of northeastern Iowa, 

USA. Data were collected within three electrofishing transects at 138 unique stream segments of 

the Upper Iowa, Yellow, and Grant-Little Maquoketa watersheds (HUC8) during May through 

September, 2018 and 2019. We used occupancy models in Program MARK to estimate 

occupancy associated with watershed and local environmental variables while accounting for 

imperfect detection. Brook Trout occupancy was low (19 of 138 sites) and negatively related to 

average summer stream temperature (β = -0.58, 95% CI: -0.89 to -0.26) and an index of bare 

streambank (β = -1.20, 95% CI: -2.41 to 0.02) and positively related with the percentage of pool 

macrohabitat (β = 0.03, 95% CI: -0.01 to 0.07). Brown Trout occupied 54% of streams (74 of 

138 sites) and occupancy probability was positively influenced by mean stream velocity (β = 
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13.12, 95% CI: 6.99 to 19.26), percent forested land cover (β = 0.02, 95% CI: 0.01 to 0.04), and 

upstream catchment area (β = 0.07, 95% CI: <0.01 to 0.15) whereas occupancy declined with the 

percentage of run macrohabitat (β = -5.32, 95% CI: -8.20 to -2.45). No adverse effects of Brown 

Trout density (fish/100m) on Brook Trout occupancy were detected. Our results indicate that a 

combination of catchment and local habitat features are important for Brook Trout and Brown 

Trout occupancy. This study contributes new insight into environmental conditions associated 

with trout distributions and demonstrates the utility of hierarchical models for predicting habitat 

suitability and site prioritization given specific conservation or management objectives.  

Introduction 

 A fundamental interest in fisheries ecology is to understand how biotic and abiotic 

components of the environment influence species distributions. Quantifying these relationships 

can prove informative to conservation strategies involving habitat improvement or restoration 

(Bohn and Kershner 2002; Rummel and Wolfe 2019; Whelan 2019), the reintroduction of 

species (Al-Chokhachy et al. 2009; Vincenzi et al. 2012; Hayes and Banish 2017), and the 

protection of critical core areas (Birdsong et al. 2019; Sievert et al. 2019). One suite of models 

often used to estimate patterns of species occurrence or abundance across environmental and 

spatial gradients is species distribution models (Elith and Leathwick 2009). Applications of these 

models range from assessments of habitat selection, estimates of species interactions and range 

shift predictions under differing climate scenarios, and beyond (Dauwalter et al. 2015; Peoples 

and Frimpong 2016; Mitro et al. 2019). Given that lotic environments support 85% of the total 

number of freshwater fish species and account for some of the most imperiled taxa in the world, 

documenting spatial distributions and evaluating fish-habitat relationships are critical 

components to the conservation of stream fishes (Ricciardi and Rasmussen 1999; Strayer and 

Dudgeon 2010; Carpenter et al. 2011). 
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 Brook Trout Salvelinus fontinalis is a commonly studied species due to its prominence 

amongst anglers and conservationists, as well as its ecological significance. Lotic populations of 

Brook Trout typically only persist in coldwater streams (stable stream temperatures < 24°C) with 

access to ample instream cover and spawning gravels (MacCrimmon and Campbell 1969; 

Wehrly et al. 2007). Brook Trout have experienced range reductions and local extirpations across 

their entire native range in the United States mainly due to anthropogenic perturbations, 

including land cover conversions related to urbanization, agriculture, and deforestation (Hudy et 

al. 2008; Stranko et al. 2008) and non-native trout introductions (Fausch and White 1981; 

Wagner et al. 2013; Kanno et al. 2016a). Effects of climate change and projected warming 

stream temperatures are estimated to further accelerate Brook Trout declines (Meisner 1990; 

Kanno et al. 2016b; Mitro et al. 2019) and populations at the edges of their distribution are likely 

the most susceptible to environmental disturbance (Haak et al. 2010).  

 The Driftless Area is a unique ecoregion encompassing Illinois, Iowa, Minnesota, and 

Wisconsin, USA that has abundant groundwater resources that historically provided suitable 

thermal and spawning conditions for Brook Trout. This region also denotes the southwestern 

edge of Brook Trout’s native range (MacCrimmon and Campbell 1969; Eckblad and Coon 1984) 

where they are listed as a Species of Greatest Conservation Need (SGCN) in Iowa (Iowa 

Department of Natural Resources 2015a) and Illinois (Illinois Department of Natural Resources 

2005). This extensive coldwater network has also allowed managers to develop popular fisheries 

for Brown Trout Salmo trutta via stocking programs (Harlan et al. 1987; Weigel and Sorensen 

2001). Brown Trout were initially maintained through stocking but currently many populations 

are self-sustaining and spreading throughout the region (Weigel and Sorensen 2001; Hoxmeier 

and Dieterman 2016). The successful establishment of self-sustaining Brown Trout could be 
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having adverse effects on Brook Trout populations (Fausch and White 1981; Waters 1983; 

Hoxmeier and Dieterman 2016). However, the extent of non-native Brown Trout proliferation 

and its potential effects on the distribution of native Brook Trout within the Driftless Area is 

unknown. 

In addition to non-native trout introductions, the Driftless Area’s lotic systems are 

threatened by extensive land cover modifications from tallgrass prairie and hardwood forests to 

row crop and pasture (Poole and Downing 2004; Schilling et al. 2008; Wright and Wimberly 

2013). The occurrence of Brook Trout increases with the amount of forested cover in watersheds 

and decreases with agricultural and impervious surface land cover types (Stranko et al. 2008; 

Wagner at al. 2013; Kanno et al. 2015); consequently, anthropogenic land-use change is one of 

the leading causes of Brook Trout habitat loss (Hudy et al. 2008). Conversely, Brown Trout 

show high plasticity in habitat selection (Klemetsen et al. 2003; Ayllón et al. 2009, 2010) and 

have higher occupancy rates than Brook Trout in deforested watersheds (Wagner et al. 2013). 

Therefore, Brown Trout may be more adaptable to habitat degradation and might replace Brook 

Trout in human-altered watersheds. Although some research has suggested that urban and row 

crop land cover types may negatively influence coldwater stream health and trout abundance 

(Wang et al. 2003; Marshall et al. 2008), how land cover conversion affects the geographic 

distribution of trout in the unique and highly-altered landscape of the Driftless Area is not well 

understood. 

Environmental factors at fine spatial scales (i.e., instream and riparian) can also influence 

trout occurrence and abundance. Stream temperature is one of the ultimate determinants of the 

geographic distribution of trout species (MacCrimmon and Marshall 1968; MacCrimmon and 

Campbell 1969; Wehrly et al. 2003) and affects longitudinal positions within watersheds 
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(Taniguchi et al. 1998; de la Hoz Franco and Budy 2005) as well as influence reproductive 

success (Hokanson et al. 1973; Bell 2006; Kanno et al. 2016b). Along with thermal 

requirements, macrohabitat, substratum, and riparian conditions can also affect trout distribution 

(Dauwalter et al. 2015), habitat suitability (Raleigh 1982; Boets et al. 2018), and demography 

rates (Öhlund et al. 2008; Kanno et al. 2014). Trout species compete for resting and feeding 

positions in pool habitats under or near cover that allow them to minimize their energy output 

(Slaney and Northcote 1974; Fausch and White 1981). Additionally, Brook Trout and Brown 

Trout use specific substrate particle sizes and flow velocities for selecting spawning areas 

(Witzel and MacCrimmon 1983) that can be degraded or eliminated by increased sedimentation 

rates (Argent and Flebbe 1999; LaChance et al. 2008) and flow alterations (Nelson 1986; Curry 

et al. 1994). To the detriment of intolerant freshwater biota, watersheds of the Midwest 

frequently exhibit human-modified geomorphology that results in embedded stream channels, 

homogeneous habitat composition, and erodible banks with sparse natural vegetation (Arbuckle 

and Downing 2002; Schilling et al. 2008). Furthermore, even though streams moderated by 

groundwater recharge are typically capable of stabilizing temperature fluctuations (Luhmann et 

al. 2011) and might mitigate some of the effects of anthropogenic landscape alterations (Siitari et 

al. 2011), thermally suitable habitats of the Driftless Area are predicted to decline by 68% for 

Brook Trout and 32% for Brown Trout by the mid-twenty-first century due to climate change 

effects warming water temperatures (Mitro et al. 2019). With non-native species, land cover, and 

climate change altering habitat suitability and distribution of Brook Trout and Brown Trout, 

understanding the current distribution and environmental relationships of these two species that 

have niche overlaps is paramount to developing future conservation and management strategies. 
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 In this study, we examined the associations of environmental factors at multiple scales 

with the occurrence of Brook Trout and Brown Trout in stream segments of the northeastern 

Iowa portion of the Driftless Area using occupancy models that account for imperfect detection. 

We hypothesized that Brook Trout occurrence would be low overall but highest in stream 

segments with cold summer stream temperatures, ample pool habitats, limited Brown Trout 

abundance, stable streambanks, vegetated riparian areas, and with large amounts of forest land 

cover in the contributing catchment area. Conversely, we expected Brown Trout occurrence to be 

more common and associated with higher order streams of various thermal regimes and larger 

catchment areas composed of more human-altered land cover types.  

Methods 

Study Area and Site Selection 

The Driftless Area ecoregion in northeastern Iowa spans approximately 9,000 km2. 

Rivers are primarily contained within the Upper Iowa, Yellow, Turkey, and Maquoketa basins 

(HUC8) and drain eastward where they meet with the Upper Mississippi River (Eckblad and 

Coon 1984). The region’s karst topography creates an eroded valley-ridge patchwork exhibiting 

limestone and dolomite rock outcroppings, mixed forests, and a variety of unique 

hydrogeological features (Iannicelli 2010). Perennial and ephemeral springs produce cool-

coldwater streams and rivers capable of supporting sensitive biota not seen elsewhere in Iowa 

(Eckblad and Coon 1984; Hallberg et al. 1984; Griffith et al. 1994). Elevation ranges from 213 to 

366 m and primary land use is cropland and pasture, although tracts of deciduous forest can be 

found in areas of higher relief and bedrock composition (Griffith et al. 1994).  

Brook Trout and Brown Trout are popular sport fishes in Iowa’s portion of the Driftless 

Area. Self-sustaining Brook Trout populations were documented in less than 10 locations in 

Iowa as recently as the early 2000s (Olson 2007) and are only able to support a fishery due to 



12 

annual supplemental stocking. However, Brook Trout occurrence information from privately-

owned headwater streams capable of supporting trout (>95% of land ownership in Iowa Driftless 

area; Iowa Department of Natural Resources 2015a) is widely unavailable. The Iowa Department 

of Natural Resources (IDNR) has begun to reintroduce Brook Trout fingerlings of native origin 

(genetically distinct populations of northeastern Iowa; Siepker 2020) into select streams to 

bolster wild populations capable of reproducing. Alternatively, fisheries managers began 

stocking Brown Trout fingerlings in the 1880s (MacCrimmon and Marshall 1968) due to their 

improved survivability under various stream conditions, but populations were primarily 

supported through supplemental stockings as natural reproduction was scarce (Harlan et al. 

1987). More recently, IDNR has decreased the Brown Trout stocking regiment after observing 

high natural reproductive rates (Kirby et al. 2020).   

Fish and habitat data were collected at 138 randomly selected sites in the Upper Iowa (n 

= 56), Yellow (n = 68), and Little Maquoketa (n = 14) watersheds during the summers (May-

September) of 2018 and 2019 (Figure 1). Potential sampling sites were selected from each 

primary watershed (HUC8) using the Iowa stream centerlines layer acquired from Iowa Geodata 

(https://geodata.iowa.gov/dataset/stream-centerlines-iowa; last accessed on July 3, 2020). We 

implemented a generalized random-tessellation stratified (GRTS; Stevens and Olsen 2004) site 

selection design using the Program R (R Core Team 2020) package spsurvey (Kincaid et al. 

2019) to achieve a spatially well-balanced random sample. Site selection was limited to stream 

segments of 1st through 4th order (Strahler 1957) >500 m in length that are not currently included 

in the IDNR’s trout stocking program. Additionally, stream segments were removed from the 

potential sampling pool if their centroid was within 0.5 km of a stream segment receiving regular 

trout stockings. To further reduce the probability of spurious observations of study species, no 

https://geodata.iowa.gov/dataset/stream-centerlines-iowa
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Brown Trout were stocked during the duration of field sampling and we coordinated with IDNR 

hatchery staff to survey sites in headwater reaches upstream of stocked segments prior to 

stocking events of Brook Trout in the sub-basin (HUC12). Based on our selection criteria, seven 

sites were located 0.5-1.0 km from a stocking location (Brook Trout or Brown Trout) whereas 

the majority of sites (n= 131 of 138) were located >1 km from a stocking location. 

Field Sampling 

 Each fish and habitat sampling site consisted of three spatially replicated reaches ranging 

from 50 to 150 m in length, depending on stream width (targeting 40 mean wetted widths; 

Angermeier and Smogor 1995; Dauwalter and Pert 2003; Reynolds et al. 2003). All three reaches 

were located along the same stream segment and were separated by either: one pool-riffle-run 

sequence, a natural barrier (riffles, cascades, etc.), or both to minimize immigration and 

emigration from the reach during sampling. Fish sampling was conducted under base-flow 

conditions using single-pass, pulsed DC backpack electrofishers (Model LR-20, Smith-Root, 

Vancouver, Washington; average settings: 200 V and 30 Hz). Single backpack electrofishing 

techniques were used at smaller sites (mean wetted width < 5 m) whereas tandem backpack units 

were used in streams exceeding 5 m mean wetted width. All fish were identified to species, 

tallied, and released back into the reach.  

 Habitat data were collected after fish sampling to minimize disturbance to the reach. Our 

habitat sampling protocol was based on IDNR’s procedure for wadeable streams (Iowa 

Department of Natural Resources 2015b). We measured instream and riparian habitat variables 

along eight equally spaced transects in each reach (24 total per site). At each transect, we first 

measured stream width (m) and macrohabitat type (pool, riffle, run, glide, rapid). Depth (m), 

substrate type (bedrock, boulder, riprap, cobble, gravel, sand, silt, clay, muck, detritus, or wood), 

and current velocity (m/sec) were measured at 10, 30, 50, 70 and 90% of the transect length. At 
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odd numbered transects, we made visual estimations of the percentage of bare soil on the 

streambank whereas canopy cover was measured using a spherical densitometer on each bank 

and the transect midpoint (Appendix A).  

 Stream temperature monitors (HOBO 64K Pendant data logger, Onset Computer Corp., 

Bourne, Maine) were installed into each site and set to record temperature hourly (24 

observations daily) for one to four months. Upon retrieval, temperature data were subset to a 

uniform logging interval for each summer due to chronologically staggered installations. The 

resulting time interval began on the first day of summer that all loggers were recording data 

simultaneously until mid-September (August 17 – September 22, 2018 and August 1 – 

September 11, 2019). Time intervals were not identical across years, but our goal was to assess 

how stream temperatures during a summer period influenced site-level fish communities and to 

include as much data as possible to properly characterize thermal profiles. Additionally, despite 

installing monitors at different dates between years, the date range (reported above) and duration 

of both logging intervals was similar (2018: n = 37 days; 2019: n = 42 days). Although 

temperature observations from June and July were excluded from the analysis, stream 

temperatures typically reached maximum values while discharge (m3/s) generally stabilized at 

summer minimums during late summer, allowing for temperature summaries to be calculated 

during thermally stressful conditions and relatively consistent flows. Logger malfunction or loss, 

presumably due to high discharge events or human removal, at eight sites (~6%) rendered 

temperature data unusable. In these instances, the mean summer stream temperature value 

calculated across all sampled sites was used as a covariate for occupancy models (Cooch and 

White 2020). This approach allowed us to include the sites with missing information to maintain 
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a larger sample size without changing the mean of the observed covariate values, although the 

variance was slightly smaller (excluding sites: variance = 4.36; including sites: variance = 4.11). 

Catchment-Scale Data 

 We quantified landscape-scale environmental factors within each site’s contributing 

catchment area. Catchment basins were delineated based on a 1/3 arc-second Digital Elevation 

Model (DEM) acquired from the U.S. Geological Survey National Map Viewer 

(https://viewer.nationalmap.gov/basic/; last accessed on July 3, 2020) using the hydrology toolset 

in ArcGIS 10.6 (ESRI, Redlands, California). Outlet locations used as pour points within ArcGIS 

were placed at the lowermost point of each stream segment. Landscape-scale variables were 

chosen based on a literature review of trout and environmental relationships as well as regional 

knowledge of Midwestern coldwater systems (percent forest land cover, percent human-altered 

land cover, upstream catchment area, elevation, mean catchment slope, and upstream road 

crossing density; Table 1). We prioritized variables reflecting land cover and topographical 

conditions as they have been correlated with salmonid abundance and distribution (Wagner et al. 

2013; Kanno et al. 2015; Boets et al. 2018). We used the Inverse Distance Weighted Percent 

Land Use for Streams (IDW-Plus) ArcGIS toolset to calculate spatially explicit land cover 

metrics that incorporate the hydrologically active inverse flow length to the stream (HAiFLS; 

Peterson and Pearse 2017). We chose to use spatially weighted metrics opposed to lumped 

variables (i.e., areal mean or percent coverage) as the proximity of land cover types to the stream 

has been shown to affect various stream health indicators (Peterson et al. 2011; Peterson and 

Pearse 2017). Land cover types were derived from the 30-m resolution National Land Cover 

Database (NLCD) layer for the contiguous United States (imagery taken in 2016) acquired from 

the Multi-Resolution Land Characteristics Consortium (MRLC; 

https://www.mrlc.gov/data?f%5B0%5D=category%3Aland%20cover; last accessed on July 3, 

https://viewer.nationalmap.gov/basic/
https://www.mrlc.gov/data?f%5B0%5D=category%3Aland%20cover
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2020). We also used the DEM to summarize watershed gradient by calculating the mean slope 

value (%) of all stream segments within the upstream catchment area and elevation (m) at the 

centroid of each sampling segment. Road crossing density was calculated as the number of 

stream-road intersections within the upstream catchment divided by the total drainage area 

(km2). 

Statistical Analysis 

 We developed single-species single-season occupancy models (MacKenzie et al. 2002) 

for Brook Trout and Brown Trout separately to assess their spatial distribution and the relative 

effects of environmental conditions on occurrence. Occupancy models also allowed us to 

account for imperfect detection during field sampling that can result in false absences (i.e., 

concluding the species of interest is absent from a site when it is present, but researchers failed to 

detect it). Models estimate two parameters: 1) occupancy probability (Ψ) and 2) detection 

probability (p) that are both allowed to vary as a function of covariates. Single-season occupancy 

models have four main model assumptions: 1) the occupancy status at each site does not change 

over the sampling period (i.e., population closure), 2) occupancy probability is constant across 

sites, or modeled using covariates, 3) detection probability is constant across all surveys, or is a 

function of covariates, and 4) detection of species and detection histories are independent among 

sites (Mackenzie et al. 2018). To relax the closure assumption, each reach ended at a natural 

barrier to minimize the probability that fishes would leave the reach during electrofishing 

surveys. To satisfy assumptions two and three, we modeled both occupancy probability and 

detection probability as a function of covariates. To address assumption four, we implemented a 

spatially-balanced site selection design to minimize the potential of fishes moving among nearby 

sites during concurrent or consecutive sampling days.  
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We used a hierarchical modeling approach by sequentially developing occupancy models 

with habitat covariates evaluated at two ecological scales (catchment and local). We first 

developed catchment-scale models using environmental conditions within each site’s upstream 

catchment area to determine species distributions. We fit catchment-scale models first to 1) 

advance only informative landscape covariates into our final multiple-scale model set and 2) 

create predicative surface maps of occurrence probability throughout the Driftless Area of Iowa 

based on occupancy model outputs. Next, we formulated models that also included local 

(instream and riparian) habitat characteristics to help refine Brook Trout and Brown Trout 

distributions and environmental relationships. 

Environmental variables at both spatial scales were selected based upon a priori 

hypotheses of trout and habitat associations derived from a literature review and regional 

knowledge of Driftless Area coldwater systems. Before model development, we evaluated all 

variables for collinearity using Pearson’s correlation coefficients and final covariates were 

retained based on correlation strength (|r| < 0.6) and biological relevance (Table 1). After 

correlation analysis, we retained 17 variables describing environmental and sampling conditions 

(Table 1). We considered 11 covariates for Brook Trout occupancy analysis and 12 covariates 

for Brown Trout. The human-altered land cover metric was removed from the Brook Trout 

catchment-scale model due to observed correlation with the forested land cover metric (r = -

0.96) and the hypothesized importance of forest for explaining Brook Trout occurrence (Hudy et 

al. 2008; Wagner et al. 2013; Kanno et al. 2015). Because literature evidence for the effect of 

land cover type on Brown Trout is inconsistent (Wang et al. 2003; Scheurer et al. 2009; Wagner 

et al. 2013), both forest and human-altered land cover covariates were retained in the Brown 

Trout catchment-scale model set but were never included in the same model. Elevation (m) was 
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removed from the analysis for both species due to observed correlation with both percent forest 

land cover (r = -0.73) and percent human altered land cover (r = 0.76). Only mean summer 

stream temperature (August-September; °C) was included in occupancy models for each species 

due to observed correlation with maximum daily mean (r = 0.92) and maximum daily maximum 

stream temperature (r = 0.82). Additionally, the mean stream temperature variable was less 

sensitive to extreme data points recorded within single days or hours compared to the other 

metrics. The remaining covariates were not strongly correlated (|r| < 0.6; Appendix B).  

 We compared model results using multimodal inference based on Akaike’s Information 

Criterion for small sample size (AICc; Akaike 1973; Sugiura 1978) and Akaike model weights 

(wi). Models within two AICc units of the best supported model (∆AICc ≤ 2) were considered 

equally plausible, whereas models further than 9 AICc units (∆AICc ≥ 9) have relatively little 

support (Burnham et al. 2011). We estimated occupancy and detection probability relationships 

with covariates receiving support (included in models ∆AICc ≤ 2 from the most credible model). 

Catchment-Scale Models 

Before evaluating occupancy associations, we developed models to determine if detection 

probability was associated with reach specific electrofishing effort (seconds) or if it was constant 

across transects (.) while holding occupancy probability as a function of all candidate variables. 

Although other habitat features may affect detection probability of stream fishes (e.g., substrate 

size proportion, instream habitat complexity, and water clarity; Meyer and High 2011; Lamothe 

et al. 2019), we focused on electrofishing effort because we expected that detection probability 

of both Brook Trout and Brown Trout would increase with sampling effort. Additionally, 

detection probability has been estimated to be high for trout in wadeable streams (Wagner et al. 

2013; Kanno et al. 2015; Chiaramonte et al. 2020). After comparing detection model results, we 

used estimated overall detection probabilities to develop a cumulative detection curve for each 
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species to determine how additional sampling occasions (i.e. spatial replicates) increased the 

probability of detection with the following formula: 

cumulative detection probability = 1 – (1 – p)x, 

where p is the detection probability per sampling occasion, and x is the number of sampling 

occasions.  

After modeling detection probability, we fit all combinations of a global model that 

contained environmental covariates on occupancy probability while not changing the model 

structure of detection probability for each species. We then compared model results and 

estimated occupancy relationships with covariates receiving support (included in models within 

two AICc units from the most credible model). Covariate relationships derived from the most 

supported catchment-scale model for each species were used to predict segment-scale occupancy 

probability across the entire study area. Overall, Brook Trout and Brown Trout occupancy 

probability was predicted at 4,664 stream segments in the Upper Iowa (n = 2,671), Yellow (n = 

1,693), and Little Maquoketa (n = 300) watersheds with stream segments draining similar 

catchment areas to those sampled in our study (0.07 to 59.25 km2; Table 1). Finally, habitat 

variables within each species’ most supported catchment-scale model were advanced to the 

multiple-scale candidate model set to evaluate how a combination of catchment and local habitat 

characteristics affect trout occupancy.  

Multiple-Scale Models 

After investigating the effects of catchment-level environmental variables on trout 

occupancy, we developed a new global model for each species that included a combination of 

occupancy covariates from the top-ranked catchment-scale models as described above and 

included the additional effects of local (instream and riparian) habitat features. We hypothesized 

that catchment-scale variables would remain relevant for explaining species distributions, but 
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that local environmental conditions would refine catchment-scale estimates of occupancy, 

particularly for a stenothermal intolerant species such as Brook Trout. We fit all subsets of the 

local habitat features global model, compared model results using multimodal inference, and 

then estimated occupancy and detection probability relationships with covariates receiving 

support (included in models within two AICc units from the most credible model).  

Results 

 Brook Trout occurrence was rare (n = 19 of 138 sites; 14% naïve Ψ) but highest in the 

Upper Iowa watershed (n = 15 of 56 sites; 26.79%) followed by the Little Maquoketa (n = 2 of 

14 sites; 14.29%) and Yellow (n = 2 of 68 sites; 2.94%) watersheds. Brook Trout occurred in 

sympatry with Brown Trout at 78.95% (15 of 19) of sites. Brown Trout occupied 74 sites (55% 

naïve Ψ) and were observed most frequently in the Little Maquoketa watershed (n = 9 of 14 

sites; 64.29%). Brown Trout also occurred at 31 of 56 sites (55.36%) within the Upper Iowa 

watershed and 34 of 68 (50.00%) sites in the Yellow watershed.  

Abiotic site attributes varied across watersheds at the landscape and local spatial scale 

(Table 1). Catchment areas of sites within the Upper Iowa watershed ranged from 0.07 to 50.89 

km2 (mean = 10.93 km2; SD = 9.61 km2) and were primarily composed of human-altered land 

cover types (developed space, row crop, and pasture; mean = 69.93%, SD = 25.57%). 

Additionally, streams of the Upper Iowa watershed had the lowest average summer stream 

temperatures (mean = 14.95°C, SD = 2.06°C) compared to the Yellow (mean = 16.20°C, SD = 

1.93°C) and the Little Maquoketa (mean = 15.13°C, SD = 1.51°C) watersheds. Yellow 

catchments (mean area = 10.27 km2, SD = 10.62 km2) were comprised of the least forest land 

cover (mean = 18.62%, SD = 24.12%) and were typically of lower gradient (mean catchment 

slope = 12.05%, SD = 7.41%). Sites in the Little Maquoketa had catchment areas ranging from 
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1.91 to 21.56 km2 (mean = 6.02 km2; SD = 4.97 km2) and were predominately forested (mean = 

65.10%, SD = 25.38%).  

Average stream velocities and depths were similar across the Upper Iowa (mean stream 

velocity = 0.24 m/s, SD = 0.10 m/s; mean stream depth = 0.28 m, SD = 0.09), Yellow (mean 

stream velocity = 0.25 m/s, SD = 0.10 m/s; mean stream depth = 0.25 m, SD = 0.08), and Little 

Maquoketa watersheds (mean stream velocity = 0.21 m/s, SD = 0.10 m/s; mean stream depth = 

0.22 m, SD = 0.12). Sites in the Little Maquoketa watershed typically contained higher 

percentages of coarse substrates (mean = 80.78%, SD = 14.84%) and pool macrohabitats (mean 

= 18.15%, SD = 11.85%) compared to the Upper Iowa (mean coarse substrates = 64.61%, SD = 

25.39%; mean pool macrohabitat = 15.70%, SD = 15.22%) and Yellow (mean coarse substrates 

= 69.54%, SD = 23.89%; mean pool macrohabitat = 13.11%, SD = 13.76%) watersheds. 

Sampled sites of the Upper Iowa and the Yellow watersheds on average had 27% (Upper Iowa: 

mean = 54.34%, SD = 29.65%) to 37% (Yellow: mean = 44.59%, SD = 31.64%) less canopy 

cover than those in the Little Maquoketa (mean = 81.27%, SD = 13.90%). 

Catchment-Scale Models 

The constant detection model (.) received considerably less support (∆AICc = 3.93, wi = 

0.12) than the model containing electrofishing effort (∆AICc = 0.00, wi = 0.88); thus, detection 

probability was fixed as a function of effort for all further comparisons of occupancy 

relationships. The most complex catchment-scale model evaluated for Brook Trout contained 

four occupancy covariates (forest land cover, stream slope, road crossing density, and upstream 

catchment area) and one detection covariate (electrofishing effort). Two models were considered 

to be competitive (∆AICc ≤ 0.03, Σwi = 0.44; Table 2) whereas the third-ranked model received 

little support (∆AICc= 2.04; wi = 0.08). The best supported model (∆AICc = 0.00, wi = 0.22) 

indicated that percent forested land cover had a positive effect (β = 0.02, 95% CI: <0.01 to 0.03) 
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on Brook Trout occupancy and electrofishing effort (β < 0.01, 95% CI: <0.01 to <0.01) was 

positively associated with detection probability. Mean Brook Trout detection probability was 

0.74 (95% CI = 0.58 to 0.86) and ranged from 0.46 with 122 seconds of effort to >0.99 with 

3,563 seconds of effort (Figure 2). Additionally, cumulative detection probability of Brook Trout 

approached 1.00 (>0.93, 95% CI = 0.82 to 0.98) after two sampling occasions (Figure 2). The 

second-ranked model also received substantial support (∆AICc = 0.03, wi = 0.22) and included 

the effect of average stream slope (β = 0.04) as an additional occupancy covariate, but the effect 

signal was inconsistent (95% CI: -0.01 to 0.09). In addition to being most supported, the top 

model was the most parsimonious and the only one with a slope coefficient that differed from 0; 

thus, only the effect of forested land cover on Brook Trout occupancy was advanced to the 

multiple-scale model. Overall, mean occupancy of Brook Trout using the top-ranked catchment 

model was 0.13 (95% CI = 0.08 to 0.21) and was similar to the estimate based on the second 

ranked model (Ψ = 0.13, 95% CI = 0.08 to 0.20) as well as raw occurrences (naïve Ψ = 0.14). 

Predicted Brook Trout occupancy increased from 0.13 to 0.38 as forest land cover increased 

from 26.27% (mean observed value) to 99.88% (maximum observed value; Figure 3). Predicted 

region-wide occupancy probability mirrored the spatial arrangement of forest land cover and was 

typically highest (Ψ > 0.28) in the eastern-most sub-basins (HUC12; Figure 4). The Little 

Maquoketa watershed had the highest mean occupancy probability estimate (Ψ = 0.21, 95% CI = 

0.11 to 0.35) followed by the Yellow (Ψ = 0.18, 95% CI = 0.09 to 0.30) and the Upper Iowa (Ψ 

= 0.15, 95% CI = 0.08 to 0.26) watersheds. 

The model specifying that detection probability varied as a function of electrofishing 

effort received substantial support (∆AICc = 0.00, wi = 0.83) compared to the constant detection 

model (∆AICc = 3.17, wi = 0.17), so all subsequent models developed for Brown Trout contained 
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effort as a detection covariate. The most complex catchment-scale Brown Trout models included 

combinations of four occupancy covariates (stream slope, road crossing density, either forest or 

human-altered land cover, and upstream catchment area) and one detection covariate 

(electrofishing effort). Only one model in the resulting list was deemed competitive (∆AICc = 

0.00; ∆AICc of second-ranked model = 2.10; Table 2) and included forest land cover and 

upstream catchment area as occupancy covariates and effort as a detection covariate. Forest land 

cover (β = 0.03, 95% CI: 0.01 to 0.04) and upstream catchment area (β = 0.07, 95% CI: 0.02 to 

0.12) were positively associated with Brown Trout occupancy probability. Brown Trout 

detection probability was estimated at 0.81 (95% CI = 0.75 to 0.86) and was positively 

associated with electrofishing effort (β < 0.01, 95% CI: <0.01 to <0.01); when effort increased 

from 122 to 3,907 seconds, Brown Trout detection probability rose from 0.70 to 0.98 (Figure 2). 

Cumulative Brown Trout detection probability exceeded 0.96 (95% CI = 0.94 to 0.98) after two 

electrofishing reaches (Figure 2). Since only one model was deemed competitive, the top-ranked 

model was used to predict Brown Trout distribution and forest land cover and upstream 

catchment area were advanced as environmental covariates to the multiple-scale Brown Trout 

model. 

Using the most supported catchment model, Brown Trout occupancy was estimated at 

0.56 (95% CI = 0.46 to 0.65) and was nearly identical to the naïve estimate (naïve Ψ = 0.55). 

Upstream catchment area had the greatest effect on Brown Trout occupancy (Figure 3). In 

smaller catchments (area < 2 km2), occupancy of Brown Trout was low (<0.40) whereas when 

catchment area approached 37 km2, Brown Trout occupancy surpassed 0.90. Catchments with 

more forest land cover (>50%) also had higher probabilities of Brown Trout occurrence (>0.70; 

Figure 3). Predicted Brown Trout occupancy probability at stream segments across the study area 
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(n = 4,664) ranged from 0.24 to >0.99 and averaged 0.53 (95% CI = 0.38 to 0.65; Figure 5). 

Brown Trout occupancy probability was high (>0.50) in all three study area watersheds, but the 

Little Maquoketa basin had the highest mean predicted value (Ψ = 0.62, 95% CI = 0.46 to 0.74) 

followed by the Yellow (Ψ = 0.55, 95% CI = 0.40 to 0.67) and Upper Iowa (Ψ = 0.51, 95% CI = 

0.37 to 0.67) watersheds.        

Multiple-Scale Models 

The multiple-scale global model for Brook Trout contained seven occupancy covariates 

(Table 1; mean temperature, pool macrohabitat, coarse substrates, Brown Trout CPUE, bare bank 

index, canopy cover, and forest land cover) and one covariate on detection probability (effort). 

The most supported model (∆AICc = 0.00, wi = 0.10) indicated that Brook Trout occupancy 

varied as a function of average summer stream temperature, bare bank index rating, and percent 

pool macrohabitat. After including local habitat variables, estimated Brook Trout occurrence 

probability had a mean value of 0.08 (95% CI = 0.04 to 0.16). Average summer stream 

temperature (β = -0.58, 95% CI: -0.89 to -0.25) had a strong negative effect on Brook Trout 

occupancy probability (Figure 6) where the probability of Brook Trout occupancy decreased 

from 0.72 (95% CI: 0.34 to 0.93) to 0.08 (95% CI: 0.04 to 0.16) as average stream temperature 

increased from 9.7°C (the lowest observed value across all sampled sites) to 15.6°C (the mean 

observed value). Bare bank index (β = -1.20, 95% CI: -2.41 to 0.02) also had a negative effect on 

Brook Trout occupancy probability whereas the percentage of pool macrohabitat had a positive 

effect (β = 0.03, 95% CI: -0.01 to 0.07; Figure 6). Five additional models were also considered 

competitive for explaining Brook Trout occupancy (Table 3) and all specified that average 

summer stream temperature negatively influenced occupancy probability. The second ranked 

model (Table 3; ∆AICc = 0.33, wi = 0.09) only included the additional effect of bare bank and the 

third-ranked model (Table 3; ∆AICc = 1.55, wi = 0.05) provided support for the forest land cover 
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covariate, but it had a weaker effect when in combination with local environmental conditions (β 

= 0.01, 95% CI: -0.01 to 0.03). The fourth most competitive model indicated that Brown Trout 

CPUE was positively related with Brook Trout occupancy (β = 0.02; Table 3); however, the 

confidence interval of the slope coefficient also overlapped zero (95% CI: -0.02 to 0.05). Mean 

occupancy estimates were similar across all competitive models (Ψ range = 0.08 to 0.10). 

 The global multiple-scale Brown Trout model included seven occupancy covariates 

(Table 1; mean temperature, mean depth, mean flow velocity, run macrohabitat, bare bank index, 

forest land cover, and upstream catchment area) and one detection covariate (effort). The best 

supported model indicated that mean Brown Trout occupancy probability was 0.58 (95% CI = 

0.47 to 0.69) and that it varied as a function of mean summer stream temperature, mean flow 

velocity, proportion of run macrohabitat, forest land cover, and upstream catchment area (Table 

3). Mean flow velocity (β = 12.74, 95% CI: 6.11 to 19.37) had a strong positive association with 

Brown Trout occupancy. For example, occupancy probability increased from 0.58 (95% CI = 

0.47 to 0.69) to 0.83 (95% CI = 0.67 to 0.92) as mean flow velocity increased by 10% from 0.24 

(average observed value across all sampled sites) to 0.34 m/s (Figure 7). Percent run 

macrohabitat (β = -4.96, 95% CI: -7.98 to -1.93) and mean summer stream temperature (β = -

0.30, 95% CI: -5.76 to -0.03) had negative effects on Brown Trout occupancy and, similar to the 

results of the top catchment-scale model, percent forest land cover (β = 0.02, 95% CI: <0.01 to 

0.04) and upstream catchment area (β = 0.08, 95% CI: 0.03 to 0.14) displayed positive 

relationships (Figure 7). Only one additional multiple-scale model was within 2.00 AICc units 

from the most credible model (Table 3; ∆AICc = 0.36, wi = 0.21) and included all habitat 

variables contained in the top model plus the additional effect of bare bank index. The second-

ranked model provided evidence that in addition to the previously described effects, Brown 
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Trout occupancy probability also decreased as bare bank rating increased (β = -0.57, 95% CI: -

1.40 to 0.25). Estimated mean occupancy probability of Brown Trout using the second-ranked 

model (Ψ = 0.59, 95% CI = 0.47 to 0.69) was similar to that of the most supported model (Ψ = 

0.58, 95% CI = 0.47 to 0.69). 

Discussion 

We used occupancy models to assess the spatial distribution and environmental correlates 

of Brook Trout and Brown Trout at multiple ecological scales in the Driftless Area of 

northeastern Iowa. Our results indicate that catchment-scale occupancy models can be used to 

predict species distributions across broad geographic regions. The inclusion of local habitat 

factors improved models for both species and resulted in a more conservative estimate of Brook 

Trout occupancy probability (Ψ̂ = 0.08, 95% CI = 0.04 to 0.16) than when using only catchment-

scale covariates (Ψ̂ = 0.13, 95% CI = 0.08 to 0.21) or compared to previous modeling done at the 

stream reach scale (Kane et al. 2005). Species distribution models and habitat associations of 

Brook Trout and Brown Trout presented here can be used to inform future management, 

conservation, and monitoring strategies. 

Our results align with our hypothesis, and previous distribution studies, by suggesting 

that stream temperature is a main environmental driver of Brook Trout occurrence (Stranko et al. 

2008; DeWeber and Wagner 2015; Mitro et al. 2019). Brook Trout occupancy declined rapidly 

with mean summer stream temperatures and approached 0 when temperatures exceeded 19°C. 

Previous modeling efforts have estimated similar thermal tolerances for Brook Trout 

(approximately 21°C; Wehrly et al. 2007) and low probability of occurrence (<0.20) when 

predicted maximum 30-d mean water temperatures were 20°C or above (DeWeber and Wagner 

2015). Although instream temperature is critical for predicting current and future salmonid 
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distribution (Butryn et al. 2013; DeWeber and Wagner 2015; Mitro et al. 2019), one potential 

downside is that inclusion of these fine-scale thermal metrics may not be possible for regional 

predictive modeling without substitution for estimated water temperatures based on extensive 

field or climate data (i.e., ambient air temperature). However, not accounting for instream 

conditions such as groundwater inputs that can change the thermal regime of streams at fine 

scales may introduce bias into model estimates of water temperature or the thermal suitability of 

Brook Trout, especially under various land cover conversion and climate change scenarios 

(Siitari et al. 2011; Snyder et al. 2015). As demonstrated by our study, overall Brook Trout 

occupancy probability was estimated more conservatively after including the effect of stream 

temperature when compared to our model based on landscape characteristics. Therefore, 

incorporation of underlying geology and aquifer characteristics where data are available may 

improve prediction accuracy across broad scales (Kanno et al. 2015; Snyder et al. 2015; Mitro et 

al. 2019) and in cases where hydrogeological data are lacking, predictions can still be useful but 

could be accompanied by targeted sampling occasions to ground truth model estimates (Kirby et 

al. 2008; Newbold et al. 2010). 

Beyond temperature, streams with forested drainage basins, ample pool habitats, and 

stable streambanks are important for Brook Trout. Forested watersheds and riparian corridors 

may be important because they provide vital allochthonous inputs to the food web of headwater 

systems that salmonids are reliant upon (Nakano et al. 1999), have improved water quality 

compared to watersheds dominated by agriculture or urban areas (Rhodes et al. 2001; Colvin et 

al. 2019), and temperature buffering effects (Sridhar et al. 2004; Siitari et al. 2011). The presence 

of forest land cover types in close proximity to streams positively affects biotic integrity 

(Stauffer et al. 2000; Peterson et al. 2011; Sheldon et al. 2012) and wooded riparian areas may 



28 

stabilize streambanks (Shields et al. 1995; Simon and Collison 2002) and moderate the influx of 

fine sediments that can smother Brook Trout spawning gravels (Argent and Flebbe 1999; 

LaChance et al. 2008). Collectively, these findings suggest that the extent and the contiguity of 

forest land covers may have implications for the spatial arrangement of riparian and watershed 

improvement projects to benefit Brook Trout (Sievers et al. 2017). Pool macrohabitat availability 

was also positively correlated to Brook Trout occupancy. Pools provide vital thermal refugia, 

hiding opportunities, and feeding positions for stream dwelling trout (Fausch and White 1981) 

and could also be prioritized in habitat restoration protocols for channelized streams lacking 

macrohabitat heterogeneity (Binns 1994; Sweka and Hartman 2006; White et al. 2011).  

Different occupancy relationships were observed for Brown Trout compared to Brook 

Trout. Robust model evidence suggested that Brown Trout occurrence was strongly influenced 

by mean stream velocities and the proportion of run macrohabitat. Previous research has also 

shown that suitable habitats for Brown Trout exhibit stream velocities similar to those found 

favorable in our study (0.2 to 1.0 m/sec) and the presence of pools or riffles (Strakosh et al. 

2003; Boets et al. 2018). Streams predominantly composed of run macrohabitat may have been 

straightened by human alterations and lack habitat heterogeneity that is important for ontogenetic 

habitat shifts, with Brown Trout juveniles typically using shallower and faster waters and adults 

generally selecting slower pools (Raleigh et al. 1984; Ayllón et al. 2009). Contrary to our 

hypothesis and previous modeling efforts (Wagner et al. 2013), Brown Trout occurrence was 

positively associated with forest land cover. We did not hypothesize that forested watersheds 

would have negative ecological effects on Brown Trout; rather, we expected Brown Trout to 

occupy lower longitudinal stream positions that are typically not as densely forested compared to 

headwaters. Despite some research reporting similar thermal tolerances between Brown Trout 
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and Brook Trout (Wehrly et al. 2007), we found that Brown Trout persist in streams with much 

wider thermal gradients. For example, when mean summer stream temperature exceeded 19°C, 

occupancy probability of Brown Trout was >0.30 whereas the probability of Brook Trout 

occupancy was <0.01. Our results suggest that the two species have a disparate relationship with 

stream temperature and aligns with modeling efforts that predict differential declines for Brown 

Trout and Brook Trout given future stream warming scenarios due to climate change (Wenger et 

al. 2011; Mitro et al. 2019). Brown Trout show high plasticity in habitat selection and are 

capable of occupying larger rivers and streams with variable thermal regimes and watershed 

attributes (Kocovsky and Carline 2005; Ayllón et al. 2009; Boets et al. 2018). As stream habitats 

continue to decline in integrity due to the effects of land cover conversion, climate change, etc., 

Brown Trout, which have been shown to replace Brook Trout at lower longitudinal stream 

sections (Waters 1983; Weigel and Sorensen 2001; Wagner et al. 2013), may additionally gain a 

competitive advantage in headwater reaches as well, where interactive effects might become 

more concerning for fisheries managers.   

Brown Trout may compete with Brook Trout and negatively influence their distribution 

(Waters 1983; Wagner et al. 2013), demographic rates (Hoxmeier and Dieterman 2016), and 

behavior (Fausch and White 1981; Hitt et al. 2016). Our model did not explicitly estimate 

interspecific interactions (i.e., two species conditional occupancy models; see Waddle et al. 2010 

for methodology and Wagner et al. 2013 for application), as we did not have a large enough 

sample size of allopatric sites with both species to test for these potential interactions. However, 

one of our plausible models indicated that Brown Trout CPUE was positively related with Brook 

Trout occupancy potentially because Brown Trout use similar physical habitats as Brook Trout 

for feeding and reproduction (i.e., pools and coarse substrates; Fausch and White 1981; Witzel 
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and MacCrimmon 1983) and Brown Trout have likely colonized, either through past stockings or 

immigration, the last remaining stream segments where Brook Trout have been able to persist. 

While negative interspecific interactions may occur between Brook Trout and Brown Trout, our 

models did not detect any adverse effects of Brown Trout on Brook Trout occurrence in these 

systems. Even so, proactive conservation actions such as the isolation of Brook Trout 

populations above barriers or the removal of Brown Trout from sympatric sites have resulted in 

improved survival, abundance, and size structure of Brook Trout (Hoxmeier and Dieterman 

2016; Kirk et al. 2018; Miller et al. 2019) and may be pertinent options for states attempting to 

manage fisheries for both species. 

Imperfect detection of targeted species can bias occupancy estimates and species 

distribution models (MacKenzie et al. 2002). For example, Lamothe et al. (2019) found that 

without accounting for imperfect detection of a federally threatened cryptic percid (Eastern Sand 

Darter Ammocrypta pellucida), the reported suitability of reintroduction sites would have ignored 

negative species interactions. Our results indicate that detection probability of Brook and Brown 

Trout was positively associated with electrofishing effort. Although other abiotic and biotic 

factors may have affected detection probability (e.g., Wagner et al. 2013; Chairamonte 2020), 

our primary study objective was to determine the most important environmental factors 

influencing occupancy probability while maintaining a reasonable number of hypotheses, and the 

inclusion of sampling effort provides a simple, logical covariate to explain variation in detection 

probability and a tool that can be easily incorporated into future study designs. Additionally, 

cumulative detection curves presented here can help fisheries professionals determine the 

number of occasions needed to accurately detect presence or absence while balancing the costs 

associated with electrofishing surveys (Evans et al. 2017). For example, protocols implementing 
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single-pass electrofishing techniques in similar systems where Brook Trout occurrence is rare or 

relative abundance is low, we recommend a minimum of two sampling reaches generally 40 

mean stream widths in length lasting approximately 1,000 seconds each to achieve a probability 

of detection >0.90. Our results suggest that future sampling protocols, especially for Brook 

Trout, should be gauged on the need for robust detection and provide guidance on survey 

frequency and effort needed to maximize the probability of collecting these species.  

Our models did not explicitly account for spatial autocorrelation that could result in 

distribution and uncertainty estimation bias (Elith and Leathwick 2009). However, we included 

landscape-level environmental covariates and implemented a spatially balanced random site 

selection protocol to minimize potential bias. Additionally, due to information needs and 

logistical constraints of the study, we chose to use spatial replicates with natural breaks to 

conduct a more spatially extensive design, allowing us to sample more sites across a larger 

portion of Brook Trout’s native range and draw inference to a broader area of interest. Although 

parameter estimates might be biased if availability for detection was not uniform across spatial 

subunits (Kendall and White 2009) or occupancy between replicates was not independent (Hines 

et al. 2010), the substitution of spatial for temporal replicates is a validated method in occupancy 

modeling and can serve as an acceptable replacement in studies covering broad spatial scales 

(Baker et al. 2017; Srivathsa et al. 2017). Thus, parameter estimates of Brook Trout and Brown 

Trout may have been slightly different using temporal replicates, but inference of spatial 

distributions would be based on a smaller sample size and narrower in scope. 

Models estimating distribution and environmental associations have high utility for 

restoration efforts of imperiled species, habitat improvement projects, and monitoring of non-

native species colonization. We used an observational dataset to develop hierarchical occupancy 
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models to assess the occurrence and detection of Brook Trout, a native SGCN, and non-native 

Brown Trout in stream segments of the Iowa Driftless Area. Our results indicate that catchment-

scale predictive models may be appropriate for guiding site selection for future presence-absence 

surveys, but species-specific site suitability depends on local habitat features as specified by 

multiple-scale models and will likely determine reasonable management objectives. Specifically, 

when identifying future locations of interest for Brook Trout conservation, sites within forested 

catchments should be of higher priority, and reintroductions will likely be more successful in 

streams exhibiting cold summer stream temperatures, pool macrohabitats, and intact 

streambanks. Furthermore, consideration of species’ detectability and gear efficiency can inform 

sampling requirements for subsequent field-based study designs. Overall, hierarchical 

approaches may improve conservation and management strategies by providing a prioritization 

framework for specific streams or watersheds and may prove useful for a variety of other 

species.  
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Figure 3. Effects of covariates on sculpin (solid lines), Longnose Dace (dashed lines), and Southern Redbelly Dace (dot-dashed lines) 

occupancy probability (mean ± 95% confidence interval). Effects on the x-axis are estimated while all other covariates within each 

species’ top-ranked occupancy model are held at their mean value. Environmental variables are described in Table 1.
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Figure 4. Mean (+ SE) relative abundance (CPUE) of a) sculpin, b) Longnose Dace, and c) Southern Redbelly Dace at sites with 

(black bars) and without (white bars) Brown Trout. Numbers in parentheses above bars indicate the number of sites where the species 

was observed. Results of Mann-Whitney U tests for differences in means between groups are reported at the top of each panel.
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Figure 5. Scatterplots of Brown Trout CPUE (fish/100m) and sculpin (left), Longnose Dace (middle), and Southern Redbelly Dace 

(right) CPUE (fish/100m). Darker shaded points are due to overlapping data points at that value (n = 138 sites).    
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Figure 6. Length-frequency distributions for sculpin (top), Longnose Dace (middle), and 

Southern Redbelly Dace (bottom) at sites with (black bars) and without (white bars) Brown 

Trout. Lengths displayed on the x-axis are binned into 30 mm size classes and the bars represent 

the mean + SE percentage of fish within each size class across all sites the species was found 

with (black bars) and without (white bars) Brown Trout.  
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CHAPTER 4.    GENERAL CONCLUSIONS 

Summary 

Midwestern lotic systems and fishes are threatened by habitat loss and degradation 

caused by anthropogenic landscape alterations, non-native species introductions, and climate 

change. Intolerant and coldwater species are particularly vulnerable, as effects of climate change 

are anticipated to warm stream temperatures and increase the frequency of pulse-precipitation 

events that may further decline habitat quality and stability (Dauwalter 2019; Mitro et al. 2019). 

Information presented in this study can help guide future conservation and restoration efforts of 

native stream fishes by providing new information regarding their spatial distribution, habitat 

associations at multiple spatial scales, and the potential adverse effects of an introduced trout 

species.  

Brook Trout are the only trout species native to the state of Iowa, and are considered to 

be a glacial remnant in the Driftless Area ecoregion. Multiple states throughout the region have 

identified populations of genetically distinct or ‘heritage’ strain Brook Trout, and consider their 

conservation to be of utmost priority moving forward (Hoxmeier et al. 2015; Siepker 2020). 

Conversely, Brown Trout were introduced to rivers and streams of the Midwest in the late 19th 

century and have colonized much of the historic Brook Trout range. We found that Brook Trout 

occurrence was approximately four times less (14% occupied sites) than that of Brown Trout 

(54%) throughout northeastern Iowa (Upper Iowa, Yellow, and Little-Maquoketa watersheds), 

but specifically reduced throughout sites of the Yellow watershed (HUC8; n = 2 of 68 sites; 

Chapter 2). Forested watersheds and streams with colder summer stream temperatures were 

critical for Brook Trout, and further evidence would suggest that the availability of pools and 

stable streambanks play important roles in habitat suitability as well. Various restoration options 
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exist to vegetate and stabilize stream banks, but given that forested riparian zones provide 

overhead cover, allochthonous inputs, and can create pool habitats via the introduction of coarse 

woody material, reforestation of riparian corridors or headwater reaches may be a favorable 

solution to benefit Brook Trout conservation (Sievers et al. 2017). Beyond habitat restoration, 

extensive efforts are being put forth to efficiently manage the propagation and translocation of 

native Brook Trout derived from heritage sources. Results from our occupancy models provide a 

convenient map of predicted suitable sites based on forest composition at the catchment level 

that will hopefully guide the selection of potential restoration sites. However, reasonable 

management objectives will ultimately be determined by accessibility, landowner willingness, 

and the instream habitat conditions suggested to be suitable by multiple-scale models and local 

expertise. Although useful for time efficient site selection, further work ground truthing 

predicted habitat suitability according to model outputs is recommended to ensure the 

effectiveness of management efforts. The results of this study have provided useful information 

regarding the spatial distribution and habitat associations of Brook Trout; however, the 

demography of Brook Trout populations is also critical information for conservation planning. 

Further work evaluating survival, growth, and reproductive rates is needed to infer population 

status and monitor those populations through time. 

 Brook Trout are not the only species of conservation need throughout the Driftless Area, 

and information about the factors regulating the distribution and demography of non-game 

species is often limited. Longnose Dace, Southern Redbelly Dace, Mottled Sculpin, and Slimy 

Sculpin are all fishes of conservation need in Iowa and exhibit distinct life histories and habitat 

selection. Though these species are not representative of all fishes found in rivers and streams of 

the Driftless Area, reported habitat associations may be relevant for inferences to other species 
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occupying similar niches or guilds, and incorporating similarities across species can allow for 

effective conservation of multiple species using similar restoration techniques. For instance, 

sculpins and Brook Trout are both stenothermal predatory insectivores that use coarse substrates 

and were found to be associated with forested catchments. As such, habitat restoration protocols 

targeting streambank stability to reduce siltation rates may benefit both species simultaneously, 

and sculpins may be a useful indicator of suitable instream conditions for Brook Trout 

reintroductions. Furthermore, previous research has suggested that the two species are 

evolutionarily adapted to one another, so survival and growth are less likely to be limited by 

negative biotic interactions (Zimmerman and Vondracek 2006). Though occupancy model 

results in Chapter 2 and Chapter 3 can inform fisheries professionals about the components of 

suitable habitats for fishes of conservation need, stream restoration success is rarely formally 

quantified by fish assemblage response. Thus, future studies evaluating how fishes or stream 

health react to habitat improvement projects will aid conservation effectiveness.  

Of the 33 species observed throughout field sampling, Brown Trout ranked 4th in 

occurrences and 3rd in number of individuals collected, preceded only by Creek Chub and White 

Sucker, two species known for their habitat plasticity and tolerance to habitat degradation 

(Mundahl and Simon 1998). Brown Trout also displayed a positive relationship with forest land 

cover, but was predicted to occupy larger streams and tolerate higher maximum temperatures 

compared to Brook Trout. Brown Trout are often introduced to create unique angling 

opportunities, but subsequent establishment typically has deleterious effects on native fish 

communities (McIntosh et al. 2012). Though we found evidence of negative associations 

between Brown Trout CPUE and the relative abundance of Southern Redbelly and Longnose 

Dace, inferences from this study are correlative and could be strengthened by subsequent 
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