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(ABSTRACT) 

The goal of this research was to formulate new tools for instream-flow 

analyses, with emphasis on protecting fish assemblages in speciose, warmer-water 

streams. This included habitat and fish data sets for the upper Roanoke River 

(URR) in southwestern Virginia, collected during the warmer, low-flow seasons of 

1989-1991. Physical data were collected in small, rectangular quadrats or cross- 

sectional transects, whereas fish were collected by seining and electroshocking 

in the quadrats. Statistical analyses included uni-, bi-, and multivariate 

analyses. 

The habitat analyses showed that mesohabitat types could be effectively 

defined with hydraulic, channel-roughness, and geomorphologic variables, and 

different habitat types showed characteristically different hydraulic dynamics 

across flows. The analyses also showed that physical habitat could be 

effectively described by 4 axes (sets of similar variables) at microhabitat 

scales, although greater covariation occurred at intermediate spatial scales 

(meso- and macrohabitat level). Habitat assessment for instream-flow analyses 

can thus be effectively simplified by undertaking visual assessment of several 

mesohabitat types and/or by measuring only a few physical variables for 

microhabitat analyses. The differences in hydraulic dynamics among mesohabitat 

types can simplify determination of changes in the availability of fish habitat 

across flows.



The fish analyses showed that habitat-use guilds of fish species could be 

effectively defined with aggregated data, i.e., across mesohabitat types or by 

calculation of fishes' habitat-use means for physical variables. In contrast, 

unaggregated data (each quadrat considered separately) gave cruder habitat-use 

segregation of fish species, particularly because fish species were independent 

of each other at smaller spatial resolutions and larger spatial extents. The 

7 guilds included 4 rheophilic (riffle-oriented) and 3 limnophilic groups (pool- 

oriented). Habitat-suitability models developed for these guilds showed that 

fish selected habitat variables independently, such that simple models can be 

developed to predict fish abundance in response to differences in habitat 

availability. 

In sum, the analyses provided habitat-flow and fish-habitat data that can 

be interfaced (in future analyses) to predict changes in fish abundance and 

biodiversity to be expected from permanent changes in flow levels and thus 

habitat availability.
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INTRODUCTION 

The overall purpose of the present study was to develop tools for assessing 

instream-flow needs for fishes in the upper Roanoke River, particularly in 

relation to reductions in summer/fall flows from water projects such as the now- 

completed Spring Hollow reservoir (Roth et al., 1988; VWRRC, 1993) and 

irrigation. This appeared to be a straight-forward task at first, and some 

people interested in the project questioned why I should be paid for 3 years to 

figure out something "simple" like minimum-flow needs for fishes. But only after 

3 years of field work and 2 further years to complete the intensive analyses and 

writing, am I ready to make those instream-flow predictions with any confidence. 

This “slowness" has resulted for several important reasons. First, as a 

community ecologist, I wanted to study the whole (or most of) the fish assemblage 

and various habitat variables, rather than 1 or 2 game-fish species and 3 or 4 

microhabitat variables as is usually done (Bovee, 1986; Vadas and Weigmann, 

1993). Second, my bent for simplicity impelled me to develop a mesohabitat 

classification system to simplify fish-habitat-flow analyses, rather than depend 

on the traditional and complicated cell-by-cell approach to hydraulic modelling 

(e.g., Bovee, 1982). Third, my general skepticism impelled me to develop my own 

instream-flow analysis, rather than simply accept the various questionable 

assumptions of past PHABSIM models (cf. Scott and Shrivell, 1987). 

Indeed, my focus upon smaller, nongame fish species can be justified for 

several reasons. First, small species have shorter life spans and thus should 

show quicker, more direct responses to changes in food and habitat availability 

(Orth and Maughan, 1982; Orth, 1987). Second, smaller fish species are often 

more sensitive to flow changes, because of their preferences for shallower and/or 

faster habitats and their lesser tolerance of lentic conditions than shown by 
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Micropterus black basses (Bain et al., 1988; Leonard and Orth, 1988; Bain and 

Bolz, 1989; Bain, 1992) and perhaps salmonids. Third, the higher densities of 

smaller species allow larger sample sizes and more robust statistical analyses 

to be obtained. And fourth, smaller fish species comprise a major share of the 

biodiversity and food resources of aquatic systems, such that management of these 

species is necessary to protect game-fish and parasitic-mussel populations and 

thus maintain food-web integrity (Deacon, 1968; Pister, 1976; Ney, 1981; 

Angermeier et al., 1986; Sheldon, 1988; Allan and Flecker, 1993). 

The dissertation has been split into 2 autonomous parts, given the 

importance of both hydraulic and biological analyses as tools in my instream-flow 

assessments. Part I consists of 3 chapters on habitat structure and 

classification. In Chapter 1, I determine whether mesohabitat classification can 

be practicably undertaken by visual assessment. If so, and if the delineated 

habitat types are relevant to habitat selection by fish species, then habitat 

evaluation for fishes could be greatly simplified. In Chapter 2, I attempt to 

simplify instream-flow analyses by eradicating redundant and hard-to-measure 

habitat variables, based upon the initial variables considered. The importance 

of spatial scale is also apparent in such analyses. In Chapter 3, I examine 

physical variables at different flows, to quantify hydraulic changes in different 

mesohabitat types and sites across flows. The mesohabitat types were formulated 

from fish/habitat data in Chapter 5, rather than from the visual system of 

Chapter 1, to make the results more relevant to fish habitat use in the upper 

Roanoke River. 

Part II consists of 3 chapters on the habitat needs of fishes. In Chapters 

4 and 5, I examine the habitat use and species associations of fish species, to 

see if fishes can be coalesced into habitat-use guilds to simplify instream- flow 
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analyses. Whereas Chapter 4 is based upon unpooled data for sample units, the 

analyses of Chapter 5 are for spatially aggregated data. These 2 chapters were 

important for determining the most efficient method(s) for formulating ecological 

guilds. In Chapter 6, I use the results of Chapters 2 and 5 to develop habitat- 

suitability models for different guilds, based upon a strategically reduced set 

of habitat variables. 

In sum, Part I should be of special interest to stream geomorphologists, 

whereas Part II should be of particular interest to aquatic community ecologists. 

The 2 parts together should be important for civil engineers, hydrologists, and 

applied ecologists, whose concern it is to protect stream ecosystems in the face 

of human development. Perhaps people can now understand why this bi-disciplinary 

project has taken so long. But rather than discourage the reader from ever 

undertaking another project of this magnitude, I hope that he/she will benefit 

from the experience and knowledge gained, to simplify and streamline future 

instream-flow analyses. So read on, and enjoy... 
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PART I: HABITAT STRUCTURE AND CLASSIFICATION IN THE UPPER ROANOKE RIVER 

CHAPTER 1 

Mesohabitat Classification of Small River Systems: Does Visual Assessment Work? 

ABSTRACT 

Based upon visual assessment of habitat, a mesohabitat classification 

system with 5 to 7 categories was quantified via hydraulic variables of depth, 

velocity, and turbulence. This system, which includes 3 pool (deep, medium, and 

shallow), 2 run (deep and medium), and 2 riffle types (fast and slow), is useful 

for describing habitat availability for several channel sizes in Virginia and 

other smaller U.S. rivers. Simple-hydraulic variables, namely, depth and 

velocity, as well as turbulence equations with average velocity and depth 

respectively in the numerator and denominator (‘surface turbulence’), were the 

best discriminators of these mesohabitat types within and among river systems. 

Channel-roughness (substratum and cover) variables were much more heterogeneous 

than hydraulic variables within mesohabitat types, particularly between main- 

channel and edge areas, thus limiting the usefulness of roughness variables for 

mesohabitat classification across stream sizes and ecoregions. The mesohabitat 

classification system is appropriate for warm, midsized, lower-gradient streams 

and thus complements mesohabitat classification systems for headwater, salmonid, 

montane streams in the northwestern U.S. Comparisons of mesohabitat categories 

for the upper Roanoke and other smaller U.S. rivers confirms the usefulness of 

visual classification of habitat types. Mesohabitat typing may serve as a 

simple, robust alternative to microhabitat analyses conventionally used to 

quantify fish-habitat-instream flow relations, without sacrificing important



information as seen for coarse-scale classifications (e.g., pool-run-riffle). 

1. INTRODUCTION 

The hierarchical habitat structure of streams is important for ecological 

understanding and management concerns (Stanford and Covich, 1988; Townsend, 1989; 

Ward, 1989), because data collection and aquatic management cannot be 

accomplished without considering the appropriate spatial and temporal scale(s) 

of observation. Hierarchical classification of streams into macro-, meso-, and 

micro-habitat units is commonly done (Chapter 2; Vadas and Weigmann, 1993), which 

should allow more accurate estimates of fish abundance, production, habitat use 

(Hankin, 1984; Rinne, 1985; Hankin and Reeves, 1988; Newman and Waters, 1989; 

Kershner and Snider, 1992), and assemblage stability (Vadas, 1991, 1992). 

Habitat classification at micro-level scales requires detailed habitat 

measurements, which may be necessary to predict the effects of altered flow 

regimens on stream fishes (Bovee, 1982). However, use of larger spatial units, 

namely meso- or macro-level, allow more of the stream to be sampled, but less 

intensively, such that time and costs may be reduced for habitat assessment (Karp 

and Mathews, 1988; Hawkins et al., 1993; Simonson, 1993). Mesohabitat units, by 

definition, are moderately large habitats that usually only occur once per 

riffle-pool (meander) sequence, but are relatively homogeneous in hydraulic 

characteristics, e.g., fast riffle, shallow pool, etc. (Morhardt et al., 1983; 

Vadas and Weigmann, 1993). 

Stream biologists are also beginning to address the lateral-macrohabitat 

dimension (Ward, 1989). Researchers working in (1) small, coldwater streams 

(Bisson et al., 1982, 1988; Sullivan, 1986; Hawkins et al., 1993), (2) midsized, 

warmwater streams (Vadas, 1992), and (3) large, warmwater rivers (Baker et al.,



1991: Schlosser, 1991) have classified habitats into main-channel and edge 

categories (backwater, side-channel, and/or floodplain) to examine fish habitat 

use. Some of these researchers have also quantitatively evaluated hydraulic and 

channel-roughness differences among these lateral units (see below). 

Another key issue in stream-habitat management has been what variables to 

measure. The most popular method to examine fish-habitat-flow relations, namely 

the instream flow incremental methodology (IFIM), has focused upon simple- 

hydraulic (depth and velocity) and channel-roughness (substratum or cover) 

variables (Bovee, 1982, 1986; Milhous et al., 1989). While early microhabitat 

measurements were taken only at the locations of target fish, some researchers 

now incorporate nearby habitat measurements because fish may also be affected by 

habitats that are not used directly, particularly in regard to water velocity and 

cover (Fausch and White, 1981; Fausch, 1984; Beecher, 1987; Dolloff, 1987; 

Milhous et al., 1989). Other aquatic ecologists have even recommended use of 

complex-hydraulic variables (e.g., Froude, Reynolds, and boundary Reynolds 

numbers and shear stress) because of the interdependence of simple-hydraulic and 

channel-roughness variables and the potential effects of turbulence on lotic and 

marine organisms (Vogel, 1981; Nowell and Jumars, 1987; Statzner et al., 1988; 

Davis and Barmuta, 1989; Heede and Rinne, 1990; Wetmore et al., 1990). 

The purpose of this paper is to develop a mesohabitat classification system 

for warmwater creeks and small rivers, based upon data from the upper Roanoke 

River (URR), Virginia, and the literature. The emphasis is on the usefulness of 

physical variables for distinguishing mesohabitat types visually identified 

according to depth-turbulence and lateral (channel-position) characteristics. 

The mesohabitat categories greatly simplified classification of fish species into 

habitat-use guilds (Chapters 4 and 5), and the system should complement habitat



classification systems for forested, coldwater streams (e.g., Hawkins et al., 

1993). I chose not to standardize depth and velocity measurements to make 

comparisons across stream sizes, because: (1) turbulence variables provide 

standardization; (2) emphasis was upon smaller streams (creeks and smaller 

rivers); and (3) absolute values of depth and velocity are probably more relevant 

to fish than statistically constructed variables. Habitat classification system 

such as mine should help standardize stream-habitat sampling, which is still a 

significant problem in fisheries management (Helm, 1984, 1985; Heede and Rinne, 

1990; Marcus et al., 1990; Osborne et al., 1991). 

2. METHODOLOGY 

2.1. Study Area 

The URR drainage, located above Smith Mountain Lake Reservoir in 

southwestern Virginia, is a midsized cool- to warm-water stream with a diverse 

fish assemblage characterized by smallmouth bass (Micropterus dolomieu) as a top 

predator (Dickson et al., 1979). The study area, including the lower South Fork 

(LSF, fifth order) and upper mainstem (UMS, sixth order), was situated between 

the townships of Alleghany Springs and Wabun in 2 adjacent counties (Figure 1). 

Respective sinuosities (1.4 vs. 1.6) and channel gradients (3.7 vs. 1.9 m/kn), 

as determined from topographic maps, revealed the moderately meandering and 

upland nature of the 2 river segments (cf. Hynes, 1970; French, 1985). The sites 

had nearly continous riparian buffer strips, with coarse bottoms, regular 

erosional-depositional (meander) sequences, and few areas above 1.5 m in depth 

during summer flows (cf. Jenkins et al., 1971; Dickson et al., 1979). Average 

stream widths (wetted) were 16, 19, 26-29, and 29-31 m, respectively, for sites 

1 to 4 during the summers of 1989-1990. Sites 2 and 4 were subdivided into upper



(A) and lower (B) stations. All 6 (macrohabitat) sites consisted of 3 to 5 

meander sequences in the main channel, and each site was 460 to 655 m in thalweg 

length. Each site consisted of about 25 (range 14-46) mesohabitat units, based 

upon depth-turbulence and lateral characteristics (see below). 

2.2. Habitat Assessment 

The study design involved the sampling of 4 stations (1, 2A, 3, and 4A) in 

1989, and all six in 1990 (see Figure 1). The LSF and UMS stations were 

systematically interspersed to allow sampling of both river segments across most 

of the summer season. Site 1 was sampled during June of 1989 and August of 1990, 

2A during August of 1989 and May of 1990, 2B during late June of 1990, site 3 

during September of 1989 and August of 1990, 4A during July of 1989 and early 

June of 1990, and 4B during July of 1990. 

Microhabitat data were collected in quadrats that were systematically 

placed to cover 20% of the surface area of each mesohabitat unit (Vadas and Orth, 

1993). Quadrats were 10 to 100 m? in surface area, but most ranged from 20 to 

50 m*. They were usually rectangular in shape, their size being set to maintain 

homogeneity in hydraulic and channel-roughness characteristics and to adequately 

sample fishes (Vadas and Orth, 1993). Hence, quadrats placed in upstream, 

side-channel, and/or riffle areas were generally made small, whereas those in 

deeper pools were made largest. Because I sampled habitat in proportion to 

available area, small mesohabitats found in backwater and side-channel areas 

usually received only 1 quadrat, whereas large mesohabitats such as some 

main-channel pools were given 10 to 20 quadrats. Each macrohabitat site thus 

received 42 to 80 quadrat samples. 

Hierarchical habitat classification was similar to that of Vadas (1992),



being based upon lateral (macro-level) and depth-turbulence (meso-level) 

characteristics visually assessed while I walked in the stream, in preparation 

for fish and microhabitat sampling (Figure 2). The 3 lateral macrohabitat 

categories were main-channel, side-channel, and backwater. Side channels were 

< 50% of the total stream width (and flow), and were located on the back sides 

of well-vegetated (with riparian trees and/or shrubs) islands. Backwaters were 

partially segregated from the main channel by small, unvegetated isles, small 

waterfalls, instream cover (organic debris), and/or rapid changes in current 

velocity. In the terminology of Hupp (Hupp and Osterkamp, 1985; Hupp, 1988), 

side channels were isolated from the main channel by ‘channel shelves’ (perhaps 

covered 5 to 25% of the time with water), whereas backwaters were at best 

isolated by ‘depositional bars’ (perhaps covered 40% of the time). 

Depth-turbulence classification yielded 5 mesohabitat types, namely medium 

pool, shallow pool, run, slow riffle, and fast riffle (cf. Aadland et al., 1989, 

1991; Vadas, 1992). First, pools were smooth, lacking surface turbulence 

altogether (cf. Jowett, 1993). Whereas medium pools were usually at or above 

waist-level in depth (> 60 cm), shallow pools were usually at or below knee-level 

(< 50 cm). Runs were variables in depth, turbulent in up to half of their 

surface areas and with the water surface generally undular (wavy) (cf. Jowett, 

1993). Riffles were shallow, with a majority of their surface broken by 

turbulence. Fast riffles contained whitewater turbulence, and were often in the 

thalweg adjacent to slow riffles. The latter were generally flatter in slope and 

shallower. Habitat sampling included both meso- and micro-habitat measurements. 

This quantitative work included measurement of water velocity, depth, substratum, 

instream cover, surface area of each quadrat sample, and surface area of each 

mesohabitat unit. Depth, velocity, and substrata were measured as 3 replicates



per quadrat, along a diagonal from 1 corner to another, and mean depths and 

velocities for each quadrat were the average of these replicates. Depth (in cm) 

was measured with an aluminum meter stick or wading rod. 

Current velocity (in cm/s) was usually measured with a pygmy meter and 

electronic counter in 1989, and with an electronic Marsh-McBirney meter during 

1990, following Morantz et al.'s (1986) precautions for avoiding inaccuracy from 

flow interference. The measurements included demersal (near-bottom) velocity 

(VED) taken 4.5 cm off the bottom, as well as average water-column velocity (VEA) 

at 0.6 depth (Leopold et al., 1964; Bridge and Jarvis, 1976). The VED should 

estimate maximum velocities for benthic fishes, mean velocities for schooling 

minnows, and minimum velocities for larger fishes such as black bass, as all of 

these fishes are often found near the stream bottom (Yant, 1982; Vadas, 1988; 

Groshens and Orth, 1993). The VED may also be a proxy measure of substratum 

embeddedness (sensu Bovee, 1982; Platts et al., 1983), as sedimentation should 

be greater where demersal velocities are slower (DeAlteris, 1989). The VEA 

required measurement at more than 1 depth (i.e., 0.8, 0.6, 0.2, and/or surface) 

when turbulence patterns were complex (cf. Bridge and Jarvis, 1977; Bovee, 1982; 

Orth, 1983; Platts et al., 1983). That is, (1) the average of the 0.8 and 0.2 

depth measurements, (2) 80% of surface velocity over coarse or otherwise rough 

bottoms (e.g., from submerged dunes), and/or (3) 90% of surface velocity over 

fine, smooth bottoms provided reasonable estimates of VEA (pers. obs., 1989- 

1991). 

Substratum size was measured using a 9-category coding system (Table 1), 

based on the maximum exposed dimension of each substratum particle (cf. Cummins, 

1962; Bovee, 1982; Bain et al., 1985). At each point (3 per quadrat), the 

dominant substratum type at the surface was determined at six spots 20 cm apart



(cf. Bain et al., 1985), substratum size being estimated by eye, hands, feet, 

and/or meter stick (Wolman, 1954). Average substratum size for each quadrat was 

estimated as (5C, + 3C, + C3) / 9, where C,, C2, and C3; were the code numbers for 

the first, second, and third most frequent substratum types, respectively (cf. 

Statzner et al., 1988). This statistical approach to calculating average 

substratum size should have given more reproducible results than visual 

estimation of the relative abundance of different particle sizes in a given area 

(Kondolf and Li, 1992). 

The same formula was also used to calculate substratum roughness 

(K,, in cm) needed to estimate boundary Reynolds number (see below), except 

that the C-values represented lower third-tile values in cm dimension for the 

substratum type (Table 1). Lower third-tiles were used instead of average values 

because substratum particles tend to lay flat, protruding less into the water 

column. As most bedrock was irregular in shape, it was given a lower third-tile 

value identical to that of large boulders. Mud consisted of small organic matter 

(decaying leaves and/or twigs), inorganic material (silt), and/or (rarely) 

lithophilic algae, the former 2 components usually being found mixed together. 

Two other substratum variables were derived from the above data, namely 

percent large rocks (boulder and bedrock) and percent fines (sand and mud) for 

each quadrat. The large-rocks variable can be regarded as an inorganic cover 

variable (cf. Chapters 2 and 3), whereas the fines variable provided an estimate 

of substratum embeddedness. 

Percent instream cover was recorded relative to quadrat surface area, and 

included submerged woody debris, roots, closely overhanging branches (< 20 cm 

above the water surface), rooted aquatic vegetation, undercut banks, and 

anthropogenic objects (e.g., tires, boards, and metal plates) (cf. Lewis, 1969;



Harshbarger and Bhattacharyya, 1981; Riley et al., 1992; Simonson, 1993). I 

pooled these types of cover because cover-oriented fish species, notably 

centrarchids, used them all (pers. obs., 1989-1991). I did not include beer cans 

(but see Kottcamp and Moyle, 1972), twigs, or other small objects (< 20 cm in 

length), as they were emphemeral elements in URR quadrats and would not provide 

cover for larger fishes (cf. Riley et al., 1992). Pieces of cover that were 

within 10 cm of each other were considered to be part of the same cover complex 

(cf. Kinsolving and Bain, 1990). All cover measurements were horizontal and 

areal, as detailed, volumetric measurements were not desired. 

Several complex-hydraulic (turbulence) variables were created from depth, 

velocity, and/or substratum data. The first variable, velocity shelter = 

VEA - VED, crudely assessed shear, although division by the depth difference 

between the 2 measurements (i.e., /\ velocity / /\ depth) (Leopold, 1953) was not 

done. Larger shelter and/or shear values are apparently preferred by salmonids, 

smallmouth bass, and other fishes that periodically alternate between resting and 

drift- or benthic-feeding in these food-rich, high-shear areas (Fausch and White, 

1981; Puckett, 1983; Bachman, 1984; Fausch, 1984; Beecher, 1987). The shelter 

variable was chosen over the alternative VEA / VED, because the latter did not 

show highest values in runs and fast riffles and lowest values in deeper pools 

(Sullivan, 1986; pers. obs., 1989). The second turbulence variable was average- 

velocity/depth (VD) ratio = VEA / depth, which was expected to better segregate 

depositional and erosional areas than either component variable alone, 

particularly when comparisons among sites are to be made (Dolling, 1968; Jowett, 

1993). The third turbulence variable was relative submergence, i.e., depth / d,, 

where d, is the substratum diameter that exceeds x% of that available; x is 

usually set to 50, 64, or 84% (Prestegaard, 1983; Sullivan, 1986; Grant et al.,



1990; Jowett, 1993). This unitless variable measures protrusion of bed materials 

into the water column, and should be lower in steeper, more erosional habitats. 

I set d, = K, (i.e., substratum roughness) for URR data. 

The other 3 complex-hydraulic variables measured different vertical aspects 

of turbulence (French, 1985; Statzner et al., 1988; Davis and Barmuta, 1989; 

Heede and Rinne, 1990). Reynolds number measured water-column (’free-flow’) 

turbulence as (VEA x depth) / V, where V = kinematic viscosity (approximately 

0.01 cm?/s for summer water temperatures near 20°C). Highest values should be 

in faster, deeper areas. Froude number measured surface turbulence and auditory 

noise as VEA / (G x Depth)°->, where G = gravity acceleration (981 cm/s”). Higher 

values should be in faster, shallower areas. Boundary (roughness) Reynolds 

number measured bottom turbulence as (VEA x K,) / 

[5.75 x V x log,)(12 x Depth / K,)], where V and K, are again kinematic viscosity 

and substratum roughness, respectively. Higher values should be in faster, 

shallower areas with large, unembedded substrata. 

2.3. Statistical Analyses 

To determine which quadrat-microhabitat variables best differentiated 

depth-turbulence mesohabitat types, MANOVAs, ANOVAs, and preplanned comparisons 

(PROC GLM) (Sokal and Rohlf, 1981; Johnson and Wichern, 1982; SAS, 1985) were 

performed on 1989 and 1990 data segregated by river segment (LSF versus UMS), 

i.e., 2 years x 2 segments = 4 analyses. The physical variables included all of 

the above parameters except relative submergence, namely 12 variables (see Table 

2).  Preplanned comparisons were orthogonal, and included pools versus runs, 

shallow versus medium pools, runs versus riffles, and fast versus slow riffles. 

Misclassification analyses (monothetic and polythetic-quadratic) were also 
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helpful for evaluating the robustness of mesohabitat classification. Monothetic 

analysis was done using criterion ranges for a few strategic microhabitat 

variables (see Table 4), to differentiate mesohabitat types (cf. Jowett, 1993). 

Polythetic analysis was performed via PROC DISCRIM (SAS, 1985), using quadratic 

(rather than linear) discriminant functions because covariance matrices were 

heterogeneous. As various transformations were unsuccessful in satisfying 

parametric assumptions for all variables (pers. obs.), I used the raw data. The 

alpha-level for all statistical analyses was 0.05, although I focus more 

attention on variables that are consistently and strongly significant. 

Stepwise linear (PROC STEPDISC) and logistic (PROC LOGIST) discriminant 

analyses (Pimentel, 1979; Johnson and Wichern, 1982; Harrell, 1985; SAS, 1985) 

were performed for each of the 5 mesohabitat types, to determine if main-channel 

and edge (side-channel and backwater) habitats differed in their physical 

characteristics (using all 12 microhabitat variables). The analyses were 

undertaken on all data collected in a given year, to obtain adequate sample sizes 

(see Table 3), such that there were 4 analyses (linear analysis on raw data and 

logistic analysis on ranked data, for 1989 and 1990). I used 2 discriminant 

analyses to increase the robustness of the list of important habitat variables, 

given that these procedures individually do not always select the best set of 

variables (Pimentel, 1979). Alpha levels for entry and removal of variables were 

both set at 0.05. 

2.4. Comparisons With Other Data Sets 

In order to compare my data with literature results, I focused on average, 

rather than on extreme, physical values for each mesohabitat type, to minimize 

the effect of outlier quadrats upon mesohabitat classification (see Table 2). 
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Two other data sets on summer habitat in midsized, warmwater streams (20 to 45 

m wide) provided comparative data to my 5 depth-turbulence habitat types, but 

were more biologically based. That is, these other researchers formulated 

mesohabitat criteria from habitat-use data for fish assemblages. First, Leonard 

and Orth (1988a,b) presented mean criteria for 5 mesohabitat types in another 

Virginia river (the upper James River watershed), namely ‘pool’, ‘margin’, ‘run’, 

‘riffle’, and ‘fast’, which respectively correspond to my medium-pool, shallow- 

pool, run, slow-riffle, and fast-riffle categories. Second, Aadland et al. 

(1989, 1991) provided summer criteria for the same 5 depth-turbulence mesohabitat 

types and for ‘deep pools’, for 3 Minnesota rivers. 

| The data sets of Sullivan (1986) and Bisson et al. (1988) for small 

coldwater tributaries (< 10 m in width) in Washington state also provided 

quantitative data for several mesohabitat types at summer base flow. These 

included main-channel shallow pools (2 to 3 ‘drawdown’ pool types), (2) edge 

shallow pools (1 ‘side-channel’ and 2 ‘backwater’ pool types), (3) runs (‘cascade 

pools’ and ‘glides’), (4) slow riffles ('low-gradient riffles’ and ‘cascade 

mainstreams’), and fast riffles (’rapids’). 

I also reviewed literature data for coarse-mesohabitat classification 

systems, i.e., systems using 2 to 4 habitat categories. Admittedly, many of 

these data sets were not meant to provide general classification systems, but the 

quantitative discrepancies of habitat classification among researchers was of 

interest to me. Because many investigators used different terms to describe 

their habitat types, I have synonomized them as follows: (1) ‘deep-slow’ and 

‘deadwater’ habitats and the outside bends of pools were considered deep pools; 

(2) ‘shallow-slow’, ‘cove’, ‘margin’, and 'run-edge,’ habitats, as well as the 

inside bends of pools and most ‘glides’, were classified as shallow pools; (3) 
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unspecified ‘pools’ were simply classified as pools; (4) ‘raceway’, ‘channel’, 

‘inlet’, ‘pool-tail’, and ‘deep-fast’ habitats, as well as the ‘glides’ of Bisson 

et al. (1982) and the gage sites of Singh and Broeren (1989), were considered 

runs; and (5) ‘'shallow-fast' and unspecified riffle habitats were simply 

classified as riffles, although I was sometimes able to segregate riffles into 

slow (‘riffles' and 'cascades’) and fast categories ('rapids’ and 'high-gradient 

riffles') for Colorado River basin (Howard and Dolan, 1981; Andrews, 1986) and 

Pacific Northwest data sets (Bisson et al., 1982; Grant et al., 1990). As some 

researchers measured surface velocity, I multiplied these values by 0.8 and 0.9 

to estimate average velocities over coarse and fine substrata, respectively, as 

with the URR data set (see above). 

3. RESULTS AND DISCUSSION 

3.1. Depth-Turbulence Mesohabitat Analysis for the Upper Roanoke River 

Summary data are given in Table 2 for all 13 microhabitat variables. All 

4 MANOVA tests, namely for LSF and UMS in 1989 and 1990, were very highly 

significant (P < 0.001). Hence, the 12 tested microhabitat variables together 

discriminated the 5 depth-turbulence mesohabitat types. The variables that were 

very highly signficant in all 4 ANOVA analyses included depth, % fines, both 

velocity variables, and all 5 turbulence variables tested. Substratum size was 

very highly significant in LSF during 1989 and 1990, but significant at best (p 

< 0.05 in 1990) in UMS. Large rocks (%) was significant in LSF and highly 

significant (p < 0.01) in UMS during 1990, but not significant during 1989. 

Preplanned comparisons further demonstrated the importance of simple- 

hydraulic, turbulence, and some channel-roughness variables. Here, I only focus 

on variables significant in all 4 analyses (i.e., LSF and UMS during 1989 and 
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1990). For pools versus runs, both velocity and all 5 turbulence variables 

tested were very highly significant. Fines was also significant in all 4 

analyses. For shallow versus medium pools, only depth was very highly and 

consistently significant. For runs versus riffles, depth, VD ratio, and Froude 

## were highly significant, whereas demersal velocity was significant, in all 4 

analyses. And for fast riffles, average velocity, velocity shelter, and Froude 

## were very highly and consistently significant. Reynolds # and demersal 

velocity were highly significant, and boundary Reynolds # was significant, in all 

4 analyses. 

These statistical analyses clearly show that it is feasible to visually 

define depth-turbulence mesohabitat types quickly and objectively. Some 

mesohabitat types, however, were more likely to be misclassified than others, 

based upon the polythetic and monothetic discriminant analyses of microhabitat 

data. Polythetic analyses for LSF and UMS during 1989-1990 showed that shallow 

pools and fast riffle were best discriminated, medium pools and slow riffles were 

moderately discriminated, and runs were poorly classified (Table 3). Whereas 

pools were usually misclassified into pool/run categories, riffles were mostly 

misclassified into riffle/run categories. Runs were misclassified extensively 

into all other mesohabitat types. 

A dichotomous, monothetic classification system was strategically developed 

from the URR data (see Tables 2 and 4). The results were generally similar to 

the quadratic analysis, although misclassifications were usually greater (Table 

5). Shallow pools and fast riffles were again best discriminated, and medium 

pools were again intermediate. Slow riffles as well as runs were poorly 

discriminated, although slow riffles were mostly misclassified into riffle/run 

rather than into all categories (unlike runs). Jowett (1993) similarly found 
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that runs were difficult to monothetically discriminate from riffles, because of 

the wide ranges of depth and velocity in runs. This suggests that a more strict 

definition of ‘run’ is needed in future analyses to avoid such ambiguity. 

The various statistical results, as well as the original URR data in Table 

2, support expectations and thus validate my visual assessment: (1) pools were 

significantly slower, less turbulent, and had more fines than riffle/run 

mesohabitat types; (2) shallow pools were significantly shallower than medium 

pools; (3) runs were significantly deeper and slower than riffles, with less 

surface turbulence and lower velocity/depth ratios; and (4) fast riffles were 

significantly faster and more turbulent than slow riffles. In addition, depth, 

velocity, turbulence, and % fines were better discriminators of mesohabitat types 

than other channel-roughness variables, namely % cover, % large rocks, and 

substratum size, which varied greatly among quadrats both within and among 

mesohabitat types. Subtratum size was generally smaller in pools, however, 

because of the greater fines there, and slow riffles had fewer large rocks than 

other mesohabitat types. Moreover, cover was generally higher in pools, cover 

being nearly absent from fast riffles. 

3.2. Lateral Analysis 

Stepwise linear and logistic discriminant analyses for 1989 and 1990 showed 

that main-channel (MC) and edge areas of each depth-turbulence mesohabitat type 

often differed in hydraulic and/or channel-roughness characteristics. For all 

4 analyses, cover segregated MC and edge types of medium pools. Cover also 

entered both 1989 analyses for shallower pools, for which average velocity 

entered both linear analyses and Reynolds # entered both logistic ones. For 

runs, cover entered all 4 analyses, depth was in three, fines was in two, and 4 
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of the turbulence variables tested (all except velocity shelter) entered 1 

analysis each. For slow riffles, depth entered both 1989 analyses and Reynolds 

## was in both 1990 analyses. Substratum size, cover, and velocity shelter each 

entered only 1 analysis. Finally, for fast riffles, cover entered both 1990 

analyses and fines was in 1 analysis, but no variables were important during 

1989. 

Hence, for the same mesohabitat type in URR, edge areas were often 

shallower, slower, and less turbulent than main-channel habitats, with greater 

amounts of cover and fines and smaller substrata (Table 2). Similar results for 

hydraulic variables were apparent for Sullivan’s (1986) main-channel vs. edge 

pools, despite similar substratum composition (Table 2), although finer sediments 

were generally found closer to shore (Sullivan, 1986). Likewise, Hubert and 

Schmitt (1982) found currents to be faster in main-channel borders than in side 

channels of the upper Mississippi River during summer; respective maximum 

velocities were 45-85 vs. 25-60 cm/s across months, whereas means values were 69 

vs. 42 cm/s. In the lower Mississippi River, (1) the deepest habitats are 

‘channels’ (main- and side-channel zones) and osbow lakes (floodplain zone), 

namely 5 to 45 m, whereas other edge (backwater and floodplain) habitats are 

shallower (< 15 m and < 25 m for low vs. high flows, respectively); (2) velocity 

is > 100 cm/s in channels, > 25 cm/s in swift edge habitats, and < 30 cm/s in 

most other edge habitats (especially in the floodplain zone); and (3) sand is 

common in channels and swift edge habitats, whereas mud and woody cover are more 

important in most other edge habitats (Baker et al., 1991). 

These results collectively support expectations of lesser erosive forces 

and flood damage expected on the inside bend, along shorelines, and in backwaters 

(Yanosky, 1982), such that these habitats accumulate finer sediments (Bridge and 
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Jarvis, 1976, 1982: Milne, 1982; Carling, 1984; Diplas and Parker, 1985; 

Simonson, 1993), finer organic matter (leaves and twigs) (Speaker et al., 1984), 

and greater amounts of coarse organic matter (cover) than in main-channel (Harmon 

et al., 1986; Bisson et al., 1987; Robison and Beschta, 1989) and intensely 

braided zones (Baker et al., 1991; see below). Despite the lateral heterogeneity 

in URR, the 5 depth-turbulence mesohabitat types remained distinct from each 

other in physical characteristics during the summers of 1989-1990 (Table 2). And 

because side-channel and backwater areas of URR were similar to Sullivan's 

headwater streams in hydraulic and channel-roughness characteristics (Table 2), 

my 5-category system may be robust across smaller river systems. 

There were also physical differences between the 2 edge habitats (side- 

channel and backwater) and between river segments in URR (Appendix 1). First, 

backwaters had higher cover levels and lower velocities than side channels. 

Second, LSF backwaters were deep and fine-bedded, whereas side channels and UMS 

backwaters were shallow and coarse. Third, LSF side channels were swift, in 

contrast to the sluggish ones of UMS, because those in LSF were generally formed 

by central rather than peripheral islands (pers. obs.). That is, flow was more 

effectively accelerated via intense braiding (i.e., channel constriction and 

slope steepening) (Dolan et al., 1978; French, 1985; Kieffer, 1985) in LSF (cf. 

Chapter 2). In contrast, main-channel zones were similar in both river segments, 

namely deep, moderately fast, low in cover, and moderately coarse. 

These physical differences in lateral habitat types reflected differences 

in mesohabitat availability among lateral units (pers. obs., 1989-1991). In 

general, the main channel contained mesohabitats of all depths and velocities, 

shallow and medium pools predominated in backwaters, and various shallow habitat 

types were collectively found in side channels. In UMS, the predominant side- 
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channel habitats were meander sequences of shallow pools and shallow runs (‘slow 

riffles'), because the side channels were narrow. In contrast, shallow torrents 

('fast riffles’) were also important in LSF because the side channels were wider. 

3.3. Other Mesohabitat Classification Systems 

Although several mesohabitat classification systems have been developed, 

only those of Sullivan and colleagues (Sullivan, 1986; Bisson et al., 1988), 

Leonard and colleagues (Leonard et al., 1986; Leonard and Orth, 1988a,b), and 

Aadland et al. (1989, 1991), to my knowledge, have as many mutually exclusive and 

quantitative categories as for my URR data set. Although independently developed 

from my Roanoke classification system, these other data sets nevertheless compare 

favorably to my own (Table 2). This is especially encouraging because 

mesohabitat criteria for the Leonard and Aadland data sets were developed from 

fish habitat-use data, whereas the Sullivan data set was based on much smaller 

streams than for the other data sets. First, Leonard’s medium pools had the 

highest cover values, as with my own data, although Leonard's riffles did not 

have the lowest values. Second, depth criteria were similar across data sets, 

although my runs and those of Sullivan were often shallowest, the medium pools 

of the Leonard and Aadland data sets were generally deepest, and Leonard's 

riffles were generally deeper than others. Given that URR runs were frequently 

misclassified as riffles or shallow pools (see above), use of a deeper criterion 

for runs (say, 50 to 60 cm) may be in order. Third, average velocity, Froude #, 

and VD ratio also showed some consistency across data sets, although my runs were 

more turbulent at the surface (Table 2). Moreover, the Leonard riffles showed 

lower surface turbulence, whereas the Sullivan and Leonard runs were slower than 

mine. Fourth, Reynolds # also showed congruence across data sets, except that 
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Leonard's slow riffles were more turbulent in midwater. But this variable was 

problematic in being highest in deeper pools and riffle/run areas, even though 

fish species did not typically use these habitat types equally. That is, 

variation in water-column turbulence is unlikely to account for variations in 

fish distribution. 

And fifth, variables incorporating bottom topography were not comparable 

across data sets (Table 2). While substratum size and boundary Reynolds # were 

often lower for pools than erosional areas in all 4 data sets, values were 

consistently larger in URR because of its coarser substrata. Similarly, while 

relative submergence was often highest in deeper pools, shallow pools showed 

great variability and submergence was lowest for all mesohabitat types in the 

coarser-bedded streams (URR and Sullivan’s streams). Given that UMS had much 

more bedrock and boulders and less sand and mud than did LSF within the URR 

watershed (cf. Chapter 2; Dickson et al., 1979), it is clearly unlikely that 

channel-roughness variables will be of general use in stream mesohabitat 

classification (Milne, 1982). Moreover, seasonal variations in sedimentation 

might be expected in all mesohabitat types, depending upon the flooding cycle. 

Mesohabitats of various lateral and hydraulic characteristics are scoured during 

floods, leading to homogenization of substratum/cover conditions, whether the 

stream reach is cleared of sediments or gains them from upstream areas (Speaker 

et al., 1984; Power and Stewart, 1987; Fisher and Grimm, 1988; Resh et al., 1988; 

Jowett and Richardson, 1989; Townsend, 1989; Baker et al., 1991). Perhaps 

frequent flooding in URR and other perennial-runoff streams (sensu Poff and Ward, 

1989) limits the amount of substratum/cover differences possible among depth- 

turbulence mesohabitat types within a given stream reach, although such floods 

may not be severe enough to mask main-channel versus edge differences in bottom 
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topography. 

Such problems with channel-roughness variables, however, in no way imply 

that these variables are unimportant to fish habitat selection; only comparisons 

of fish abundance with meso- and micro-habitat variables can evaluate this 

question (see Chapters 5 and 6). I hypothesize that % fines will be of more 

general use than other channel-roughness variables for defining depth-turbulence 

mesohabitat types and fish habitat use, however, because siltation is generally 

lower in faster riffles than in runs and especially pools in Virginia and other 

river systems (Aadland et al., 1989, 1991; Simonson and Neves, 1992; present 

study). Admittedly, watershed perturbations such as channelization, urban and 

agricultural runoff, and flow diversions may increase siltation in all stream 

habitats, as in the North Fork of the Roanoke and other rivers (Lisle, 1982; 

Alexander and Hansen, 1986; Berkman and Rabeni, 1987; Nelson et al., 1987; 

Simonson and Neves, 1992). But such homogenization of channel-roughness 

conditions is often encompanied by homogenization of hydraulic conditions (e.g., 

riffles and deeper pools degenerate into runs and shallow pools), such that 

general trends in % fines might still emerge among depth-turbulence types. 

Clearly, the topic requires further study. 

Various stream ecologists have used coarse-mesohabitat classification 

systems (e.g., Hynes, 1970). Unfortunately, these systems are inadequate for 

Management purposes, because shallow and deeper pools are very different 

hydraulically, as are slow versus fast riffles. Moreover, definitions of what 

constitutes a "riffle" versus a "pool" are often not given by researchers, 

although James (1979) explicitly classified deep and shallow "runs" with pools 

and riffles, respectively, in his dichotomous system. 

Quantitative, physical criteria are nevertheless available from several 
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studies (Table 6). Most of these studies set arbitrary criteria for depth and/or 

average velocity, i.e., without reference to biological data, although Annear and 

Conder (1984) and Knight et al. (1991) based their criteria upon fish habitat- 

retention and habitat-use data, respectively (Annear and Conder set minimum 

depths based upon maximum body depths of fish expected to be present, such that 

pools and larger streams received higher criteria). The criteria in Table 6 

differ because researchers differed in their definitions of mesohabitat types, 

measured habitat at different flow levels, and/or worked in different river 

systems. For example, the deeper criteria for runs and riffles used by Greentree 

and Aldrich (1976) and Harrell (1978) suggest that their study rivers were large 

enough and sufficiently low in gradient to have medium and deep runs rather than, 

or in addition to, true riffles (cf. Baker et al., 1991). Nevertheless, the 

classification systems of Table 6 generally showed slower velocities, greater 

cover, and similar or finer substrata in pools than in runs and especially 

riffles during summer flows. But a sliding scale is clearly necessary to 

classify mesohabitats by substratum size, because substratum availability differs 

across streams within and among regions (Sullivan, 1986; Grant et al., 1990; 

present study). 

3.4. Conclusions 

Given that mesohabitat availability predictably changes at different flows, 

with expected loss of shallow-oriented, rheophilic fish species if low flows are 

prolonged (Bain and Boltz, 1989; Vadas and Weigmann, 1993), a several-category 

mesohabitat classification system may provide a simplified, yet useful 

alternative to the microhabitat analyses usually used to study fish-habitat- 

instream flow relations (Morhardt et al., 1983; Annear and Conder, 1984; Carter 
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et al., 1985). For example, Carter et al. (1985) and Baker et al. (1991) quickly 

and efficiently assessed changes in mesohabitat availability resulting from flow 

changes and channelization, respectively, without having to quantitatively 

measure hydraulic and channel-roughness variables. Microhabitat data collected 

at different flows can also be transformed into mesohabitat data via carefully 

developed criteria, thus simplifying instream-flow analyses such as PHABSIM 

(Chapter 3). My mesohabitat classification system was relevant to different 

channel sizes in Virginia and selected other U.S. rivers (Table 2), and was 

useful for delineating URR fish species into summer habitat-use guilds (Chapters 

4 and 5). Hence, mesohabitat classification can potentially reduce field and 

computer time without hurting accuracy of instream-flow predictions to protect 

fish habitat (Chapter 3), even if habitat change is spatially continous in 

streams (e.g., Baker et al., 1991). Seasonal changes in fish habitat use (e.g., 

Vadas, 1992), however, may require different mesohabitat classifications in 

different seasons. Even if habitat classification systems must differ across 

streams or seasons, the grouping of habitat into fewer categories can still make 

habitat assessments more tractable for individual investigators. 

Based upon the URR and other mesohabitat classification systems of Tables 

2 and 6, I propose 7 depth-turbulence habitat types, including 3 pools, 2 runs, 

and 2 riffles (Table 7). Only hydraulic variables were used in this delineation, 

with 2 to 6 criteria formulated for each physical variable. These criteria 

compare favorably with fish-habitat use data for URR, particularly for the 

velocity data, although lower depth criteria (e.g., 15 and 30 cm) are also 

important for examining fish-habitat and habitat-flow relations (Chapters 3 and 

5). 

The other turbulence and channel-roughness variables cannot provide 
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mesohabitat criteria because of greater variation within mesohabitat types, both 

within and among streams. In URR, for example, there were several shoreline run 

quadrats with high cover and fines, and several medium-pool quadrats in midstream 

with irregular-bedrock substrata and no cover (pers. obs., 1989-1991). Moreover, 

Grant et al.’s (1990) finding of smaller relative submergences for steeper, more 

erosional habitats, namely steps < cascades < rapids (fast riffles) < (slow) 

riffles < (shallow) pools, was not consistently seen in URR and other U.S. 

rivers, particularly because of the substratum heterogeneity of shallow pools and 

the greater depth of fast than slow riffles. Reynolds # was especially 

problematic because disparate mesohabitat types (e.g., medium pools and slow 

riffles) showed similar ranges of values. Likewise, Sullivan (1986) found 

similar Reynolds numbers and shear stresses in the thalwegs of riffles and pools 

in Pacific Northwest streams. Moreover, larger river systems with greater depths 

and velocities (Hynes, 1970; see below) would have higher Reynolds numbers for 

all mesohabitat types. In contrast, variables like Froude # and VD ratio should 

vary less across river size because average velocity and depth are in the 

numerator and denominator of the equation respectively, rather than both being 

in the numerator. Several researchers (Dolling, 1968; Sullivan, 1986; Jowett, 

1993) indeed found that these 2 variables best discriminated mesohabitat types, 

particularly for pools vs. runs in a New Zealand river (Jowett, 1993). 

Clearly, no single physical variable, not even turbulence variables, can 

distinguish all 7 mesohabitat types proposed, but depth and other hydraulic 

variables (velocity or surface turbulence) together can adequately distinguish 

these habitat types. Given that velocity and turbulence variables are often 

well-correlated, only 2 hydraulic variables, namely depth and average velocity, 

need to be measured (Chapter 2). In addition, consideration of lateral position 
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(main-channel versus edge) may serve as a rough surrogate for channel-roughness 

characteristics (Chapter 5), given that edge areas in URR often had finer 

substrata and greater cover, regardless of mesohabitat type (present study). 

Consideration of a larger domain of stream types is also needed, as contemporary 

habitat classification systems have focused mostly upon montane trout streams in 

the Pacific Northwest (e.g., Bisson et al., 1982; Frissell et al., 1986; Hawkins 

et al., 1993). Moreover, these classification systems usually lack quantitative 

hydraulic and channel-roughness criteria (Heede and Rinne, 1990; but see 

Sullivan, 1986; Bisson et al., 1988). Hence, I hope that other researchers will 

follow my lead and quantitatively classify habitat units into meso-level 

categories that are relevant to defining fish habitat preferences in warn-, 

cool-, and cold-water streams of various size. 

Finally, it is conceivable that different classification systems will be 

needed for streams of different size, gradient, and geomorphology, for 3 reasons. 

First, fish biologists working in midsized, warmer-water streams (e.g., Leonard 

and Orth, 1988a,b; Aadland et al., 1989, 1991; Lobb and Orth, 1991; Vadas, 1992) 

have not segregated habitats as finely as have researchers studying montane 

streams in the northwestern U.S. (Helm, 1985; Hawkins et al., 1993), as Sullivan 

(1986) insightfully predicted would happen. These warmwater researchers have 

used only 3 of the fast-water categories of northwestern researchers, namely fast 

riffles (‘rapids’), slow riffles ('low-gradient riffles’), and runs, as other 

montane habitat types (e.g., ‘falls’ and ‘cascades’) are less common in large 

and/or low-gradient streams (Grant et al., 1990; Kershner et al., 1992; Hubert 

and Kozel, 1993). ‘Riffle’ categories are not used at all in habitat 

classification of larger rivers (Baker et al., 1991). Nor have warmwater 

investigators classified pools by what channel-roughness elements form them 
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(e.g., beaver dams versus landslides), in contrast to northwestern researchers, 

because channel-roughness elements are usually less abundant in wider, downstream 

areas (cf. Gregory et al., 1985; Harmon et al., 1986; Bisson et al., 1987; 

Lienkaemper and Swanson, 1987). Several researchers (Sullivan, 1986; Kozel et 

al., 1989; Hubert and Kozel, 1993) have indeed found that woody debris and 

boulders more commonly control pool formation in smaller and/or steeper coldwater 

streams, although clear-cut or low-gradient streams can be roughness-controlled 

if narrow in width and with adequate organic or inorganic debris (Lyford and 

Gregory, 1975; Kershner et al., 1992; Fletcher, 1993). Nevertheless, large-river 

researchers have often classified pool/run habitats into several lateral 

categories, because of the complex channel morphology of large, meandering, 

floodplain rivers (Baker et al., 1991). 

Second, warmwater researchers have subdivided pools into depth categories, 

in contrast to northwestern investigators, because much deeper habitats typically 

occur in downstream areas (cf. Van Deusen, 1953; Leopold et al., 1964). 

Nevertheless, some researchers have used depth criteria to describe coldwater- 

stream habitat. For example, Platts et al. (1983) considered pools under 2 ft 

(60 cm) with little cover to be worst for trout, whereas pools deeper than 3 ft 

(90 cm) with abundant cover were classified as best trout habitat. 

And third, much of the available sub-bankfull and floodplain habitat in 

larger rivers and estuaries may be very deep runs and pools with finer substrata, 

as in the Mississippi River (see above). Indeed, sturgeons in a Florida river 

especially inhabitated deep (8.4-11.0m), fast habitats (60-64 cm/s) of clay-sand 

or sand-gravel topography (Wooley and Crateau, 1985). Likewise, Chapman and 

Chapman (1993) found floodplain ponds to be up to 5.3 m deep in an African 

tropical river, whereas pools > 13 m in depth and rapids > 3 m/s in velocity were 

25



found in the Colorado River (Dolan et al., 1978; Kieffer, 1985). Finally, Savat 

(1975) found cobble riffles up to 15 m deep in an African tropical river (Kasai), 

the riffles and pools in this river attaining average velocities up to 2.6 and 

1.1 m/s, respectively, during floods. 

In sum, a single, generalized system of lotic-habitat classification is not 

yet (or perhaps ever) possible, but attempts should be made in streams of various 

sizes, gradients, and geomorphologies to standardize fisheries habitat 

assessments. The megahabitat (‘ecoregion’) classification systems of Brussock 

et al. (1985) and Poff and Ward (1989), as well as the macrohabitat (stream-size) 

classification system of Van Deusen (1953), are notable in this regard. 

Likewise, mesohabitat classification will require comparisons within and among 

mega- and macrohabitat types, quantification of hydraulic and channel-roughness 

criteria, and consideration of the habitat needs of fish species and other 

organisms (present study; Chapter 5), if a general understanding of lotic habitat 

structure is to be achieved. 
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Table 1. Stream coding system for the maximum dimension of each substratum 
particle. Lower third-tiles were used to estimate substratum roughness 
(K,) values, as discussed in the text. 

Substratum type Code Size range (mm) Lower third-tile (cm) 

Mud@ 1 <1 0.03 
Sand 2 1-2 0.13 
Small gravel 3 2-16 0.67 

Large gravel 4 16-64 3.2 
Small cobble 5 64-128 8.5 
Large cobble 6 128-256 17 
Small boulder 7 256-512 34 
Large boulder 8 > 512 68 

Irregular bedrock 9 --- 68 
weer e re ew renew eee ewe eee ew wee eee eee we we ew we we eee wee wm em ewe em wm ew www wee wee ween ew wee ew Dew we wre ewe we wen 

4Including silt and non-woody plant materials. 

Including buried logs (rare). 
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Table 2. Mesohabitat values for hydraulic mesohabitat types, based upon 13 
microhabitat variables. The data include ranges of means across sites 

and years (1989-1990) for the upper Roanoke River (URR, present study), 

as well as means from Aadland et al. (1989, 1991), Leonard and Orth 

(1988a,b), and Sullivan and colleagues (Sullivan, 1986; Bisson et al., 

1988). Habitat data are shown separately for main-channel and edge 
pools (in parentheses) for the Sullivan data set. PLDP = deep pools, 

PLMD = medium pools, PLSH = shallow pools, RUN = runs, RFSL = slow 

riffles, and RFFA = fast riffles. 

  

Upper Roanoke River Aadland Leonard Sullivan? 

Pooled® Main-channel Edge 

DEPTH (cm) 

ee 147-207 ----- ----- 
60-69 65-69 57-59 77-100 114 — ----- 
22-41 38-40 22-28 24-33 29-60 25-40 (10-26) 
38-46 44-46 22-30 66-83 72 10-13 
16-22 20-22 9.5-10 12-32 51 13 
29-34 32 23-28 25-41 40 20 

DEMERSAL VELOCITY (VB, in cm/s) 

7-12 8-10 rr 
6-13 14-17 i 
20-32 23-31 16-27 we eee eee we eee 
26-32 30-31 19-28 = ----- wee ee Ca. 20 
41-52 42-49 46-47 weer eee ne eee 

AVERAGE VELOCITY (VA, in cm/s) 

a 6-22 ----- ----- 
16-21 16-19 12-13 < 15 10 — ----- 
9-19 22-24 5-9 5-17 2-18 15-18 (6-7) 
40-53 44-52 21-34 35-54 16 14 
33-39 38-39 22-27 37-46 36 31-35 
67-79 73-78 64-69 72-88 64 71.5 

VELOCITY SHELTER (VA - VB, in cm/s) 

7-9 8 5-9 eee eee ne ee 
3-7 8 1-3.50 00 eee eee eee 
17-20 21 i 
6-7 8-9 -l to 3  ----- — -+--- Ca. 11-15 
24-34 29-31 17-2300 wwe ee we eee ee eee 
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AVERAGE-VELOCITY/DEPTH (VD) RATIO (sl) 

8-10 (4-7) 
13-14 
27-30 
51 

weer ee 1-5 w---- 

7 5 <5 3 
11-13 4-5 3-10 1-11 
22-25 14-21 14-19 6 
27-29 21-29 23-34 16 
43-45 43-44 40-53 32 

REYNOLDS NUMBER * 1074 (unitless) 

weeee eee 12-46 ~---- 
11-14 8 < 12 11 
10 1-3 1-5 1-5 
20-25 6-12 23-45 12 
9 3 4-14 18 
25 15-20 21-36 26 

weee2ee meee —l ee ee 0 we ewer 

4-5 1-5 0 0 
7-8 1-2 <3 <1 
17-18 6-9 3-6 0 
10-11 5-6 1-9 1 
18-25 14-21 6-20 4 

RELATIVE SUBMERGENCE (DEPTH / K,, unitless) 

5.4¢ 7.86 = ----- 1000 
3.1 1.8 = ----- 5-130 
2.1 1.9 = ----- 33 
1.3 0.8 = = ----- 14 
1.8 1.6 #-— ----- 6 

PLDP 

PLSH 
RUN 
RFSL 
RFFA W

w
o
u
U
f
l
 ©
 

ttt te eee 2-3.5 cocc- 
5.3-5.6 4.3-5.3 2-5 1.8® 
5.5 5.5-5.8 2-6 2.6 
6.2-6.3 5.4-5.9 5-6 3.6 
5.9 5.3-5.7 3.5-6 4.1 
5.9-6.2 5.6-6.1 5-6 4.6



meee wr ere ene ene ee ener nee tener ewe eee een e newt e ene wm wee wr wren ewe we ee Beer em eee ew wee eee ewer 

PERCENT FINES 

ese ee wo owen e 

wen ee ee ere 

PLMD 8-22 11-15 15-40 ~— ----- 

PLSH 3-27 12-16 9-12 — ---+-- 

RUN 1-3 0-2 0-5  — w-+-- 

RFSL 0-1 0 0-4 ——) wee 

RFFA 0 0 O  ««-+-- 

PERCENT ROCKS 

PLMD 16-40 27-32 14-32  ~— ----- 

PLSH 11.5-40 25-27 27-31 — ---+-- 

RUN 25-43 35-36 17-29 we eee 

RFSL 16-25 23 7-18 — ----- 

RFFA 21-35 28-33 17-34  — ----- 

PERCENT COVER 

PLMD 6-8 5-6 27-29  — ----- 

PLSH 6-10 2-4 10-17 — ----- 

RUN 2-6 2-4 11-17 — ----- 

RFSL 1-7 2-3 6-17  — ----- 

RFFA 0-4 0-1 0-8 — ----- 

NUMBER OF QUADRATS (sample sizes) 

PLMD 36-58 87-92 7-8  — — «eee 

PLSH 14-37 21-22 14-35 — ----- 

RUN 25-52 58-87 12-15 — ----- 

RFSL 15-34 35-40 6-17 — ----- 

RFFA 8-22 18-27 5-10 — ----- 
weeweere-zr enw ener erenwezrewnerewererewnnznwnewenexnwnennen nee nen wnzcwnrznecen eer enwtwe ern eren enw een enewewnenwnen eee sew erence ene 

4'Pooled’ data for URR include both main-channel and edge areas. 
All mesohabitat types for the Sullivan data set were measured at summer base 

flow except ‘glides’ (a main-channel pool), for which habitat data were 

means across summer-low and winter-baseflow conditions. 

CURR habitat values represent means over all sites, rather than ranges of means 
across sites. 

SHabitat values were calculated using K, = median diameter (dso). 

Original codes were 1 to 10 for the Leonard data set, with code 1 = ‘organic 
Material’ and codes 2 to 10 corresponding to codes 1 to 9 in Table 1 
(Leonard et al., 1986). 

codes. 

Hence, a point was subtracted from the Leonard 

cover categories for the Leonard data set were graded in order of increasing 
quality: 1 = no cover, 2 = overhead cover, 3 = undercut banks, 4 = bedrock 

ledges, 5 = aquatic vegetation, and 6 = instream boulders and logs (Leonard 

and Orth, 1988a). 
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Table 3. Range of misclassifications for depth-turbulence mesohabitat types, 
based upon polythetic (quadratic-discriminant) analysis of 12 

microhabitat variables. There were 4 analyses total, namely for the 
2 years (1989 and 1990) and 2 river segments (LSF and UMS). Values 

along the diagonal represent properly classified quadrats. 

  

Riffles 
  

Slow (D) Fast (E) 

A 75-95 0-10 
B 3-17 84-100 
C 2-10 0-8 
D ween 0-5 
E «#222 9 seeee 

0-9 0-5 

76-100 0-9 

0-24 86-100 

Table 4. A dichotomous, monothetic classification system to segregate mesohabitat 
types in URR, based upon data for 3 hydraulic variables in Table 2. VD 

= average-velocity/depth ratio (units of s~ly, 

1. Froude number < 0.2 

a. VD ratio < l 

i. Depth < 50 cm. 
ii. Depth > 50 cn. 

b. VD ratio > 1. 

2. Froude number > 0.2 

a. VD ratio < 1.5 

i. Depth > 25 cm. 

ii. Depth < 25 cm. 

b. VD ratio > 1.5 

i. Froude number < 0.35 . 

ii. Froude number > 0.35 . 

. Shallow pool 
.Medium pool 

.Run 

. Run 

-Slow riffle 

. Slow riffle 

.Fast riffle



Table 5. Range of misclassifications for depth-turbulence mesohabitat types in 
URR, based upon monothetic-discriminant analysis of 3 physical variables 
(see Table 4 for habitat criteria). There were 4 analyses total, namely 

for the 2 years (1989 and 1990) and 2 river segments (LSF and UMS). See 

Table 3 for format. 

Pools Runs Riffles 

ee (C) wc er eee ee ee eee 

Medium (A) Shallow (B) Slow (D) Fast (E) 

A 64-83 8-29 9-246 == w-2---  — weeee 

B 17-31 57-81 16-33 0-4 ==  ) wn--- 

C 0-7 0-14 32-50 27-43 0-7 

D |. *+-+-- 0-14 6-16 30-65 0-25 

BE wee - 0 we eee 8-20 4-26 75-93 
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Table 6. A compilation of hydraulic and channel-roughness criteria for various 
coarse-mesohabitat classification systems, i.e., those with 2 to 4 

habitat types and/or arbitrary habitat criteria. Unless otherwise 
specified, all data are for lower flows and the velocity variable is 
average velocity. The Oswood and Barber (1982) classification system 
was developed from those of Lewis (1969) and Kraft (1972). All criteria 

are rounded off. 
wee een enen wwe we en eer ee wren enw enw we wwe ener e ew eee etre nee ener ree eee eee wenn ere ere er weer eer renr ree ere 

Reference & Depth Velocity Ave. substratum % fines, large 

mesohabitat type (cm) (cm/s) size (code) rocks, or cover 

Rupp (1954) 
Pool > 45 --- --- --- 

Run Ca. 30 --- --- --- 

Riffle@ 8-15, < 45 --- --- --- 

Hack (1957) 

Pool 90 --- 5 -~-- 

Run 50 --- 4 --- 

Riffle 80 --- 4 77- 

Winn (1958) 

Riffle ; --- 5-70 --- wee 

Gibson (1966) 
Pool Ca. 100 30-50 --- --- 

Riffle 15-100 50-115 --- --- 

Dolling (1968) 

Pool 10-30 5-25 9 --- 

Riffle 5-20 10-40 5-6 --- 

Gunderson (1968) 

Pool > 40 --- --- ~-- 

Run 40-80 --- --- --- 

Riffle < 40 --- --- --- 

Keller (197la, 1972a)>:+¢ 
Pool --- 5-60 3-44 --- 
Riffle --- 15-60 4 --- 

Gibbons and Gee (1972) 

Deep pool 35-130 < 15 1-5 > 30 (fines) 
Shallow pool 5-25 < 15 1-2 > 90 
Run 10-50 15-40 1-5 5-50 

Riffle 5-35 40-110 > 3 0 

Cherkauer (1973) 
Pool --- --- 2-3 --- 
Riffle --- --- 5-8 --- 

weeweneeecernrwnnwnereennrn ence err enwrnewe eee ee eee wee www we eewnen ww en mr ewe ene wr mewn ween ewnenwwr ener w ewe ewe enw2w ewan ew oe 
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Greentree and Aldrich (1976) 
  

wee eee ee eee ewe eee ew ew weer ww we wee em ewe wm eee ee wee wee wT BP OF Ee Er EHH ee Her Bre 

wee ee ewe meee een wee ewer en ween ewn ww wee ewe eer wm eww ew eww ee ew HM ee ee ee ewe Fr ee err eee eer ere errr errr 

weseemerannerwnnerewrner cee ew eer enerenernewne wr wr err enwr ener eee eee we wt ewe ewe we ww em mew wee wr ee Be Tree He ewer Be Be 

Ca. 0 

ween ener nena eh ewe een enenwn ew ew enw w eer eww eee eee eee wee ewe ewe em ew ew we ewe ee Hw ew Bw Mm me ewe Tw ww em he em ewe Bm ee ee 

wseemreewereneewneanweweenn ener rewr ene e ene ween en eww rn ew esr ewenrteewn wen ewn ene en ween enewn eee eww erezr ene ee ewe 

Run 120-150 --- 
Riffle 45-90 ee 

Harrell (1978) 

Pool 20-80 --- 

Run 5-120 --- 

Riffle 5-120 --- 

Andrews (1979) 
Pool 30-180 10-175 

Riffle 20-125 25-165 

Lisle (1979a,b)>»e 
Pool 70-150 --- 

Riffle 45-100 --- 

Richards (1976a)F 
Pool 80-150 --- 

Riffle 60-120 --- 

Richards (1976b, 1977) 

Pool 30-55 10-55 

Riffle 10-25 25-105 

Smart and Gee (1979) 

Pool 15-100 <5 

Run 30-60 5-20 

Riffle 15-45 > 20 
weweenenrneenz2neanewne2necnewnerw ener eee eww ene we ww eww eee een wn ee wwe ewe ee wwe ew enter eer ere wn weer een eee wre e2ezrewe 

Hirsch Abrahams (1981 

werner nwr nee ren zrecener ewe eee ewe ewer een w weer em wee ewe ewe ew eee mw ewes we wwe ewe wre ww ewrerenwrwvewenwwene = 

Pool --- ~-- 

Riffle --- --- 

Howard & Dolan (1981), Andrews (1986) 

Pool --- --- 

Slow riffle --- --- 

Fast riffle --- --- 

Bhomik Demissie (1982 

eee een n eee eewere enn ewenneezreweenwern een eee new eer ewe newer ewer ere ener wren ewer ewe enw wren ewrecenwr zen erence 

Pool --- --- 

Riffle --- --- 

Bisson et al. (1982) 

Deep pool > 100 < 20 
Shallow pool < 30 < 20 
Run 10-30 < 20 

Slow riffle < 20 20-50 

Fast riffle < 30 > 50 
wy35wenereneneenwnerneow enw ennrn wenn wnenweeneeenene new een ezrewrw erence ene ene ecw eee eee er enw wre wzrewn new wee ewe ew wre ewe erew ew 
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Bridge & Jarvis (1982)> 
  

  

Pool 55-105 30-60 2 --- 

Riffle 45-105 25-55 2 --- 

Matthews et al. (1982) 

Riffle < 40 < 80 --- --- 

Milne (1982) 

Deep pool --- --- 4 --- 

Shallow pool --- --- 3-4 --- 

Riffle --- --- 4 --- 

Oswood and Barber (1982) 

Deep pool > 50 < 30 --- --- 

Shallow pool < 50 < 30 --- --- 

Run > 50 > 30 --- --- 

Riffle < 50 > 30 --- --- 

Englert and Seghers (1983 

Shallow pool Ca. 25 10-15 1-4 50 (cover) 

Run 20-35 < 10 1-6 30-45 

Riffle 20-25 20-25 3-6 15 

Puckett (1983) 

Shallow pool --- <5 --- --- 

Run --- 5-20 --- --- 

Riffle --- > 20 --- --- 

Annear and Conder (1984)8 
Pool >10, >10-25, >25-40, >40-60 > 3 --- --- 

Run >5, >5-10, >10-20, >20-30 > 15 --- --- 

Riffle >5, >5-10, >10-20, >20-30 > 30 --- -~- 

Marshall & Menzel (1984) 

Deep pool > 20 < 25 --- --- 
Shallow pool < 20 < 25 --- --- 

Run > 20 > 25 --- --- 

Riffle < 20 > 25 --- --- 

O'Neill & Abrahams (1984) 
Pool --- --- 1-2 --- 

Riffle --- --- 2-3 --- 

Rimmer (1985 

Pool 30-40 < 10 --- --- 

Run 10-25 5-20 --- --- 

Riffle 5-15 20-40 --- --- 

O'Connor et al, (1986) 

Pool --- we 2 --- 

Riffle --- --- 7-9 --- 
wwzrerzwrenerenecneneneecew eee ewe eee eee eeweeenezeeen ween en ec enwr wr enen werner renew er ewer ewrewe nw eee wre wr een w eee ee



Slaney (1987) 

Shallow pool 100 --- --- --- 

Run 140 --- --- wee 

Riffle 50 -+- --- --- 

Osborne et al. (1988) 

Pool --- --- 1-2 --- 

Run --- --- 2-3 --- 

Riffle w+ --- 5-7 --e 

Aadland et al. (1989) 

Pool --- < 30 oe ~-- 

Riffle --- 30-60 --- woe 

Bart (1989) 

Pool 35-85 --- -~-- --- 

Run 40-70 --- --- — 

Riffle 25-40 --- --- --- 

Hogan & Church (1989)> 
Pool 50-70 5-160 --- — 

Riffle 10-55 25-180 --- —_— 

Jowett & Richardson (1989) 

Deep pool > 100 --- --- --- 

Shallow pool < 100 --- --- _— 

NA (1989), GN (1992) 

Deep pool > 45 < 30 o-- --- 
Shallow pool < 45 < 30 --- --- 

Run > 30 < 30 --- aoe 

Riffle < 60 > 30 ene --- 

Singh & Broeren (1989)> 

Run > 55 5-90 --- oe 

Gelwick (1990) 

Pool < 95 5-25 --- --- 
Riffle < 30 40-65 --- a 

Grant et al. (1990) 

Shallow pool --- --- 5 one 
Slow riffle --- --- 6-7 --- 

Fast riffle --- --- 6 --- 

Quinn & Hickey (1990a) 

Run 30-60 40-80 4-6h --- 
w3oewerenec ere eowrnmewecnwnenzwr2necenwrzreenwnteen wwe eecren ewe ene ere eee eee ew eee we ewe ewe enw ewe ere ewn we ewe eee we 
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CRA (1991, 1992a, 1992b) 
  

Deep pool > 120 < 30 7-- ve 

Shallow pool < 50 < 30 --- --- 

Run > 50 < 125 --- --- 
Riffle 15-50 > 50 --- --- 

Knight et al. (1991) 
Deep pool (with cover) > 35 < 20 “+ --- 
Shallow pool? < 35 < 20, < 35 --- --- 
Run > 35 > 45 --- --- 

Riffle < 35 > 55 --- --- 

Kwak & Skell 1992 ; 
Deep pool 25-70 10-60 (5-40)J <9 --- 
Shallow pool 10-25 15-45 (< 30) < 6 --- 

Riffle 10-40 15-130 (< 70) 3-6 --- 

Sobezak & Burton (1992) 
Pool 50 0 --- --- 

Run 20-25 5-10 --- --- 

Riffle 10 50 --- --- 

Gilliam et al. (1993) 
Pool < 230 < 40 2-6 < 100k 

Jowett (1993) 
Pool 35-40 20 4 --- 

Run 25-30 55-60 5 --- 

Riffle 15-20 60-65 5 --- 

“Depth criteria are for gravel and cobble riffles, respectively. 

pper end of habitat ranges represent flood (near-bankfull) conditions. 
“Velocity was demersal, measured 1.5 cm above bottom. 
dsubstratum size was smaller on the outside (deeper) bend of pool transects. 

“Hydraulic radius was measured, which is essentially average depth (cf. French, 
1985). 

Depths were measured for bankfull conditions. 

EThe 4 depth criteria are respectively for narrow (< 6 m), medium-narrow 

(6-12 m), medium (12-18 m), and medium-wide (19-30 m) streams. 
Ssubstratum sizes were within the 10-90 percentile range across streams. 
lvelocity criteria are for shallow pools with and without cover, respectively. 
JBottom velocities are in parentheses. 

Fines, large rocks, and cover all varied from 0 to 100% across individual pools. 
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Table 7. Proposed hydraulic criteria for 7 depth-turbulence mesohabitat types, 
based upon data in Tables 2 and 6. 

ee 

Habitat # of Pools Runs Riffles 

variable criteria --------------- errr ne eer reer cere terre rere ee 

eo 

Depth (cm) 3 >120 50-120 <50 >120 50-120 <50 20-50 
Demersal velocity 2 <15 <15 <15 >15 >15 15-35 >35 

(cm/s) 
Average velocity 2 <25 <25 <25 >25 >25 25-60 >60 

(cm/s) 
Froude number 5 <.05 <.10 <.15 15-.25 .15-.25 .15-.35 >.35 
VD ratio (s-1) 6 <.15 <.35 <.75 .9-1.0 1.0-1.5 >.75 >1.5 
Velocity shelter 3 0-10 0-10 0-10 >15 >15 <15 >15 

(cm/s) 
wowrerwzrernenewrern renner ewe een eee ewe eee ewww ew wmn eee www ee ewe we ee we eww ew ewe ewww ew ee we wee ee 
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Figure 1. Map of the upper Roanoke River in southwestern Virginia, including 3 

study sites each in the lower South Fork (LSF) and upper mainstem 

(UMS). The confluence of the North and South Forks is at longitude 

37°14' and latitude 80°13'. 
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Figure 2. Hierarchical habitat classification (overhead view) used in URR during 
field sampling. Quadrats were systematically placed to cover 20% of the 
available area for each mesohabitat unit (delineated by lines). Each of 
the 7 quadrats shown were sampled for hydraulic and substratum 
characteristics in 3 points along a diagonal (shown as dots). 
channel, BW = backwater, and SC = side channel. 

MC = main 
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Appendix 1. Mean values for habitat variables aggregated by lateral habitat type, 
river segment, and year for URR. 

Habitat type, Cover Depth Velocity (cm/s) Fines Large Ave. sub- 

segment, & year (%) = (em) —————___ (4%) rocks stratum 

Demersal Average (%) size (code) 

1. Main channels 

LSF 1989 3 48 25 40 10 22 5.3 

LSF 1990 4 44 21 34 8 24 5.6 

UMS 1989 4 50 21 34 6 33 5.9 

UMS 1990 4 48 20 36 4 38 6.2 

2. Backwaters 

LSF 1989 30 41 11 16 37 7 3.8 

LSF 1990 19.5 47 4 9 24 13 3.9 

UMS 1989 27 26 13 16 8 55 7.0 

UMS 1990 21 25 8 12 5 31 5.9 

3. Side channels 

LSF 1989 6 34 37 53 2 13 5.3 

LSF 1990 7 26 41 58 0 24 5.9 

UMS 1989 7 20 14 14 5 17 5.7 

UMS 1990 6 16 9 11 3 29 5.9 

41



CHAPTER 2 

Interrelations of Physical Habitat Variables in Small River Systems and the 

Effects of Spatial Scale 

ABSTRACT 

I used bi- and multivariate statistical analyses to establish the 

spatiotemporal homogeneity, interrelations, and redundancies of physical habitat 

variables at micro-, meso-, and macrohabitat scales in the upper Roanoke River 

(URR) and other temperate streams. First, depth was more homogeneous than 

average velocity and especially demersal velocity within quadrats and across 

flows, probably because (1) gravity constraints limit depth variation and (2) 

demersal velocity is affected more than average velocity by variation in bottom 

topography, turbidity, and depth. Second, there were 4 different habitat axes 

at microhabitat scales, namely velocity-turbulence, depth, cover, and substratum 

size, but there was somewhat greater covariation among these habitat variables 

at intermediate spatial scales because of continuity constraints (mass balance) 

of water and sediment discharges. Namely, depth was negatively associated with 

velocity and substratum size at mesohabitat scales, whereas % cover and % fines 

were moderately and positively correlated at the lateral-macrohabitat scale 

(i.e., for main-channel vs. backwater vs. side-channel habitats). In contrast, 

average and demersal velocity were highly correlated at all spatial scales, as 

were different measures of substratum size. At the transect-mesohabitat scale, 

water-surface slope proved to be a better discriminator of erosional (riffle/run) 

versus pool habitat types than stream width, although there was much variability 

in slope criteria across sites and the variable was not well-correlated with 

hydraulic variables. In sum, variation of interrelations among habitat variables 

at different spatial scales highlights the importance of specifying scales(s) of 
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observation in stream research. The 4 habitat axes at microhabitat scales 

confirms the importance of measuring depth, velocity, substratum size, and cover, 

as is typically done by instream-flow researchers. 

1. INTRODUCTION 

A concern of stream biologists who study fish habitat needs is what habitat 

variables need to be measured to accurately determine instream-flow needs for 

fishes. Typically, depth, average or demersal velocity, substratum size, and 

cover are measured, although water-quality, food-availability, and turbulence 

variables have sometimes also been considered (Chapters 1 and 5; references in 

Vadas and Weigmann 1993). Nevertheless, many of these environmental variables 

may be redundant, such that only a strategic subset needs to be measured. For 

example, Riley (1976) used bi- and multivariate statistical analyses to show 

that 18 transect-level variables of 3 major types (i.e., geomorphological, 

hydraulic, and channel-roughness) collapsed into only 4 channel axes: (1) 

capacity and efficiency, (2) shape and mode of energy expenditure, (3) width and 

sediment load, and (4) roughness. That is, 14 physical variables were probably 

unnecessary to characterize habitat conditions at bankfull flows, given that 

variables only show high loadings on the same axis if they are well-correlated 

(cf. Vadas, 1991, 1992). Abrahams (1972) and Onesti and Miller (1974) similarly 

examined the interrelations and redundancies of these 3 major types of habitat 

variables with factor analysis, but at a larger (macrohabitat) scale. Somewhat 

fewer factor axes were necessary for larger streams, because of greater 

covariation among variables. Multivariate techniques such as factor analysis can 

thus help determine what habitat variables are redundant, and whether such 

redundancies are consistent across streams. 
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But determining redundancy is only half the task of streamlining data sets; 

the best variables from a similar group of variables should be chosen to 

economize research efforts. Four criteria are useful to make this decision, 

namely reliability, parsimony, convention, and generality. Ideally, variables 

should be: (1) homogeneous for replicate measurements within quadrats and 

predictable across flows (low in variance); (2) easily measured or calculated; 

(3) familiar to other researchers; and (4) consistently useful across streams. 

These criteria collectively make habitat assessments easier and more comparable 

among investigators. 

Another problem in studying the variances and interrelations (covariances) 

of habitat variables, or relations of habitat variables with animal abundance, 

is that patterns and causality may change across spatiotemporal scales (Schumm 

and Lichty, 1965; Wiens, 1981; Van Horne and Wiens, 1991; Bell et al., 1993). 

This has led to increased emphasis upon hierarchical habitat classification in 

streams and measurements at several scales, particularly because different scales 

are relevant to different study objectives (Bovee, 1982; Frissell et al., 1986; 

Parrott et al., 1989; Heller and Hohler, 1990; Osborne et al., 1991; Hawkins et 

al., 1993; Vadas and Weigmann, 1993). Unfortunately, interrelations among stream 

habitat variables have not yet been examined across spatial scales to test for 

the consistency of covariation patterns for habitat variables. 

The present study examines relations among physical-habitat variables at 

micro-, meso-, and macrohabitat scales (sensu Vadas and Weigmann, 1993) in the 

upper Roanoke River (URR) and other streams (see Figure 1). Whereas microhabitat 

units occurred several times within a riffle-pool (meander) sequence, mesohabitat 

units only occurred once as subtransect or transect units (partial vs. full cross 

sections, respectively). Macrohabitat units encompassed several mesohabitat 
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types as lateral units (main-channel vs. backwater vs. side-channel). Both bi- 

and multivariate analyses were useful for examining redundancies among sets of 

several habitat variables, i.e., to establish 4 different habitat axes at 

microhabitat scales, but fewer axes at intermediate spatial scales because of the 

greater constraints caused by continuity (mass balance) constraints of water and 

sediment flows. Mesohabitat criteria for transect variables (e.g., channel 

slope, width, and roughness) are also presented for URR and other streams. 

2. METHODOLOGY 

2.1. Study Sites and Field Methods 

URR is a midsized, upland, coolwater stream with a diverse fish assemblage 

(Vadas and Orth, 1993) and meandering, riffle-pool morphology because of its 

moderately coarse substrata (Richards, 1976b). The study region was located in 

the Valley and Ridge (Appalachian) province of Virginia (Weigmann and Kroehler, 

1988), and included the lower South Fork (LSF, fifth-order) and upper mainstem 

(UMS, sixth-order), which were relatively alluvial and bedrock-controlled in 

substratum characteristics, respectively (sensu Keller and Melhourn, 1978). 

In conjunction with fish sampling in rectangular quadrats, 4 sites were 

sampled in warm-weather seasons of 1989 and six in 1990 (Chapter 1; Vadas and 

Orth, 1993). In LSF, site #1 was most upstream (below Alleghany Springs) and 

sites #2A and 2B were below Shawsville. In UMS, site #3 was below Lafayette, and 

sites #4A and 4B were most downstream (near Wabun). Three replicate measurements 

each for depth, demersal and average velocity, and substratum composition, as 

well as 1 measurement each for % cover and total area, were taken in each quadrat 

(Chapter 1). Additional turbulence and channel-roughness variables were 

calculated from these 6 field-measured variables (Table 1; cf. Chapter 1). All 
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quadrat work was undertaken by wading, as the stream sites were generally 

shallow. There were 262 and 353 total quadrats sampled in LSF and UMS, 

respectively, during the 2 years of work. 

Sites #2A and 4A were also subjected to habitat measurement at 4 different 

flows during 1990-1991, in 20 and 17 transects, respectively, using standard 

instream-flow techniques (Bovee and Milhous, 1978; Trihey and Wegner, 1981; 

Bovee, 1982). Transects were placed perpendicular to the flow and were 

strategically spaced to sample changes in hydraulic and channel-roughness 

conditions (Figure 1). Total distances spanned at the LSF and UMS sites were 555 

and 520 m of stream (thalweg) length, thus yielding average transect spacings of 

27.7 and 30.6 m, respectively. Each transect was delineated by bank stakes, 

which were placed in the shrub-woods transition zone on the slope between the 

channel shelf and the floodplain (cf. Woodyer, 1968; Riley, 1972; Williams, 1978; 

Hupp, 1988). 

At each of the 4 flows sampled (summer low flow to somewhat below mean 

annual flow), a tape measure was stretched across each transect, and measurement 

of habitat variables was done in cells along the tape (Figure 1). In general, 

I spaced wet cells evenly across the channel, usually 0.4-1.0 m apart in LSF and 

0.5-1.0 m apart in UMS. Narrower intervals were used when hydraulic and/or 

channel-roughness conditions changed appreciably (as with braided-channel 

sections). Spacing was often wider on the convex (inner-bend) shoreline leading 

up to the stakes, i.e., on the channel shelf (sensu Hupp, 1988); LSF and UMS 

cells here were up to 2.0 and 3.0 min width, respectively. This spacing system 

generally prevented any one wetted cell from receiving > 5% of the total flow, 

and always < 10%, such that discharge could be more accurately measured. There 

were 786 and 827 total cells sampled in LSF and UMS, respectively. Most cells 
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were wadeable at all 4 flows, although a canoe had to be used occasionally. 

The same cells were measured for depth, demersal and average velocity, and 

velocity direction at each flow. Water-surface elevation was measured for the 

first 2 (and highest) flows, and other variables (substratum size, cover, and bed 

elevations) were only measured for the first flow (the second highest). Average 

velocity was measured at 0.6 depth with Marsh-McBirney and Pygmy meters 

(calibrated against each other), although additional velocity measurements were 

taken in the water column if the cell was turbulent (cf. Chapter 1). Velocity 

direction was visually assessed to the nearest 5° away from perpendicular flow 

(relative to the tape measure), e.g., a straight-upstream eddy would have an 

angle of 180°. This allowed water discharge (Q,,) to be more accurately estimated 

by the equation Q, = AJVEL x WIDTH x DEPTH, where AJVEL = VELAV x [cosine(angle) ] 

and the other hydraulic variables are given in Table l. 

The 2 channel-roughness variables were measured exclusively by me, to 

maintain consistency. Substratum size was coded from 1 to 9 (mud to bedrock), 

as with the quadrat samples of 1989-1990 (Chapter 1), except that only the 

dominant substratum type (or the average code if > 1 type dominated) was 

tabulated rather than the 18 measurements taken per quadrat. Again, a meter 

stick was used as a touchstone, to reduce biases associated with visual 

assessment of bed materials (cf. Kondolf and Li, 1992). Cover was coded from 0 

to 4 (nil to excellent). Codes 1 to 2 were assigned to smaller, less robust 

structures such as herbaceous plants and smaller woody debris, whereas codes 3 

to 4 were reserved for larger, sturdier structures such as roots and larger logs. 

Elevations were measured with standard surveying equipment, including a 

level mounted on a tripod and an extendable stadia rod (Bovee and Milhous, 1978; 

Trihey and Wegner, 1981; Bovee, 1982). Whereas bed elevations were taken at all 
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wet and dry cells, 2 or 3 water surface elevations were generally taken across 

the transect. Nevertheless, hydraulically complex transects often had 

heterogeneous water-surface profiles (up to 58 cm vertical distribution within 

1 transect with 3 side channels and a small waterfall), such that 4 to 10 

measurements had to be taken to obtain an accurate mean value. 

As only 3 workers (occasionally two) took part in the transect work on any 

given day, transects at a given site were often not all sampled in 1 day (and at 

1 flow) (Appendices 1 and 2). Those sampled on the same day, however, were of 

similar discharge, as water stage fluctuated no more than 3 mm per day (pers. 

obs.), and all transects at both sites were generally sampled within a week's 

time during which flows were relatively constant (cf. Chapter 3). 

2.2. Quadrat Analyses of URR 

2.2.1. Microhabitat Analyses 

Two sets of microhabitat analyses were undertaken, namely within quadrats 

(point scale) and among quadrats (quadrat scale). The reliability (homogeneity) 

of microhabitat measurements within quadrats was tested in 2 ways, namely via 

bivariate and deviate analyses. These analyses were done with the 3 individual 

measurements in each quadrat for average substratum size, depth, and average and 

demersal velocity. Measurements were taken at the upper right corner, middle, 

and lower left corner within a quadrat, when the researcher faced upstream. The 

bivariate analysis consisted of Spearman-rank correlations between pairs of 

measurements, higher coefficients indicating greater reliability. The deviate 

analysis consisted of summing (or averaging) the absolute deviations between 

pairs of point measurements, and then dividing this value by the sum (or average) 

of these measurements, to obtain a standardized index of reliability (see Table 
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2). Hence, lower ratios were indicative of greater reliability. For both sets 

of reliability analyses, each quadrat sampled during 1989-1990 was an observation 

(N = 615 quadrats), and analyses were done separately for depth, average 

velocity, demersal velocity, and average substratum size. 

For the quadrat-scale analysis, the 3 hydraulic and substratum measurements 

that were obtained per quadrat were averaged together before further variables 

were calculated. Associations among 12 of the non-transect variables of Table 

1 (all but relative submergence) were then determined with bi- and multivariate 

statistics. Bivariate analyses consisted of Spearman-rank correlations between 

pairs of variables over all data collected during 1989-1990 (N = 615 quadrats). 

Although 4 of the same sites were sampled in both years, quadrats were 

essentially independent across years because measurements were taken at different 

flows and usually in different locations. 

Further analyses were done with multivariate statistics, to simplify 

presentation of results. These included varimax-factor analyses (Abrahams, 1972; 

Onesti and Miller, 1974; Riley, 1976) separately on raw and ranked data, although 

only the former is presented because the results were similar (pers. obs.). 

Because there were 4 and 6 sample sites in 1989 and 1990, respectively, there 

were 10 factor analyses. As overall rather than site-specific trends were of 

interest, I simplified interpretation via calculation of similarity indices and 

formulation of cluster diagrams (phenograms). Habitat variables showing highest 

loadings on the same factor axis were assigned 1 point for similarity (‘complete 

Similarity’) for each study site. Variables showing only moderately high 

loadings (within 0.10 Pearson units of the highest loading) on the same axis, 

were assigned 1/2 point for similarity (‘moderate similarity’). Negative values 

were assigned for variables showing moderately high or highest loadings of 
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opposite sign. Other variables were considered independent and received no 

points. Hence, the maximum similarity for each pair of habitat variables was 10 

points. 

The similarity matrix for the habitat variables was then graphically 

simplified via hierarchical cluster analysis (Boesch, 1977; Romesburg, 1984). 

Namely, similarity of the new group member (habitat variable) was the average of 

the similarity of the new member with those already present in the cluster 

(unweighted-pair grouping). Phenograms were then drawn. This method of 

phenogram formulation sometimes produced trichotomous (rather than exclusively 

dichotomous) branching patterns (cf. Chapter 4). 

2.2.2. Meso- and Macrohabitat Analyses 

The quadrat data were also used to perform a mesohabitat analysis. This 

analysis was of subtransect resolution, as quadrats did not extend fully across 

the stream. Quadrats were stratified both by hydraulic (depth-turbulence) and 

lateral (cross-sectional) categories, to achieve better homogeneity, such that 

there were 10 samples total: medium and shallow pools, runs, and slow and fast 

riffles in main-channel and edge (side-channel/backwater) units (Chapter 1). The 

relevant 13 habitat variables included the 12 used above as well as relative 

submergence, and the mean of the range for a given sample (see Chapter 1) was the 

value used for each habitat variable. Associations among habitat variables was 

examined with varimax and quartimax factor analyses (Davies, 1984), although only 

the varimax results are further considered here to formulate multivariate- 

Similarity diagrams (MSDs) (cf. Vadas, 1991, 1992). This was because the 2 

rotation methods yielded similar results, although the quartimax method lumped 

more variables together and was thus more liberal (e.g., Appendix 1). Namely, 
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habitat variables showing ‘complete’ similarity (see above) were stacked 

vertically, variables showing positive and negative relationships with the other 

variables respectively being stacked above and below a bar. Habitat variables 

showing moderate similarity were placed horizontally with a bar between them, 

positive and negative relations respectively being indicated by ‘(+)’ vs. '(-)’ 

symbols. Independent habitat variables were not connected by bars with the other 

habitat variables. 

A lateral-macrohabitat analysis was also performed on the quadrat data, 

using the same variables and multivariate-statistical techniques as for the 

subtransect-mesohabitat analyses. This analysis was done by stratifying via 

river segment, year, and cross-sectional habitat type. That is, all sites within 

a given year in LSF and UMS were considered together, to increase sample sizes 

for the 3 lateral habitat types, namely main-channel, side-channel, and backwater 

(cf. Chapter 1). Hence, there were 3 lateral habitat types x 2 sites x 2 years 

= 12 samples in this analysis. 

2.3 Transect Analyses of URR 

2.3.1. Micro- and Mesohabitat Multivariate Analyses 

Two sets of reliability analyses were undertaken for each site across the 

4 flows measured, namely point-microhabitat and transect-mesohabitat level. Only 

Spearman-rank correlations were examined for measurements made at different 

flows, as absolute deviations in values were expected (cf. Chapter 3). The 

variables used for the microhabitat analysis consisted of the depth, demersal- 

and average-velocity measurements made at each flow. Only cells wetted at all 

4 flows were used, totalling 487 and 451 cells in LSF and UMS, respectively. 

This prevented artificial elevations of correlations among hydraulic variables 

51



from the zero hydraulic values for dry cells. The mesohabitat analysis was 

performed upon hydraulic variables measured at each flow, namely, depth, both 

velocity variables, and wetted width (see Chapter 3 for these ‘fully wet’ data 

sets). As only cells wetted at all 4 flows were used for depth and velocity 

Measurements (see Chapter 3 for ‘fully wet’ data sets), the analysis was of 

subtransect and transect resolution for these variables and width, respectively. 

Both sets of reliability analyses allowed me to assess the relative consistency 

of hydraulic measurements across flows levels for LSF and UMS; high correlations 

would indicate that hydraulic measurements consistently increased with flow level 

(e.g., the fastest habitats at low flow are still the fastest at high flow). 

One covariation analysis was also done, using varimax-factor analysis 

summarized as an MSD. This mesohabitat analysis, which was of transect 

resolution, was performed on all of the habitat variables of Table 1 except % 

fines and % large rocks, using median values across the 4 flows measured. There 

were thus 14 habitat variables. Wetted width was included because wider stream 

sections must be slower and/or shallower to maintain water-flow (Q,) continuity 

(Leopold et al., 1964; Hynes, 1970). Slope was considered because riffles tend 

to have higher gradients, and because roughness equations for uniform flow 

suggest that velocity increases with slope (Leopold et al., 1964; French, 1985). 

Finally, slope/width ratio was used because it is a good index of per-area stream 

power for steady discharge and water-quality conditions (Emmett and Leopold, 

1964; Dolling, 1968; Maddock, 1970; O'Connor et al., 1986), and because steeper, 

narrower transects (with high slope/width ratios) should be faster and/or deeper 

to maintain Q, continuity. Slope measurements were based on differences in 

water-surface elevation between the transect of interest and the next one 

downstream (cf. Dolling, 1968), rather than on the difference in elevation 
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between the next up- and down-stream transects (e.g., Jowett, 1993), such that 

only 19 and 16 transects were used for factor analyses in LSF and UMS, 

respectively (Appendices 1 and 2). 

2.3.2. Mesohabitat Classification 

Transects were also segregated by mesohabitat type at median measured flow, 

based upon the few-category system that I created to segregate fish habitat-use 

guilds (see below and Chapters 5 and 6). This allowed me to compare slopes, 

widths, and slope/width ratios across habitat types, via examination of median, 

minimum, and maximum values. Other habitat variables have already been examined 

in Chapter 1 and will not be considered here. Mesohabitat classification of 

transects was based upon calculation of mean habitat values across cells for each 

flow, the median of the 4 means being the data point of interest. These analyses 

were based upon all cells wetted for a given flow, such that there were more 

cells for higher flows. 

The few-category classification system consisted of 2 to 3 categories per 

habitat variable (cf. Chapters 3 and 6). Namely, (1) ‘shallow’, ‘medium’, and 

‘deep’ transects were < 30, 30-64, and > 65 cm in depth, respectively; (2) 

‘pool’, ‘run’, and ‘torrent’ transects were < 15, 15-39, and > 40 cm/s in 

demersal velocity and < 20, 20-59, and > 60 cm/s in average velocity; and (3) 

‘fine’, ‘medium’, and ‘coarse’ transects were < 5.0 (gravel and smaller), 5.0-5.9 

(small cobble), and > 6.0 in substratum code (large cobble and larger); and (4) 

bare and cover-filled transects were < 2.0 and > 2.0 in cover code, the code 2.0 

being equated with 5% cover that fish were characterized by (Chapters 5 and 6). 

For the rare transect with demersal and average velocities in different 

(adjacent) categories, the 2 velocity variables were added together and tested 
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vs. pooled criteria, namely < 35, 35-99, and > 100 cm/s. Some substratum 

categories for a given depth-velocity mesohabitat type had to be combined to 

increase sample sizes. 

2.4. Other Data Sets 

Several other data sets for small to midsized temperate streams were 

examined with bi- or multivariate statistics, to determine the interrelations of 

habitat variables at several spatial scales. Some of these data sets also 

provided slope, width, slope/width, and/or channel-roughness values for different 

mesohabitat types. Roughness (Manning or Darcy-Weisbach) is of interest for 

mesohabitat classification because differences in substratum size, cover 

composition, geomorphology (e.g., changes in channel width), and hydraulic 

characteristics could affect channel roughness (Chapter 3; French, 1985). First, 

there was 1 reliability analysis, via Spearman-rank correlations on depth, 

average-velocity, and friction-factor (Darcy-Weisbach) measurements made by 

Sullivan (1986) at each of 4 flow levels (summer low, summer base, winter base, 

and bankfull) in headwater streams of Washington state. This study was for 9 

hydraulic mesohabitat types that often did not span the full stream width, i.e., 

subtransect resolution. The mesohabitat types included 2 main-channel pools, 3 

edge pools, 1 run, and 3 riffles, the ‘cascade’ transects being subdivided into 

‘mainstream’ (riffle) and ‘pool’ categories (run). 'Glides’ were excluded 

because they were not present at all 4 flows. 

Second, I performed several covariation analyses. Although results were 

already tabulated for some of these studies, I had to perform the calculations 

for several data sets. First, I calculated Pearson correlation coefficients 

between pairs of habitat variables for Facey and Grossman's (1992) point- 
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microhabitat study in a small North Carolina stream. This included average and 

demersal velocity (at the substratum level), which were respectively estimated 

from mean available velocities for water-column (trout and rosyside dace) and 

benthic fishes (sculpin and longnose dace), after correcting for the mean 

standard length of the fish species (as available-velocity data were expressed 

per body length of fish). Second, I ran varimax-factor analysis on the Spearman- 

rank correlation matrix for Jowett'’s (1993) point-microhabitat study of a New 

Zealand river, summarizing the results as an MSD. The matrix consisted of 7 

habitat variables. 

And third, I ran varimax-factor analysis on habitat data for 5 mesohabitat- 

level data sets, again summarizing the results as MSDs. In many cases, I 

calculated several of the turbulence variables in Table 1. (1) Leonard's study 

(Leonard et al., 1986; Leonard and Orth, 1988a,b) in a Virginia river was for 6 

mesohabitat types, including (medium) pools, runs, (slow) riffles, unnamed (fast 

riffles), and 2 margin types (both shallow pools) (cf. Chapter 1). There were 

9 habitat variables, and the resolution was subtransect. (2) Aadland et al.’s 

(1989, 1991) study of 6 mesohabitat types (deep, medium, and shallow pools, runs, 

and slow and fast riffles) in 3 Minnesota rivers was of subtransect-mesohabitat 

resolution. There were 7 habitat variables and 26 samples, the latter including 

different mesohabitat types across different streams, years, and/or flows. (3) 

Quinn and Hickey’s (1990b) subtransect-mesohabitat study in a New Zealand river 

was for runs of 6 substratum sizes, there being 8 habitat variables. (4) 

Sullivan’s (1986) and Bisson et al.'s (1988) combined study of 11 subtransect 

mesohabitat types at summer base flow included 3 main-channel pools, 3 edge 

pools, 2 runs, and 3 riffles (cf. Chapter 1). ‘Cascades’ were subdivided into 

2 habitat categories (riffle vs. pool), whereas ‘glide’ (run) measurements were 
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averages of summer-low and winter-baseflow conditions. All values for the 11 

habitat variables were averaged across the 2 data sets. (5) Dolling’s (1968) 

study of 30 transects in a stream reach was of transect-mesohabitat resolution. 

3. RESULTS 

3.1. Reliability Analyses 

Table 2 establishes the reliability of physical measurements within URR 

quadrats, i.e., at the point-microhabitat scale. Clearly, depth measurements 

were more concordant than velocity measurements, and average velocity was more 

reliable than demersal velocity. Substratum measurements were ambiguously 

unreliable, showing the lowest Spearman correlations but also the smallest 

deviates. The latter was possibly an artifact of the way substratum size was 

measured, namely as a code from 1.0 to 9.0 on a quasi-logarithmic scale (cf. 

Chapter 1). Hence, average and especially demersal velocity varied at smaller 

spatial scales than did depth, and demersal-velocity measurements were more 

affected by bottom obstructions just upstream of the place of measurement than 

were measurements of average velocity (cf. Carling, 1984). 

Table 3 establishes reliability of hydraulic measurements made at different 

flows in URR and Sullivan's (1986) montane streams. There were 5 notable trends. 

First, the URR microhabitat data showed that depth > average velocity > demersal 

velocity in reliability across flows, which corresponds to the highest and lowest 

predictive power (R2 values) for depth and demersal velocity, respectively, in 

habitat vs. flow regressions (Chapter 3). Second, the 3 URR variables were more 

similar in reliability at the mesohabitat scale, because the averaging together 

of cells (within transects) averaged out a lot of the microhabitat variation seen 

for velocity (cf. Chapter 3). Third, wetted width was somewhat less reliable 
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than other URR variables at the mesohabitat level. Fourth, hydraulic variables 

were more reliable in LSF than UMS. And fifth, Sullivan's (1986) data showed 

that channel roughness > average velocity > depth in reliability, the depth 

correlations being somewhat lower than for URR. 

In sum, these results highlight the greater concordance of depth than 

velocity measurements across space and time, demersal velocity being particularly 

unreliable. The lesser concordance of velocity measurements across flows 

probably reflects (1) the relatively greater increases in velocity than depth 

with flow; (2) the fact that depth changes are more constrained across flows, 

i.e., gravity constraints usually meant all cells within a transect increased by 

equal increments at higher flows; and (3) the greater turbulence, turbidity, and 

depth at higher flows, which may have decoupled average and demersal measurements 

by making the latter less predictable (Chapter 3). 

3.2. Covariation Analyses 

3.2.1. Microhabitat Analyses 

I evaluated associations and redundancy of the 12 quadrat variables based 

upon the statistical results of Figure 1 and Table 4, i.e., at the quadrat- 

microhabitat scale. Clearly, most hydraulic variables were similar in the 

multivariate analysis (Figure 1); Froude #, velocity/depth ratio, and both 

velocity variables were highly associated, as was velocity shelter with Reynolds 

#. Boundary Reynolds # was somewhat unique, whereas depth clearly formed a 

cluster by itself. Among channel-roughness variables, fines, large rocks, and 

substratum size were moderately associated, whereas cover was unique. 

Bivariate results yielded similar results (Table 4). Froude }#, 

velocity/depth ratio, and both velocity variables formed a cluster (rg 2 0.75), 
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and average velocity also correlated highly with the 3 other turbulence variables 

(both Reynolds numbers and velocity shelter). These 7 hydraulic variables were 

thus at least moderately correlated (redundant) with each other (r, 2 0.40). 

Boundary Reynolds # was also moderately correlated with large rocks and 

substratum size, as was depth with Reynolds #. Moderately negative correlations 

were apparent between depth and velocity/depth ratio, and between % fines and 

several other variables (including 5 hydraulic variables and average substratum 

size). 

Other microhabitat studies collectively support the covariation patterns 

of my URR results, namely separate axes for velocity-turbulence, depth, and 

substratum size. High correlations were found by Matthews et al. (1982) for 

midwater (15 cm below the surface) and demersal velocities (substratum level) in 

URR riffles (r = 0.80, df = 48, p < 0.01), and for average and demersal 

velocities in the North Carolina stream studied by Facey and Grossman (1992) (r 

= 0.98, df = 4, p < 0.01). Similarly, instream-flow researchers have 

successfully developed empirical equations to relate average and demersal 

("nose") velocities, because vertical velocity profiles are often logarithmic or 

trailing-surface (Bridge and Jarvis, 1976; Stalnaker and Milhous, 1983; Sullivan, 

1986; NERC, 1989; Gan and McMahon, 1990). Jowett et al. (1991) also found strong 

concordance for Froude # and average velocity across 4 New Zealand rivers (r = 

0.885, p < Q.001). In contrast, substratum size and average velocity were 

moderately correlated at best (r = -0.03 to 0.54), whereas depth was not well- 

correlated with either substratum size (r = -0.25 to -0.06) or velocity (r = 

-0.14 to 0.25), for each of the 4 rivers (Jowett et al., 1991). Jowett’s (1993) 

study of another New Zealand river similarly showed separate axes for velocity- 

turbulence, depth, and substratum size, as well as for slope (Figure 3). 
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Interestingly, habitat type was also independent of these variables, perhaps 

because (1) stratification into only 3 habitat categories (pool, run, and riffle) 

was inadequate for characterizing habitat heterogeneity, particularly for depth 

and velocity; and/or (2) runs were not highly distinct from riffles and pools in 

hydraulic characteristics (cf. Chapter 1). 

3.2.2. Subtransect-Mesohabitat Analyses 

The URR quadrat results of Figure 4a were similar to those for the 

microhabitat analyses, in that there were separate habitat axes for velocity- 

turbulence, depth, and cover. Substratum results were somewhat different, 

however, in that 2 of the 3 substratum variables (substratum size and % fines) 

clustered together with depth. That is, shallower mesohabitats showed some 

tendency for coarser beds, but % large rocks and % cover were unique because they 

were respectively more abundant in main-channel vs. edge habitats regardless of 

mesohabitat type (Chapter 1). 

Other factor analyses of midsized streams differed somewhat among studies. 

First, Leonard’s results for a Virginia river revealed separate axes for (1) 

velocity and turbulence, (2) depth and substratum size, and (3) cover (Figure 

4b), as with my URR results (see above). Second, Quinn and Hickey (1990b) found 

somewhat greater covariation for runs, which showed moderate similarity for 

velocity-related, substratum, and depth variables (Figure 4c). That is, faster 

habitats were somewhat shallower and coarser. Third, analyses of Aadland et al. 

(1989, 1991) and Sullivan yielded separate velocity-turbulence, depth, and 

substratum axes, although Reynolds # behaved differently than the other velocity- 

related variables in Aadland’s analysis (Figures 4d and 4e). Most likely, the 

lack of covariation among hydraulic and channel-roughness variables in Sullivan's 
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analysis reflected the shallow, coarse nature of all mesohabitat types (cf. 

Chapter 1). 

Other stream studies also showed weaker correlations between depth and 

average substratum size. First, substratum size for the outside (deep-pool) and 

inside (shallow-pool) bends in a British creek showed rank correlations of only 

0.12 and 0.52, respectively, with mean depths for these mesohabitats, neither 

relation being statistically significant (Milne, 1982). Second, Savat (1975) 

found that correlations between depth and substratum size varied greatly in 

magnitude and sign for different Zaire (African) rivers. 

3.2.3. Transect-Mesohabitat Covariation Analyses 

The transect results for each URR river segment define 5 major habitat 

axes: (1) velocity, surface turbulence, and depth, (2) slope, (3) wetted width 

and water-column turbulence, (4) substratum, and (5) cover (Figures 5a and 5b). 

That is, narrower transects were more turbulent in the water column, whereas 

faster mesohabitats were shallower, more turbulent at the surface, and of 

variable slope. The strong concordance of slope and slope/width ratio in both 

river segments suggests that width differences among mesohabitat types were not 

large. The strong association of depth and velocity-related variables in this 

analysis, in contrast to the above subtransect-mesohabitat analysis, probably 

reflects the continuity constraints of water flow when mesohabitats types span 

the full stream width; deeper transects must necessarily be slower if all 

transects are similar in width. 

Dolling'’s (1968) transect data for an Ontario stream showed that velocity- 

related variables were partially associated with depth (Figure 5c), i.e., faster 

transects were shallower. As depth and Manning roughness were moderately 
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associated, and since width was negatively associated with Reynolds #, it is 

clear that deeper areas often had greater channel roughness and that narrower 

transects had more water-column turbulence. The latter pattern conforms to my 

URR results (see above), and is a necessary result of continuity constraints for 

water flow, because REYNO is proportional to (DEPTH x VELAV) and WIDTH = Q, / 

(DEPTH x VELAV). These results, as well as my own and those of Jowett (1993) 

(see above), suggest that velocity and water-surface slope are not highly 

correlated. This apparently contrasts with Sullivan's (1986) findings for 

headwater-montane streams, although Sullivan did not undertake a formal 

correlation analysis. 

Other transect-level analyses also revealed some coupling of habitat 

variables. First, Bhomik and Demissie (1982) found significant linear relations 

between substratum-size code (log scale) and Froude # in transects placed in 2 

meanders of an Illinois river, because riffles were coarser, shallower, and 

faster than pools. Second, Riley (1976) sampled transects at bankfull stage in 

2 rivers of eastern Australia. He used varimax-factor analysis and found that 

depth-related variables (mean and maximum depth and hydraulic radius) loaded 

positively on one axis (III), whereas width-related variables (bankfull and 

active-channel width and bankfull-width/maximum-depth ratio) and Chiu-Rubio 

roughness loaded positively on another axis (II). Im addition, frictional loss 

due to bed roughness was significantly correlated with factor II (r = 0.53, df 

= 15, p < 0.05). This suggests that depth and width were independent, as with 

my URR transect-level analysis, although the association of width with channel 

roughness was unexpected. 

3.2.4. Transect-Mesohabitat Differences in Physical Variables 
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The transect-level patterns for URR are further clarified in Table 5. All 

transects were low in cover level, regardless of mesohabitat type, which reflects 

the moderately large size and erosive power of these streams (Chapter 1). This 

is likely the explanation for the uniqueness of the cover variable in Figures 5a 

and 5b. Whereas the most common transects in LSF were medium pools of smaller 

substrata (fine and medium) and coarse shallow runs, the dominant types in UMS 

had coarse substrata and were medium pools and runs (shallow and medium). These 

results reflect the greater substratum sorting in the alluvial LSF, and the 

greater abundance of deeper, erosional habitats in UMS. The lack of other 

mesohabitat types at the transect level (i.e., deep pools, deep runs, and 

torrents) reflects the constraints of water-flow continuity. 

Table 5 also shows that differences in slope-related variables were an 

order of magnitude higher for shallow runs than medium pools in both river 

segments. In general, medium pools were the flattest and least powerful (median 

slope < 1 m/km), medium runs and shallow pools were intermediate (median slopes 

were 1.5 vs. 3-6 m/km, respectively), and shallow runs were the steepest and most 

powerful in both river segments (median slope 3 to 12 m/km). One shallow-pool 

transect in UMS was uncharacteristically steep (11 m/km), but was unusual because 

its flow was divided into 2 shoreline chutes by a large, upstream bedrock ledge, 

such that flow was rapid near shore and stagnant in midstream (pers. obs.). That 

is, the transect was basically erosional, as with the next 2 downstream 

transects; if only cells wetted at all 4 flows are considered, this transect (#1) 

is a medium run (Chapter 3). Presumably, the greater absolute difference in 

slope between pools and runs in LSF than UMS was a result of the more cohesive 

perimeter (bed and banks) of the UMS site, via bedrock (cf. Ackers, 1972). 

Table 5 also reveals general differences in width among mesohabitat types. 
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In LSF, medium pools were generally narrowest, shallow pools and coarse shallow 

runs were intermediate, and shallow runs of medium substrata were widest. UMS 

patterns were somewhat different: medium runs and coarse shallow runs were 

narrowest, medium pools were intermediate, and shallow runs of medium substrata 

and shallow pools were widest. These results reflect continuity constraints in 

water flow, in that shallower transects were generally wide (except for coarse 

shallow runs) and deeper transects were generally narrower. 

Comparisons among mesohabitat types in other temperate streams showed 3 

trends similar to the URR results (Table 6). First, erosional habitats (riffles, 

runs, and cascades) were often wider than pools, but there was much variability 

in width among transects. Second, pools < runs < slow riffles < fast riffles < 

cascades < steps in slope and slope/width ratio, although values for a given 

mesohabitat type clearly differed among streams, even nearby ones (cf. Grant et 

al., 1990). Third, channel roughness was not always higher in erosional 

habitats, reflecting the great variations in depth, cover, and/or substratum size 

within mesohabitat types (Chapter 1). 

3.2.5. Lateral-Macrohabitat Analyses 

Figure 5 reveals that no variable was unique at the lateral-macrohabitat 

scale in URR, as all variables were at least moderately associated with others. 

As with the transect-mesohabitat analysis, most of the hydraulic variables were 

closely associated, although boundary Reynolds # showed partial similarity with 

both hydraulic and substratum-related variables. But in contrast to the 

mesohabitat analyses, % fines was moderately associated with % cover, whereas 

depth was not negatively associated with velocity-related or substratum 

variables. That is, fines were often found in high-cover macrohabitats, 
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particularly in backwaters (Chapter 1). 

4. DISCUSSION 

4.1. Effects of Spatial Scale 

The above results for URR and other U.S. rivers suggest that covariation 

among habitat variables is least at the smallest (microhabitat) spatial scales, 

for which there were essentially 4 independent habitat axes: velocity- 

turbulence, depth, cover, and substratum size. This contrasts with expectations 

that shallower areas are always faster and always have coarser substrata, and 

that cover only accumulates in slower areas (e.g., Hynes, 1970; Minshall, 1984), 

because such covariation is only apparent at intermediate spatial scales (present 

study; Carling, 1984). That is, depth was apparently associated with velocity 

and substratum size at mesohabitat scales, whereas % cover and % fines showed 

moderate similarity at the lateral-macrohabitat scale. 

The minimal covariation among habitat variables at smaller scales reflects 

the complex mosaic of habitat patches in streams (cf. Stanford and Covich, 1988). 

Substratum and cover conditions were particularly heterogeneous in URR (Chapter 

1) and thus not well-correlated with the more homogeneous hydraulic variables. 

The low correlation between depth and velocity-related variables highlights the 

inadequacy of delineating mesohabitat types based upon only 1 of these 2 

characteristics, especially since fish are responsive to both sets of variables 

(Chapters 4, 5, and 6). 

The greater covariation among habitat variables at intermediate spatial 

scales reflects continuity constraints for water (Leopold et al., 1964; Hynes, 

1970) and sediment flows (Schumm, 1969; Jackson and Beschta, 1982). These 

constraints only operate when the whole stream width, or at least a major 
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proportion of the width (subtransect-mesohabitat or lateral-macrohabitat 

stratification), are considered. This covariation cluster includes various 

habitat variables, as is further apparent from examination of hydraulic and 

hydrologic equations. For example, because Q, = AJVEL x WIDTH x DEPTH and 

equations predicting VELAV typically have depth and slope in the numerator and 

channel roughness in the denominator, it is clear that velocity responds to 

changes in hydraulic, channel-roughness, and geomorphologic variables, and vice 

versa (Leopold, 1953; Leopold et al., 1964; Teleki, 1972; Bray, 1979; French, 

1985). Indeed, demersal and average velocity are often higher over larger 

bedforms (submerged mounds) in freshwater and brackish streams because of reduced 

depth, in turn reducing sedimentation on these mounds (Bridge and Jarvis, 1982; 

DeAlteris, 1989). 

Continuity constraints for sediment flow (Q,) include the available bed, 

bank, and terrace (upland) materials, which determine the volume and caliber 

(size) of sediments entrained during floods (Anderson, 1954; McFall, 1969; 

Schumm, 1969). The sediment load in turn affects and is affected by various 

hydraulic, channel-roughness, and geomorphologic characteristics of streams, 

perhaps all of the habitat variables listed in Table 1 (Leopold, 1953; Anderson, 

1954; Blench et al., 1964; Leopold et al., 1964; Schumm, 1969; Smith, 1974; 

Andrews, 1979; Jackson and Beschta, 1982; Lane et al., 1982; Petts, 1984). The 

concentration of sediment in the water column should vary positively with WIDTH, 

VELAV, DEPTH, CSLOP, and thus water discharge (Q,), but be retarded by channel 

roughness because sediment moves via hydraulic (drag) and gravity (slope) forces. 

Indeed, Q, x CSLOP, the stream power per unit length, may be a constant 

longitudinally (up- to downstream) (Emmett and Leopold, 1964; Langbein, 1964; but 

see Blench et al., 1964), and Lane (1955) suggested that Q, x SUBST may be 

65



roughly proportional to Q, x CSLOP (cf. Mackin, 1948; Anderson, 1954; Osterkamp, 

1978; Chang, 1980). That is, the ratio Q,/Q, and thus sinuousity (valley 

slope/CSLOP) should vary across rivers of differing geomorphology (Blench et al., 

1964; Osterkamp, 1978), and changes in any 1 of the physical variables in Lane’s 

(1955) qualitative equation should cause compensating shifts in 1 to 3 of the 

other physical parameters. In other words, because SUBST is roughly proportional 

to (Q, x CSLOP) / Q,, substratum size should increase with water flow (and 

hydraulic variables) and slope, but decrease with sediment input. Deeper, faster 

habitats should thus be the most coarse-bedded, as is true of medium runs, 

shallow torrents (fast riffles), and to a lesser extent shallow runs (slow 

riffles), in URR (Chapter 1; Appendices 2 and 3). 

Clearly, the hydraulic structure and dynamics (geometry) of streams depend 

upon water and sediment flows and geomorphologic factors (Diplas, 1988), but 

these trends are for analyses at intermediate spatial scales, namely transect- 

mesohabitat (‘at-a-station’) and longitudinal-macrohabitat (‘downstream’) (cf. 

Chapter 3). But given that habitat variables were not always well-correlated 

(and redundant) even at intermediate spatial scales in URR and elsewhere (see 

above), it is clear that continuity constraints only partially limit the values 

of any given habitat variable. That is, flow-induced changes are more likely to 

affect several habitat variables, rather than consistently and predictably affect 

just a single variable (Langbein, 1964; Maddock, 1970; Lane et al., 1982). 

4.2. Redundant Habitat Variables 

Although the redundancy of habitat variables depends upon spatial scale, 

my main purpose for examining habitat relations was to formulate microhabitat- 

suitability models for fish guilds in URR (Chapter 6). Hence, I chose 4 of the 
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12 microhabitat variables as being most useful. These included average velocity, 

depth, average substratum size, and cover. Average velocity was superior to 

demersal velocity and surface-turbulence variables, based upon reliability 

(homogeneity within quadrats and predictability across flows) and the rule of 

parsimony (fewer calculations), respectively, and because average velocity is 

more commonly measured by stream biologists. But since demersal velocity may be 

more relevant to fishes and especially aquatic invertebrates than average 

velocity (Chapter 1), I examine it further in later chapters along with average 

velocity (Chapters 3, 5, and 6). Other turbulence variables were not included, 

because they varied greatly within mesohabitat types, had reduced reliability via 

dependence upon demersal-velocity measurements, and/or yielded similar patterns 

to velocity variables for segregating fish guilds (Chapters 1 and 5). Substratum 

size was chosen over % large rocks and % fines because the former is more 

commonly measured by lotic biologists, the other variables only deal with limited 

amounts of the substratum data, and large rocks should be coalesced with the 

cover variable in future work (cf. Chapters 5 and 6). 

Clearly, these results corroborate the traditional use of velocity, depth, 

substratum size, and (sometimes) cover by lotic researchers for developing 

microhabitat-suitability models for fishes and aquatic invertebrates (e.g., 

Wesche, 1976; Bovee, 1986; Scott and Shirvell, 1987; Keup, 1988), although this 

limited set of habitat variables should only be adequate in well-mixed streams 

lacking gradients in water-quality variables. Indeed, temperature and dissolved 

oxygen were homogeneous within the URR study sites except during occasional 

stagnation of side-channel and backwater areas (pers. obs., 1989-1991). 

Likewise, Hubert and Schmitt (1982) and Baker et al. (1991) found similar water 

quality for main-channel zones and side channels of the Mississippi River, 
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although backwater and floodplain habitats exhibited differences resulting from 

stagnation and/or tributary inputs (Baker et al., 1991). Temperature can also 

be an important meso- or macrohabitat variable for fishes in streams with 

localized spring or tributary inputs of cold water (Kaya et al., 1977; Baltz et 

al., 1982, 1987; Moss, 1985; McClendon and Rabeni, 1987). 

Some habitat variables show scale-invariance in their interrelations, i.e., 

they are closely associated at several spatial scales and show consistently 

positive covariation. Based upon the URR and other results, this includes 

average and demersal velocity and surface turbulence. Several researchers have 

also found concordance among substratum-size variables, e.g., mean, median (ds5q), 

and other parameters (% large rocks, dgs, and dgg) (Onesti and Miller, 1974; 

Church and Kellerhals, 1978; Bray, 1979; present study), where d, refers to the 

diameter of substratum particles for which x% are smaller (French, 1985). The 

somewhat lesser correspondence of % fines with average substratum size in URR 

suggests that fines and d, values with low x are inferior measures of central 

tendency. Likewise, substratum size was not always well-correlated with measures 

of channel roughness (n or ff) in the other studies reviewed above, probably 

because roughness varies with hydraulic and cover conditions (Chapter 3; Jarrett, 

1984; French, 1985). 

4.3. Transect-Mesohabitat Patterns 

Although I have addressed subtransect patterns among mesohabitat types 

elsewhere (Chapters 1 and 3), transect-level trends are of interest here, to 

further examine differences among mesohabitat types. In alluvial and bedrock- 

controlled streams of intermediate size, riffles generally show greater 

substratum homogeneity, water-surface (and other) slopes, and power dissipation 
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than pools during lower (sub-floodplain) flows, because the riffles are located 

in the straight sections between pool bends and their coarse substrata cause 

localized hydraulic jumps (Yang, 1971; Cherkauer, 1973; Richards, 1976b; Keller 

and Melhorn, 1978; Bhomik and Demissie, 1982; Milne, 1982; Kieffer, 1985; Grant 

et al., 1990). Moreover, in such meandering streams, the bed profiles of pools 

are generally concave and asymmetric in the longitudinal and lateral directions, 

respectively, whereas riffles tend to be convex and symmetrical (Keller, 1971b, 

1972b; O'Neill and Abrahams, 1984). Such spatial changes in bed elevation may 

well be more indicative of riffle and pool locations than hydraulic and channel- 

roughness variables and water-surface slope, which change across flows (Chapter 

3; Richards, 1976b; O’Neill and Abrahams, 1984), although 2-D diagrams of depth 

vs. slope, depth vs. width, and velocity vs. shear can effectively discriminate 

these 2 habitat types (Richards, 1976a,b). 

Moreover, width differences among mesohabitat types might be expected, 

because of continuity constraints for water flow and differences in riffle vs. 

pool sedimentation patterns. Based upon research in meandering streams, pools 

should be narrower at lower flows because of the presence of point (depositional) 

bars on the inside bend (Keller, 1971b, 1972b; Keller and Melhourn, 1978) and/or 

channel constrictions that originally scoured out the pools (Lisle, 1986). 

Moreover, Knighton (1972) and Richards (1976a) found that islands (depositional 

bars and channel shelves [sensu Hupp, 1988]) formed in midstream areas of 

riffles, to cause channel widening (relative to pools or preexisting conditions) 

in British headwater streams. Reaches #1 and 3 in Richards’ (1976a) data set 

also showed consistent decreases in depth where the channel widened. Similarly, 

braided transects at my URR sites were erosional in mesohabitat composition, at 

least in the main channel, such that several shallow-run transects were wide 
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(Table 5; cf. Chapter 3). Other temperate streams also have wider riffles than 

pools, on average (Table 6). 

In contrast, several data sets suggest that erosional habitats can be 

relatively narrow. First, point (depositional) bars can at least sometimes be 

found at the edge of riffles (Tinkler, 1970, 1971; Milne, 1982; Kieffer, 1985; 

Lisle, 1986). Savat (1975) described riffles as being deep and narrow, in 

contrast to the wide and shallow pools, in a large African river (Kasai). 

Moreover, Knighton (1975) found that narrower transects in a British watershed 

often had faster velocities via slope increases. Indeed, some of my URR 

transects with rapid velocities in the thalweg were steep, narrow, coarse-bedded, 

and had extensive depositional bars on 1 shore (pers. obs.). 

Most likely then, the lack of a strong relation between width, slope, and 

velocity at the transect-mesohabitat scale in URR (see above) is a result of the 

geomorphologic individuality of different erosional and depositional habitat 

units, e.g., in bed and water-surface slopes and channel shape. In other words, 

erosional transects can maintain water-flow continuity by becoming deeper or 

wider at higher flows; continuity constraints allow two, rather than one, choice 

for hydraulic geometry in erosional habitats. 

4.4. Lateral-Macrohabitat Patterns 

My URR results provide 2 important justifications for considering lateral 

stratification to be of macrohabitat rather than mesohabitat resolution. First, 

there were extensive differences in hydraulic and  channel-roughness 

characteristics between main-channel and edge habitats, whereas only hydraulic 

variables provided good segregation of hydraulically defined mesohabitat types 

(Chapter 1; present study). Second, the lateral analysis for URR did not show 
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a negative correlation between depth and velocity, in contrast to analyses at the 

transect-mesohabitat scale. Indeed, positive correlations between these 2 

hydraulic variables are expected at moderately large macrohabitat scales, namely 

longitudinal, because depth and velocity generally increase downstream (Leopold, 

1953; Leopold et al., 1964; Hynes, 1970). Hence, lateral differences in habitat 

structure and diversity may shed light on longitudinal habitat patterns, because 

edge habitats (especially side channels) more closely approximate habitat 

structure in headwater tributaries (Chapter 1; Vadas and Orth, unpubl. data). 

4.5. Coda 

The present study was initiated to determine the interrelations and 

redundancies of microhabitat variables, to limit the number of variables 

considered to examine habitat dynamics across flows and fish habitat use 

(Chapters 3, 5, and 6). Indeed, limiting the number of variables may reduce 

statistical-interaction problems, i.e., from fish selecting habitat variables 

interdependently (Chapter 6). But my analysis developed into a multi-scale 

study, via serendipidity and scale-conscious hypothesis testing. Clearly, future 

studies of habitat variables should specify the spatial scale(s) examined, i.e., 

micro-, meso-, or macrohabitat. In addition, subtle differences in spatial scale 

such as subtransect vs. transect (mesohabitat level) need to be specified, to 

adequately describe habitat dynamics in the face of flow-continuity constraints 

at intermediate spatial scales. 

But although habitat variables become better correlated at intermediate 

spatial scales via continuity constraints, these variables often are only 

partially similar even at these scales of resolution. This follows from the fact 

that several habitat variables occur in continuity and other hydraulic equations 
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(see above), such that any 1 to several habitat variables may vary with changes 

in a given habitat variable. That is, there are too many degrees of freedom for 

stream dynamics to be completely predictable (Langbein, 1964; Maddock, 1970; Lane 

et al., 1982). This complicates the ability of hydrologists and fisheries 

biologists to simulate habitat changes for different flow regimens, such that 

each habitat variable must generally be considered separately (Chapter 3). 
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Table 1. The 16 habitat variables collectively used for the 1989-1991 data set 
from the upper Roanoke River (URR). 

w—seeanvwneneewrenewr enn enwn er ewn wn wre eee wen eee ewer were een eee ewe we wee eww ew www BP we mee ee eww ww ewe ee ew ewe EH BM Be ee 

eee e wee ewe wn ew ewww eee eee eee ee ee ee eee wm we ee me em we em ee ee - 

Simple-hydraulic variables 
Depth DEPTH 
Average velocity (0.6 depth) VELAV 
Demersal velocity (4.5 cm off the bottom) VELDM 

Channel-roughness variables 

Percent fines (mud and sand) FINES 

Percent large rocks (boulders and bedrock) LROCK 

Average substratum size (9 categories graded from mud to bedrock) SUBST 
Cover (anthropogenic and organic; percent of quadrat area or 

five categories from nil to excellent for transect cells) COVER 
Turbulence variables 

Velocity shelter (average velocity - demersal velocity) SHELT 
Reynolds number (water-column turbulence) REYNO 

Froude number (surface turbulence) FROUD 

Boundary Reynolds number (bottom turbulence) BOUND 

Average-velocity/depth ratio VDRAT 
Relative submergence (depth / substratum protrusion) RSUBM 

Transect-level variables 

Stream width (wetted) WIDTH 

Water-surface slope (downstream of transect) WSLOP 

Water-surface slope/width ratio SWRAT 

Table 2. Reliability of point measurements of physical variables within URR 
quadrats (point-microhabitat resolution), over all four 1989 and six 
1990 sites (N = 615 quadrats). Mean habitat values were calculated for 
each point (3 means total), whereas deviations and Spearman correlations 
(Rg) were calculated for each pairwise comparison between points (3 

comparisons total). 
errerrreeeer eee wwne eee enwr eee ewnwn enn ee enewern en ewen eee en ecwew rn e2w enw een ww ene ww ewe wee ewer eee ew eww eww = 

  

Habitat variable Range of Range of Reliability 
Means Deviations 

(M) (D) Dave ./Mave. R, range 
(x 100) 

Depth (cm) 41-46 cm 11-16 cm 0.31 67-85 
Ave. velocity (cm/s) 30-35 cm/s 13-16 cm/s 0.44 66-82 

Demersal velocity (cm/s) 19-21 cm/s 12 cm/s 0.60 60-69 
Ave. substratum size 5.6-5.7 (code) 0.8-1.1 (code) 0.16 44-59



Table 3. Reliability of point-microhabitat and mesohabitat measurements across 
4 flows measured in URR or by Sullivan (1986) in small, montane streams 

of Washington state. Spearman correlations were calculated for each 

pairwise comparison between flows (6 comparisons total). The resolution 

of the mesohabitat measurements were (1) subtransect for depth and 

velocity and (2) transect for wetted width and Darcy-Weisbach friction 

factor (ff). 

Site & spatial scale Depth Average Demersal Wetted ff 

velocity velocity width 

LSF, microhabitat 91-96 72-89 54-82 --- --- 

UMS, microhabitat 91-94 55-83 40-56 --- --- 

LSF, mesohabitat 96-99 96-97 94-98 87-99 --- 

UMS, mesohabitat 88-94 70-85 59-83 51-93 --- 

Sullivan, mesohabitat 72-99 80-98 --- --- 89-100 

Table 4. Matrix of Spearman coefficients (x 100) for 12 quadrat variables 

(quadrat-microhabitat resolution), over all four 1989 and six 1990 sites 

(N = 615 quadrats). See Table 1 for abbreviations. 
wre err reo eoww ewer ew wren ewe ene eee ew wren ew wre newer enwn eer wenn ewe eee eee ener ewe eee eee ew ewww em eww wee www ene 

LROCK = -O 5 -1 12 57 27 21 
SUBST 12 18 14 22 72 30 23 85 
DEPTH -23 -33 “54 -3 -10 32 44 17 4 
COVER -40 -39 -33 -43 -35 - 36 -39 -8 -15 -2



Table 5. Medians and ranges (in parentheses) across mesohabitat types for slope- 

and width-related variables in URR, based upon the transect-mesohabitat 
data of Appendices 2 and 3. Mesohabitat types are designated by 

hydraulic (underlined) and substratum characteristics defined in the 

text. N = the number of transects, C/M = coarse-medium substrata, and 
C/M/F = all 3 substratum types. 

    

Mesoha- LSF UMS 

bitat 

type WSLOP WIDTH SWRAT N WSLOP WIDTH SWRAT N 

(m/km) (m) (km"1) (m/km) (m) (km"1) 

Medium pool 

C/M 1.0 13 0.08 4 0.25 27 0.01 4 
(0-4.4) (10-19) (0-0.23) (0.1-0.5) (22-28.5) (0-0.02) 

Fine 0.6 18 0.04 4 --- --- --- 0 

(0.2-0.85) (12-20) (0.01-0.04) 

Shallow pool 

C/M/F 3.4 20 0.16 4 6.0 32 0.19 2-34 

(0.1-3.9) (18.5-23) (0.005-0.21) (1.05-11) (30-40) (0.03-0.36) 

Shallow run 

Coarse 10 18 0.52 5-64 2.9 21 0.14 3 

(5.55-20) (11-22) (0.31-1.19) (2.8-11) (21-28) (0.14-0.40) 

Medium 12 27 0.47 2.8 32.5 0.09 2 

(8.2-16) (25-30) (0.28-0.65) 2 (2.4-3.15) (32-33) (0.07-0.10) 

Medium run 

Coarse --- --- --- 0 1.5 23 0.06 5 
(0.4-7.75) (20-28) (0.02-0.28) 

Sample size is smaller for WSLOP and SWRAT, as one transect is the lowermost one 
at the site. 
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Transect-level differences in water-surface slope, wetted width, 

slope/width ratio, and channel roughness (n = Manning resistance and ff 

= Darcy-Wiesbach friction factor) among mesohabitat types in temperate 

Unless otherwise specified, the values shown are medians, 

ranges (underneath in parentheses), and sample sizes (N) across 
transects, measurements being taken at lower flows. 

  

0.25 
(0.2-0.3) 

14.5 
(11-18) 

_-— ewww nw ween enw we enw wee erm wee ee we wm ww ewe teem eww ewe wwe wm wee we wrewe eww ww eee nee woo wenwneew eww owanwe 

Table 6. 

rivers. 

Reference N Width 

& mesohab- (m) 

itat type 

Hack (1957)4 
Pool 1 30 

Run 1 37 

Riffle 1 25 

Dollings (1968)> 
Shallow pool 17 13 

(7-23) 

Shallow run 13 9 

(6-14) 

Richards (1976a reach #1 

Pool 2 4.95 

(4.6-5.3) 

Riffle 2 6.2 

(6.1-6.3) 

Richards (1976b), reach #2°¢ 
Pool 2 5.5 

(4.8-6.3) 

Riffle 2 5.4 

(4.3-6.4) 

Richards (1976a reach #3 

Pool 2 5.35 

(5.2-5.5) 

Riffle 2 5.5 

(5.5) 

Andrews _(1979)°>4 
Pool 1-6 16 

(12-17) 

Riffle 1-5 20 

(19-26) 

Bridge & Jarvis (1982) 
Pool 4 21 

(12-40) 

Riffle 2 22 

(15-27) 

Slope/width Roughness 

(m1) 
n ff 

0.00 cee --- 
0.09 ~<- --- 
0.21 --- --- 

0.10 0.10 --- 

(0.01-0.55) (0.05-0.63) 
0.83 0.065 --- 

(0.24-1.6) (0.03-0.09) 

0.05 0.05 0.035 
(0.03-0.06) (0.05) (0.03-0.04) 

3.0 0.095 0.155 
(1.7-4.2)  (0.07-0.12) (0.09-0.22) 

--- --- 0.05 

--- --- 0.05 

0.01 --- ---



Campbell & Siddle (1985) 

Pool 1 — 2.9 --- o-- 

Riffle 2 --- 13 oe --- 

(4.7-21) 

Sullivan (1986)f 

Pool 7 5 6 1.2 0.26 
(3-10) (1-10) (0.13-0.59) 

Riffle 7 5.5 22 4.0 1.0 
(3-7.5) (10-40) 

Cascade 7 3.5 69 20 1.2 
(2-7) (40-200) (0.44-2.0) 

Hogan and Church (1989)8 

Pool 1 13 --- --- --- 

(10-23) 

Riffle 1 16 --- --- we 

(13-27) 

Grant et al. (1990)) 
Pool 3 --- 5 --- --- 

(4-6) 
Riffle 2 --- 11 --- --- 

(10-12) 

Rapid 3 > cascade 24 --- --- 

(19-30) 
Cascade 3 < rapid 52 --- --- 

(50-64) 
Step 2 --- 170 -e- --- 

(120-220) 

Quinn & Hickey (1990a)* 
Run 88 --- 4.5 --- --- 

(2-12) 

Jowett (1993)J 

Pool 187 --- 4 --- --- 

(0-22) 
Run 760 -o- 8 --- --- 

(0-30) 
Riffle 165 --- 16 --- — 

(2.5-30) 
weeerenncernecewezeewnewnecwznnenezeecxcrzrecrceeneeececeen eee eee eeneneenenezee new e eee ce eee wee wt www eww we ween wee nee eee 

4Pool-tail habitat has been classified as a run (cf. Chapter 1). 

Mesohabitat types were based upon quantitative depth and average-velocity 
criteria for URR (see the text). 

“Data were summarized for the median flow level measured. 

dRoughness data were only for transects 10S and 6F. 
Stream widths represent the collective median, maximum, and minimum values for 

all of the transects measured, across several flows. 

ERy our URR criteria, (1) pools were shallow and medium pools and included 

‘glides’ for roughness criteria, (2) riffles were shallow runs, and (3) 
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cascades included cascade mainstreams and pools (not present in URR) and 

shallow torrents (‘rapids’). There were 7 study streams, but the ranges 
for width and slope data represent variation across study sites, whereas 
ranges for roughness data represent variation across mesohabitat 

subcategories ("microhabitat" types). 

EStream widths represent the median, maximum, and minimum values across several 

flows. 

hgy our URR criteria, (1) pools were probably shallow and medium pools, (2) 

riffles were shallow runs, and (3) rapids were shallow torrents. Cascades 

and steps represent steep/fast habitat types not present in URR. There 

were 2 streams studied in Oregon and a third, reviewed data set from 
. Israel. 
tSamples units were different rivers. The range of slopes represents values 

; within the 10th and 90th percentiles. 
JSamples units were cells within and among transects. 
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Figure 1. Hierarchical habitat classification (overhead view) used in URR during 
field sampling. Microhabitat conditions were measured in individual 

cells (shown as points) within mesohabitat transects (3 cross sections 

shown). Macrohabitat level can be considered the main-channel vs. 

backwater vs. side-channel zones of the full reach studied. 
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VELDM* 

FROUD*   

VDRAT*   

  1.75 
  VELAV 

  1.6 BOUND 
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0.15 
5.5 LROCK   

  

  0 -2.25 SUBST     
  

  FINES   

  COVER   

Figure 2. Phenogram summary of associations among habitat variables collected in 
quadrats (quadrat-microhabitat resolution) at the four 1989 and six 

1990 sites. Maximum similarities possible for habitat variables were 

10 points, and were calculated from varimax-factor analyses for each 
site and year. Asterisks (*) denote habitat variables that formed a 

trichotomous cluster. The negative similarity for fines and other 
substratum variables reflects the negative correlation between these 
2 sets of variables. See Table 1 for abbreviations. 
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VELAV 

FROUD 

VDRAT 
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. Multivariate-similarity diagram (MSD) summarizing varimax-factor 
analysis for habitat data collected in transect cells (point- 
microhabitat resolution) by Jowett (1993) in the Ashburton River, New 

Zealand. HTYPE is the habitat type: 1 = pool, 2 = run, and 3 = 

riffle. In MSDs, habitat variables placed vertically showed high 
similarity, those connected horizontally with a bar showed moderate 
similarity, whereas unconnected variables were independent (see the 

text). Signs in parentheses indicate partial similarities of positive 
or negative nature, whereas unspecified associations among variables 
were positive (+). Left-to-right placement of clusters is arbitrary. 

See Table 1 for abbreviations. 
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(4A) URR (B) LEONARD 

VELDM (+) 
VELAV VELAV 
SHELT REYNO 

REYNO (+) FROUD (+) 

FROUD RSUBM BOUND RSUBM 
BOUND DEPTH VDRAT DEPTH COVER 

VDRAT FINES LROCK COVER — — — 

— — — —— SUBST 
SUBST (-) 
(-) 

(C) QUINN & HICKEY 

(+) 
VELAV 

(-) FROUD (+) (+) 
(+) DEPTH VDRAT BOUND SUBST (-) 

REYNO RSUBM 

(D) AADLAND (E) SULLIVAN 

VELAV VELAV 
FROUD REYNO FF 
VDRAT BOUND REYNO SUBST DEPTH FROUD doo 

— — BOUND des (+) 
VDRAT dso DEPTH 

RSUBM 

(-) 

Figure 4. MSDs summarizing varimax-factor analyses of subtransect-mesohabitat 
resolution. This includes habitat data collected in: (a) quadrats and 

aggregated by depth-velocity mesohabitat type in URR (see Chapter 1 for 

data); (b) 6 mesohabitat types by Leonard (Leonard et al., 1986; 

Leonard and Orth, 1988a,b) in the James River, Virginia; (c) 6 

substratum-mesohabitat types by Quinn and Hickey (1990b) in the Mokara 
River, New Zealand; (d) 26 samples stratified by mesohabitat type, 

river, and flow level by Aadland et al. (1989, 1991) in 3 Minnesota 

rivers; and (e) 11 subtransect-mesohabitat types at summer base flow 

by Sullivan and colleagues (Sullivan, 1986; Bisson et al., 1988) in 

montane streams of Washington state. Substratum variables for the 
Sullivan data set include dsg, dgs, and dgg, where d, is the particle 

diameter for which x% are smaller in size. FF = Darcy-Weisbach 
friction factor. See Table 1 for other abbreviations. 
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Figure 5. MSDs summarizing varimax-factor analyses of transect-mesohabitat 
resolution. This included habitat data collected in: (a) LSF and (b) 
UMS at intermediate flow levels, in 19 vs. 16 transects, respectively 

(see Appendices 1 and 2 for data); and (c) 30 transects by Dolling 

(1968) in Bronte Creek, Ontario. 

Table 1 for other abbreviations. 
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Figure 6. MSD summarizing varimax-factor analysis for quadrat data aggregated by 
lateral habitat type in URR (lateral-macrohabitat resolution). See 
Chapter 1 for data. 
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Appendix 1. Multivariate analyses used to draw the MSD of Figure 4a, for URR 

mesohabitat variables of subtransect resolution. Pearson loadings 
(x 100) are indicated for the 2 factor analyses if loadings were > 

30 in absolute value, such that only 4 of the 9 factors (F,) with 

positive eigenvalues are depicted for each analysis. See Table 1 
for abbreviations. 
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Habitat Factor analysis 
variable 

Varimax Quartimax 

Fy Fo F3 Fy Fy) Fo F3 Fy 

DEPTH . 89 40 86 40 

VELDM 90 -38 97 

VELAV 94 100 

SUBST 42 -64 49 -35 70 -49 44 

FINES -46 78 -69 64 

LROCK . 97 94 

COVER -38 35 81 -63 68 

SHELT 85 49 89 35 

REYNO 78 53 84 34 40 

FROUD 90 -39 96 

BOUND 89 -33 99 

RSUBM 95 -44 88 

VDRAT 75 -50 -38 79 -34 -49 

% of total var- 45 72 89 98 59 79 94 98 

iance explained 
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Appendix 2. Summary habitat and flow data for each transect sampled in LSF 

during 1990-1991. Habitat values were medians across the four 
flows measured, using all wetted cells at a given flow. TR = 
transect #, DEP = depth, VED = demersal velocity, VEA = average 

velocity, SUB = average substratum size, COV = cover, MESO = 
mesohabitat type, LENGTH = longitudinal transect length, Q, values 

are the 4 flow levels (chronologically measured), and other 
abbreviations are given in Table 1. The letter after each flow 

represents the day sampled (a = day 1, b = day 2, etc.). All 
transects were ‘low’ in cover level. Stream-width data can be found 
in Chapter 3 or roughly estimated as [(Q] + Q3) x 0.5] / (VEA x DEP). 

    

TR DEP VED VEA_ SUB COV MESO WSLOP LENGTH Qi Q9 Q3 Q4 

(cm) (cm/s) (code) (m/km)  (m) (ms) 

1 63 5 10 6.2 1.0 MP3 0.7 14.0 1.32a 3.2la 0.83a O0.66a 

2 64 4 6 4.7 0.2 MP1 0.65 28.5 1.19a 3.5la 0.64a 0.54a 

3 28 11 18 6.1 0.2 SP3 3.9 29.2 1.25a 2.78a 0.78a 0.58a 

4 21 21 27 6.2 0.1 SR3 6.8 27.2 1.46b 3.29a 1.08a 0.66a 

5 18 26 32 6.6 0.0 SR3 20.4 19.85 1.36b 3.59a 0.96a 0.75a 

6 18 27 41 6.5 0.2 SR3 5.55 19.5 1.37b 3.70a 0.94a O0.66a 

7 55 6 13 5.5 0.0 MP2 0.0 26.6 1.13b 2.90a 0.90a 0.64a 

8 60 6 12 4.4 0.2 MP1 0.55 32.2 1.15b 2.98a 0.85a O.6la 

9 24 10 14 4.9 0.1 SP1 0.1 38.05 0.97c 2.62b 0O.86a 0.63a 

10 53 3 6 4.2 0.1 MP1 0.2 58.0 0.94c 2.72b 0.76a 0.60a 

11 59 3 6 4.3 0.4 MPL 0.85 52.45 0.84c 2.56b 0.89a O.64a 

12 27 10 14 6.2 0.0 SP3 3.1 27.0 0.96c 2.76b 0.84a 0.62a 

13. 20 20 28 6.5 0.5 SR3 11.2 22.65 0.96ce 2.90b 0.94a 0.69a 

14 26 13 16 5.4 0.4 SP2 3.7 26.2 0.77d 3.12b 0.83a 0.59a 

15 43 5 9 5.1 0.1 MP2 4.4 30.0 0.91d 2.80b 0.90a 0.61la 

16 13 26 31 5.7 0.2 SR2 8.2 26.0 1.25d 3.37b 0.93a 0.69a 

17 13 21 25 5.3 0.2 SR2 16.1 21.85 0.96e 2.88c 0.92a 0.67a 

18 18 25 33 6.3 0.4 SR3 9.55 21.1 1.03e 2.69c 0.89a 0.64a 

19 54 5 12 5.2 0.2 MP2 1.35 22.05 0.86e 2.50c 0.84a 0.62a 

20 21 15 23 6.6 0.1 SR3 11.0 1.02e 2.26c O.8la 0.69a 
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Appendix 3. Summary habitat and flow data for each transect sampled in UMS during 
1990-1991. Underlined letters after flows indicate transects sampled 
on the same day; i.e., habitat and flow values for Q) and Q3 were 

switched for the first 3 transects (#1-3) so that Q] > Q3. See 

Appendix 2 for format. 

      

TR DEP VED VEA SUB COV MESO WSLOP LENGTH Q) Qo Q3 QQ 

(cm) (cm/s) (code) (m/km)  (m) (ms) 

1 28 13 20 8.0 0.2 SP3 10.65 13.55 2.10a 5.20a 1.65a 1.22a 

2 24 16 30 7.3 0.3 SR3 11.2 28.9 2.53a 5.14a 1.72a 1.26a 

3 29 13 25 6.6 0.3 SR3 2.8 28.0 1.90a 5.28b 1.57a 1.12b 

4 39 10 19 6.2 0.2 MP3 0.3 28.1 3.30b 5.08b 1.85b 0.93b 

5 59 7 14 6.6 0.1 MP2 0.5 45.9 3.26b 4.17b 1.45b 0.97b 

6 24 22 31 5.6 0.3 SR2 2.4 40.15 3.49b 4.99b 1.70b 0.95b 

7 24 18 27 5.4 0.1 SR2 3.15 20.35 3.18b 5.21b 2.40b 1.31b 

8 40 23 38 6.7 0.1 MR3 2.6 20.2 3.72b 5.00b 2.04b 0.98b 

9 41 12 26 7.0 0.1 MR3 1.1 30.15 3.17b 4.87b 2.65c 1.07b 

10 32 17 28 6.5 0.1 MR3 7.75 37.75 3.10b 4.74c¢ 2.47ce 1.07b 

11 30 24 41 6.9 0.0 SR3 2.9 29.75 3.47b 5.54e¢ 2.95ce 1.23b 

12 30 18 33 6.9 0.1 MR3 1.5 26.15 2.89¢ 5.2le 2.25e 0.97b 

13 43 12 23 8.0 0.0 MR3 0.4 27.5 2.72ce¢ 4.70ce 2.23ce 1.08b 

14 57 8 18 7.1 0.0 MP3 0.2 26.5 2.82c 4.44c¢ 2.14c 0.91b 

15 63 6 12 6.6 0.8 MP3 0.1 51.1 2.91le 4.37c¢ 2.12¢ 0.99b 

16 40 9 16 6.4 0.1 SP2 1.05 52.6 2.96c 4.08e¢ 2.20c¢ 0.98b 

17 23 10 20 6.1 0.3 SP3 14.05 2.65c¢ 4.49¢ 2.50c¢ 0.79b 
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CHAPTER 3 

Hydraulic Geometry of the Upper Roanoke River: a Meso- and Macrohabitat Approach 

to Instream-Flow Assessment 

ABSTRACT 

I sampled habitat characteristics for 2 stream reaches in the upper Roanoke 

River (URR), southwestern Virginia, to examine habitat dynamics across 4 flow 

levels via hydraulic-geometry (log-log regression) equations; the dependent 

variables were depth, stage, demersal velocity, average velocity, or wetted 

width, whereas the independent variable was water flow. First, subtransect- 

mesohabitat equations (sample width < stream width) were useful for establishing 

and simplifying interpretation of depth and velocity changes across flows, as is 

needed to model habitat dynamics for fishes under different flow regimens. Of 

particular interest was the consistency of equations within depth-velocity 

mesohabitat types: deeper habitats had smaller depth exponents (regression 

slopes), faster habitats had smaller velocity exponents, and very shallow 

habitats had very large depth and velocity exponents. Second, transect- 

mesohabitat equations (sample width = stream width) were used to determine which 

transects had the largest width exponents and were thus most sensitive to 

dewatering, as needed to apply the wetted-perimeter method to protect stream 

habitat. Transects with braided or strongly asymmetric (meandering) cross 

sections of moderate velocity ('runs') were most width-sensitive for both study 

sites. Third, macrohabitat equations within sites ('at-a-station’ analysis) were 

useful for examining temporal (flow-related) changes in hydraulic variables, to 

provide general descriptors of stream type. Both URR sites showed heightened 

velocity sensitivity as compared to other temperate streams, as the at-a-station 

velocity exponents were high. I hypothesize that other researchers working in 
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streams with similar at-a-station dynamics will find the URR subtransect- 

mesohabitat equations for depth and velocity applicable to their own study sites. 

If so, this would simplify and improve management efforts to estimate instream- 

flow needs for fishes and other lotic organisms, because detailed microhabitat 

assessments would not be required in every stream considered. 

1. INTRODUCTION 

1.1. Instream Flow Incremental Methodology (IFIM) 

In the past 2 decades, researchers have studied the effects of instream- 

flow levels upon habitat availability for fishes and other organisms in lotic 

watersheds, to determine what flows are needed to protect freshwater, estuarine, 

and riparian resources (Vadas and Weigmann, 1993). A popular set of methods to 

accomplish this task in the U.S. is the IFIM (CDM, 1986; Reiser et al., 1989; 

Armour et al., 1991; Vadas and Weigmann, 1993), which requires collection of 

biological and hydraulic data and extensive habitat simulation (Bovee and 

Milhous, 1978; Trihey and Wegner, 1981; Bovee, 1982, 1986; Milhous et al., 1989). 

The hydraulic component is PHABSIM (physical habitat simulation), a set of 

computer programs that simulate hydraulic conditions and/or water quality at 

different flows, based upon field data and river-hydraulic principles. The IFIM 

is thus designed to give flow criteria for specific sites, in contrast to 

generalized methods (e.g., the Montana method) that rely upon discharge data 

alone (Mosley, 1983; Loar et al., 1986). 

There are several IFIM computer programs to model habitat dynamics. These 

include 1-dimensional, step-backwater programs such as WSP and HEC-2, which are 

often useful for determining water surface elevations (WSEs), and thus depths and 

velocities, in pools (Feldman, 1981; French, 1985; Morhardt, 1986; Milhous, 
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1988a; Milhous et al., 1989; Gan and McMahon, 1990). Other programs, by 

contrast, treat transects (cross-sections) independently, based upon stage- 

discharge relationships (e.g., IFG4 and STGQS4) or the Manning equation (e.g., 

MANSQ) to calculate WSEs and hydraulic parameters. Whereas MANSQ is useful for 

estimating WSEs for higher flows in shoreline areas that are dewatered at the 

sampled flow(s), IFG4 is useful when depth or velocity show exponential (log-log 

linear) increases with discharge. The IFG4 program is particularly useful for 

moderately heterogeneous transects across space and time. Most of these programs 

require only 1 set of hydraulic data, i.e., at 1 flow, except those depending 

only upon stage-discharge relations. Nevertheless, even IFG4 can be simplified 

to one-flow or no-velocity format with the help of MANSQ (Payne, 1987; Bremm, 

1988), although the power-law (linearity) assumption cannot be tested without at 

least 3 sets of hydraulic (and flow) data (Bovee, 1982). The following 

discussion is designed to evaluate the benefits and disdvantages of using these 

PHABSIM techniques for streams of different type, so that the best method(s) can 

be selected for stream sites such as my own in southwestern Virginia. 

1.2. Benefits of IFG4 Regression Analyses 

The main advantage of using several-flow IFG4 is its empirical basis, such 

that streams of various size, morphology, and environmental impact can be 

assessed, particularly at low flows (Bovee and Milhous, 1978; Bovee, 1982; 

Stalnaker and Milhous, 1983; Olson et al., 1985). Power-law equations are 

commonly used and validated by stream geomorphologists to predict hydraulic 

variables (H) from water discharge (Q) or vice versa (Leopold et al., 1964; 

Richards, 1977; Lane et al., 1982; Ferguson, 1986). These are written in the 

form logjopH = A + (B x logj9Q), or alternatively as H = (104) (QB). Several 

90



hydraulic variables, namely stream width, demersal and average velocity, depth, 

demersal-shear stress, water-surface slope, channel roughness (Manning or Darcy- 

Weisbach resistance), and sediment load best fit such equations in moderately 

steep, meandering streams with moderately coarse (gravel-cobble) beds, stable 

(non-sandy) banks, and riffle-pool morphology. That is, grain roughness (from 

protrusion by individual cover and substratum particles) is the most important 

resistance factor, but it becomes progressively drowned out at higher flows 

(Langbein and Leopold, 1964; Richards, 1977; Beven et al., 1979; Jackson and 

Beschta, 1982; Ferguson, 1986; Glass et al., 1987). This makes intuitive sense 

in symmetric (rectangular) channels because of the increase in depth relative to 

wetted width as flow increases. That is, boundary frictional forces and thus 

channel roughness decrease at higher flows, allowing velocity to increase with 

flow (Mackin, 1948; Richards, 1977; Ferguson, 1986). 

1.3. Disadvantages of Theoretical Hydraulic Analyses 

The other, more theory-based programs involve Manning and/or Bernoulli 

equations, which require that slope (for energy, bed, and water surface) and 

channel roughness remain constant at different flows (Stalnaker, 1978; Morhardt, 

1986). The available data suggest that the Manning equation is particularly 

problematic, such that WSP, HEC-2, and MANSQ are inadequate for predicting 

habitat changes across flows for 6 reasons. First, the Bernoulli equation may 

perform better than Manning and related equations because gradually varied rather 

than uniform (spatially homogeneous) conditions are assumed (Richards, 1977, 

1978). Second, 2-dimensional models such as FESWMS-2DH can simulate WSEs (and 

thus other hydraulic values) across transects better than can 1-dimensional 

models such as HEC-2 (Thompson and James, 1988). Third, Bray (1979) found that 
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only 2 of several variants for the Manning equation provided accurate estimates 

of average velocity in gravel-bed rivers. Fourth, Osborne et al. (1988) found 

that the WSP model could not be calibrated properly for low flows in low- 

gradient, warmwater streams, thus leading to inaccurate predictions of depth and 

velocity. Whereas fine-bedded, channelized reaches probably varied in bedform 

roughness across flows, coarse-bedded reaches with riffle-pool sequences were 

problematic because of channel complexity resulting from hydraulic jumps (sensu 

French, 1985) and turbulence. Fifth, water-surface slope is likely to change 

exponentially with flow, increasing rapidly in pools and decreasing slowly in 

riffles as bankfull flow is approached and habitat conditions become homogenized 

(Leopold et al., 1964; Richards, 1977, 1978; O’Connor et al., 1986). 

And sixth, channel roughness often exhibits complex dynamics across flows 

and habitat types for 3 reasons. (1) Sullivan (1986) found pools to be less 

roughness-sensitive than riffles in coarse-bedded streams, probably because 

riffles were often shallower and thus more depth-sensitive across flows. (2) 

Sandy, unstable streams are more likely to show increased roughness at 

intermediate flows, when dunes and other bedforms are most developed (highest 

height/length ratios) and contribute to bedform roughness (Bridge and Jarvis, 

1976, 1982; Richards, 1977; Ferguson, 1986). For example, Andrews (1979, 1982) 

found that channel roughness and thus velocity were more sensitive to flow 

changes in pool than in riffle transects. This reflected the greater dune 

formation in pools at lower flows, because (1) pools were deeper and finer-bedded 

(conducive to dune formation), and (2) dune blowout occurred at higher flows 

(Andrews, 1979). Moreover, if dune formation and destruction differ in rate for 

rising versus falling flows, such hysteresis will further complicate log-log 

plots (Richards, 1977; Ferguson, 1986). (3) Changes in channel shape, aquatic- 
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plant growth, and/or suspended-sediment loads across flows also affect channel 

roughness, albeit to a lesser extent (Knighton, 1975, 1979; Richards, 1977; Hino, 

1981; Prestegaard, 1983; Newbury, 1984; Ferguson, 1986; Sullivan, 1986). 

Roughness is especially sensitive to flow changes in steep, narrow streams with 

coarse beds, because channel narrowness and substratum protrusion at low flows 

both cause high flow resistance (Heede, 1972; Knighton, 1975; Jarrett, 1984; 

Gregory et al., 1985). This may lead to an asymptotic relation of channel 

roughness with flow, such that roughness stops decreasing after a critical 

drownout threshold is reached (Butler et al., 1978; Sargent, 1979; Gregory et 

al., 1985). Vallentyne’s (1964) theoretical analysis suggests that other steep 

channels (wide and smooth-bedded) also have high roughness sensitivity to flow 

changes. 

In sum, these results suggest that theoretical analyses are less 

satisfactory for modelling habitat-instream flow relations than IFG4 regressions, 

in streams of various slope and substratum composition. But complex changes in 

width and channel roughness with flow may also complicate IFG4 analyses, such 

that none of the PHABSIM and related hydraulic equations work well for very 

steep, boulder-strewn streams, where hydraulic jumps and turbulence are common 

(Prestegaard, 1983; Bathurst 1985; Thorne and Zevenbergen, 1985; Grant et al., 

1990; Armour and Taylor, 1991). Nor can these equations accurately predict 

habitat dynamics in alluvial, unstable rivers because of significant temporal 

changes in aquatic vegetation, sedimentation, and/or channel morphology (Bleed, 

1987; Milhous, 1988a,b; Osborne et al., 1988). 

1.4. Complications for IFG4 Analyses 

Depth and velocity often show curvilinear plots on log-log graphs with flow 
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(see Figures 1 and 2), regardless of habitat type (Richards, 1977, 1978; Beven 

et al., 1979; Yang et al., 1981; Ferguson, 1986). That is, logypH = A+ (By) x 

10g10Q) + (Bo x 10g39Q)? + (B3 x 1og39Q)?, as quadratic and perhaps cubic terms 

are needed if the examined flow range is wide enough (Richards, 1976c, 1977; 

Knighton, 1979; Ferguson, 1986). Osborne et al. (1988) found that polynomial- 

regression equations were superior to the WSP model in accuracy and efficiency 

for predicting depth, velocity, and substratum size across flows in alluvial, 

unstable rivers. 

Several data sets highlight 3 important flow thresholds for width-induced 

nonlinearity in log-log curves. First, for the smaller coastal creek in British 

Columbia studied by Hogan and Church (1989), an asymmetric cross section yielded 

nonlinearity at low flows (< 0.5 to l m/s). Second, Singh and Broeren (1989) 

found nonlinearity for hydraulic variables at flows just above the mean annual 

flow (MAF) (USGS, 1981) for a midsized Illinois stream, namely 100-150% MAF for 

Flat Branch (MAF = 5.6 m/s). And third, Bridge and Jarvis (1976, 1982) found 

nonlinearity in an asymmetric stream bend near bankfull stage for a midsized U.K. 

stream (bankfull flow = 22 m/s). In these cases, wetted width increased rapidly 

as water spread out over the depositional bar (’low bench’), channel shelf 

(‘middle bench’), and floodplain ('high bench’), respectively (sensu Kilpatrick 

and Barnes, 1964; Woodyer, 1968; Richards, 1977; Hupp, 1988), such that 

quadratic, cubic, and perhaps fourth-order terms may respectively be needed to 

account for such nonlinearity. Indeed, the nonlinearity shown by these data sets 

and others reviewed by Richards (1977) was for all 3 hydraulic variables (depth, 

velocity, and width), since depth and velocity levelled off or temporarily 

decreased with bench inundation. All 3 variables thus exhibited concave-up or - 

down graphs in different situations. 
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Polynomial behavior may also result from complexity in channel-roughness 

dynamics, because roughness varies inversely or otherwise negatively with 

relative submergence (i.e., depth / substratum protrusion) (Richards (1977; 

Chang, 1980; Ferguson, 1986). That is, the drownout of channel roughness with 

flow implies that velocity also levels off instead of increasing endlessly, 

because velocity is determined by slope, depth, and roughness (Chapter 2; French, 

1985). This can cause a concave-down curve for velocity that must be 

counterbalanced (to maintain flow continuity) by concave-up curves for depth 

and/or width. Indeed, these hydraulic variables may level off at higher, but 

sub-bankfull, flows (Gregory et al., 1985), such that an asymptotic, "sigmoid" 

equation (sensu Keen and Spain, 1992) may apply. For example, Gregory et al. 

(1985) determined that flood-peak travel time (in min.) between 2 stations = 58.3 

+ (10.7/Qn) in a small British stream, where Qp (in m/s) was measured at the 

downstream station. Because the approximate distance between the 2 sites was 

1750 m, and because the drainage area at the downstream station was approximately 

twice that of the upper station (i.e., flow at the midpoint between stations = 

Quy = 0.75Qpn), then average velocity (in cm/s) = 50 / [1 + (7.3 x Qy74)]. That 

is, velocity should level off near 50 cm/s, whereas depth and/or width go on 

increasing at higher flows. Although this “sigmoid" equation also applied above 

bankfull flows because velocity remained constant (Gregory et al., 1985), such 

an equation would not apply to the other data sets discussed above (e.g., Bridge 

and Jarvis, 1982; Hogan and Church, 1989; Singh and Broeren, 1989) because of 

more complex hydraulic behavior as different bench thresholds are reached. 

These results suggest that bench inundations cause complex dynamics for 

water-surface slope, channel roughness, stream width, depth, and velocity, thus 

complicating IFG4 analyses (Richards, 1977; Gregory et al., 1985; Ferguson, 
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1986). Knighton (1975) suggested that velocity (V) is especially sensitive to 

local roughness at lower flows, but is more sensitive to water discharge at 

higher stages. That is, logypV = A+ (B x logjoX), where X is channel roughness 

or discharge depending upon the flow level. Moreover, different riparian benches 

differ in vegetation and substratum characteristics, in that woody vegetation and 

finer substrata are found progressively farther from streams (Woodyer, 1968; 

Hupp, 1988), such that width and roughness together probably cause nonlinearity 

in hydraulic curves. That is, channel roughness should be especially high when 

woody vegetation is inundated (Rhodes, 1977; Lane et al., 1982; French, 1985), 

whereas sandy channel shelves should be more erodible than coarse depositional 

bars and muddy upper benches (floodplains and super-bankfull terraces), because 

sand is more erodible than coarse (heavy) rocks and fine (cohesive) silts and 

clays (French, 1985). 

In sum, IFG4 regression analyses may only show nonlinearity for restricted 

ranges of flows that do not inundate higher benches. Polynomial behavior would 

be particularly likely for transect-mesohabitat analyses of depth and velocity, 

as continuity constraints for water flow (Q,) apply, namely Q, = stream width x 

depth x average velocity (cf. Chapter 2). Clearly, users of IFG4 need to examine 

their equations for nonlinearity, as reflected by low R2 values and curvilinear 

log-log plots. Another possibility, which is employed in the present study, is 

to examine hydraulic dynamics in different mesohabitat types, to develop 

regression equations for different ranges of depth and velocity. MThat is, 

spatial variation in hydraulic geometry is inferred to reflect temporal (flow- 

related) variation in hydraulic dynamics. Despite the problems with IFG4 

analysis, the empirical basis of this method makes examination of nonlinearity 

possible, in contrast to theoretical PHABSIM analyses that may not calibrate 
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properly because of such problems (Osborne et al., 1988). 

1.5. Present Study 

Whereas most stream geomorphologists and hydrologists determine power-law 

equations with transect-mesohabitat resolution (sensu Chapter 2) to determine 

hydraulic geometry (1) within stations (pools vs. riffles), (2) at a station 

consisting of several transects, or (3) across several stations in a longitudinal 

(‘downstream’) sequence (Leopold et al., 1964; Richards, 1977; Ferguson, 1986), 

most biologists and recreation (sociological) researchers have examined hydraulic 

geometry at each cell within each transect sampled (Vadas and Weigmann, 1993), 

i.e., cell-microhabitat resolution (sensu Chapter 2). At such small spatial 

scales, as well as for subtransect-mesohabitat analyses, continuity constraints 

for water flow do not apply, such that depth and velocity are more likely to be 

independent of each other and to changes in stream width (Chapter 2). Hence, I 

attempted to bridge the scale gap in the present paper by analyzing hydraulic 

geometry (IFG4 regressions) at various spatial scales for the upper Roanoke River 

(URR) in southwestern Virginia. These scales include subtransect-mesohabitat 

(for depth, stage, and velocity), transect-mesohabitat (for stream width), and 

reach-macrohabitat ('‘at-a-station’) (sensu Chapter 2; see below). The 2 

mesohabitat analyses establish habitat changes that can help biologists and 

sociologists estimate instream-flow needs for aquatic biota and recreationists, 

at somewhat larger, more tractable spatial scales than are commonly used (Vadas 

and Weigmann, 1993). In contrast, the macrohabitat analysis should be useful for 

physical scientists who wish to compare and correlate hydraulic, climatic, 

geologic, and physiographic characteristics of rivers. I provide further 

justification for the IFG4 approach below, based upon the above information and 

97



habitat characteristics for URR. 

2. METHODOLOGY 

2.1. Study Sites, Field Methods; and Justification of IFG4 Analysis 

I have described the URR sites and methods in detail elsewhere (Chapters 

1 and 2), and merely summarize this information here. Namely, I set up 2 study 

sites during 1990-1991, 1 site each in the lower South Fork (LSF) and upper 

mainstem (UMS), using 20 and 17 transects, respectively. Both sites were 

moderate in humidity, slope (4.2 vs. 2.6 m/km, respectively), depth, substratum 

size, and sinuousity (see Table 2); the sites were thus mesic, upland, cobble- 

bed, and meandering with regular riffle-pool sequences. Whereas LSF was alluvial 

in substratum characteristics, UMS was more bedrock-controlled, such that 

mesohabitat types were generally coarser-bedded in UMS. Respective drainage 

areas were 329 and 710 kn2, whereas the corresponding MAFs were 3.6 and 7.2 m/s, 

based upon gage stations somewhat upstream from each site and assuming that MAF 

is proportional to drainage area (Prugh et al., 1990, 1991). At the transect 

level, medium pools were common at both sites, whereas shallow habitats (runs and 

pools) in LSF and medium runs in UMS were also important (Chapter 2; cf. Table 

3). 

Given the upland, coarse-bedded nature of both URR sites, I considered 

power-law, rather than Manning or Bernoulli, equations to be most useful for 

modelling hydraulic dynamics across flows. As my flow range was relatively low, 

narrow, and consisted only of 4 samples (between summer low flow to somewhat 

below MAF; see Tables 1 and 2), simple log-log plots were considered appropriate, 

i.e., standard IFG4 equations. Indeed, initial comparisons with polynomial log- 

log plots and the Gregory et al. (1985) asymptotic equation (see above) suggested 
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that simple log-log plots gave comparable and more consistent accuracy (R2 

values) for my 5 hydraulic variables. 

These 5 hydraulic variables (H), including depth, stage, demersal velocity 

(4.5 cm above bottom), average velocity, and stream width, were subjected to 

regressions of the form logjoH = A + (B x logj9Q) for the analyses of transect 

resolution. In contrast, a value of 1 was added to depth and velocity (i.e., 

H+1) in the subtransect analyses, because these hydraulic variables were 

sometimes zero in value. "Stage" (of the water surface) was calculated relative 

to the surveying instrument on the bank, i.e., as B - depth, where B = the 

vertical distance of the stream bed below instrument height. I emphasize that 

this measure of stage is not the usual parameter used by hydrologists, but it was 

useful to me because it yielded similar ranges of values for most transects, thus 

making IFG4 regression equations more comparable (see below). 

As discussed in Chapter 2, I was not able to sample all transects in 1 day 

and at the same discharge, for a given flow level (i.e., ‘low’, ‘moderately low’, 

‘moderately high’, and ‘high’); each site required 10 days of habitat and flow 

sampling (Table 1). As such, I estimated flow for each day separately, by taking 

the median flow for the transects sampled. These estimates were consistently 

lower than flow estimates based upon nearby gage stations (Table 1) for unknown 

reasons, although discrepancies were not large. The transect(s) of median flow 

in LSF and UMS collectively included transects of nearly every mesohabitat type, 

including shallow and medium pools of all 3 substratum types, shallow runs of 

medium and coarse substrata, and medium runs of coarse substrata (see Chapter 2 

for the data). This included 14 of the 20 transects in LSF and 11 of the 17 

transects in UMS. There was no evidence that deeper pools (Cherkauer, 1973; 

Hogan and Church, 1989), transitional habitats (deeper runs and torrents) (Singh 
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and Broeren, 1989), or ‘riffles' (shallow runs and torrents), were most 

appropriate as gage sites, even though several habitat types were typically 

sampled per day. In any case, transects sampled on the same day typically 

yielded similar discharges (Chapter 2), the discrepancies being a result of 

hyporheic flow in riffles (Hogan and Church, 1989) and/or measurement error 

(Cherkauer, 1973). I used my flow estimates rather than those of the 

U.S. Geological Survey. 

2.2. Subtransect-Mesohabitat Analyses for URR 

There were 3 different subtransect regression analyses, all of which were 

usually done separately for each transect. These analyses were complementary 

because they involved different degrees of data aggregation, which could 

potentially cause differences in habitat-flow relations (cf. Chapter 2). First, 

the wetness-subtransect analysis involved aggregation of cells that were wet at 

the same flow levels, such that the mean hydraulic values achieved were often 

based upon disparate inter-cell values. Second, the hydraulic-subtransect 

analysis only involved aggregation of cells with similar depths and velocities, 

such that potential for aggregation error (sensu Rastetter et al., 1992) was 

reduced. Finally, the substratum-subtransect analysis only involved aggregation 

of cells with similar substratum and cover levels, although hydraulic values were 

potentially disparate within units. Collectively, the analyses allowed 

elucidation of the effects of extreme shallowness (wetness), hydraulic features, 

and substratum type upon the hydraulic geometry of cells; sample sizes were not 

adequate to look at all 3 factors simultaneously. 

The first set of subtransect analyses was via stratification of cells into 

wetness categories, namely ‘fully wet’ and 3 ’edge’ classes (Appendices 2 and 3). 

100



Fully wet cells were wet at all 4 flows, whereas edge cells were wet at 1 to 3 

flows and were found along shore or on top of protruding rocks. Stage (only for 

fully wet cells), depth, and velocity values in each category were averaged 

together, providing regressions with sample sizes of 2 to 4, because edge 

regression included the highest flow for which depth was zero. The edge 

categories were only used for a given transect if the category consisted of > 5 

cells; this constraint prevented regressions on less-reliable data. Moreover, 

because some transects’ edge units yielded inconsistent hydraulic relations 

(e.g., lower or dry values at intermediate flows in constrast to lower and higher 

flows), I averaged together data for adjacent flows to combat such nonlinearity. 

Although this improved edge regressions in a biased manner, I considered it 

justified because of possible channel-shape changes between 1990 and 1991 (see 

below), flood-induced changes in the positions of protruding rocks, and slight 

differences in cell locations because of differential stretching of the tape 

measure among the 4 flow samples. The latter problem probably affected edge 

cells the most because of small sample sizes and greater spatial changes in bed 

elevations near shore and protruding rocks. 

Regressions were undertaken on each fully wet and edge unit, and statistics 

(R2, A, B, and mean-square error [MSE] values) were summarized by considering 

median, minimum, and maximum statistics for each hydraulic mesohabitat type 

defined in Chapter 2. Namely, depth stratification was into ‘shallow’, ‘medium’, 

and 'deep’ categories, whereas velocity stratification was into ‘pool’ (slow), 

‘run’ (medium), and ‘torrent’ (fast) categories based upon both velocity 

variables (Appendix 1). Shallow runs and torrents were comparable to slow and 

fast riffles that I have used elsewhere (Chapters 1, 4, and 5). An additional 

depth category included ‘dry’, i.e., edge units that were dry at all but the 
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highest flow. There were thus 3 non-zero depth x 3 velocity x 2 wetness (fully 

wet vs. edge) categories + 1 dry category, for a total of 19 potential habitat 

types. Nevertheless, because of continuity constraints for water flow (Chapter 

2), and the necessarily shallower, slower nature of edge units, there were only 

5 and 7 realized mesohabitat types in LSF and UMS, respectively (see Table 3). 

The second set of subtransect analyses was via hydraulic stratification, 

usually using only fully wet cells (Appendices 4 to 7). Namely, cells were 

aggregated into each of the 3 depth x 3 velocity = 9 categories, although units 

showing discrepancies in categorization of the 2 velocity variables were 

considered separately to give 9 categories x 2 velocity types (concordant vs. 

discrepant) = 18 potential habitat types. Again, each transect was considered 

separately, and only habitat units with > 5 cells were subjected to regression. 

Nevertheless, given the absence or rarity of 4 fully wet habitat types (deep runs 

and all 3 torrents), as well as the paucity of 2 edge habitats (shallow runs and 

torrents), these habitat units were regressed even if sample size was below 5 

cells. But these sample sizes were augmented where possible, by pooling data 

across different transects, i.e., by calculating mean hydraulic values for a 

given mesohabitat type. Only depth and velocity variables were used for these 

analyses. 

The third set of subtransect analyses was similar, except that 

stratification was by channel-roughness variables and fully wet cells were 

exclusively used (Appendices 8 and 9). Namely, cells were aggregated into 3 

substratum ('fine’, ‘medium’, or ‘coarse’) x 2 cover (‘low’ or ‘high’) = 6 

categories, although all transects were low in cover (Chapter 2) to yield only 

3 realized mesohabitat types. Again, each habitat unit consisted of at least 5 

cells. Regressions on hydraulic variables were undertaken by calculating mean 
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hydraulic values for each habitat unit, thus yielding 3 substratum x 3 depth x 

3 velocity = 27 potential habitat types. Nevertheless, continuity constraints 

for water and sediment flows prevented the occurrence of many of these 

categories, leaving only 11 and 10 roughness classes in LSF and UMS, respectively 

(see Tables 6 and 7). 

2.3 Transect-Mesohabitat Analyses for URR 

This regression analyis was only performed on wetted width, again 

considering each transect separately (Appendices 2 and 3). Similar mesohabitat 

designations were used as compared to the wetness-subtransect analysis, except 

that width was for the full transect and transects were aggregated into those 

with and without "substantial" edge units (> 5 cells). There were thus 3 depth 

x 3 velocity x 2 wetness = 18 potential categories, although only 6 and 7 

mesohabitat types were respectively found in LSF and UMS (see Table 8) because 

of continuity constraints for water flow. 

2.4. Transect-Mesohabitat Analyses for Other Streams 

Although stream researchers have not formulated hydraulic-geometry 

equations for subtransect-mesohabitat types as I have done, several 

geomorphologists in the northern hemisphere (U.S., U.K., and Canada) have 

examined transect-level regression equations for hydraulic variables vs. 

discharge. Most of these researchers only provided plots of their data, rather 

than formal regression equations, such that I often had to formulate the 

equations. All researchers restricted their efforts to 1 stream each, except 

Sullivan (1986), who studied many riffle transects in 7 streams. I confined my 

efforts to flows below bankfull level, to avoid nonlinearity problems and make 
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the analyses more comparable to my own. Depth, average velocity, and stream 

width were most commonly studied. I was not able to use the riffle data sets of 

Bridge and Jarvis (1982), the pool data sets of Sullivan (1986), or the run 

(gage-station) data of Singh and Broeren (1989), however, as continuity 

constraints for water flow were not met. That is, neither (1) the sum of the 

exponents (regression slopes) for depth, average velocity, and width nor (2) the 

product of the coefficients (104 values) totalled to unity. 

2.5. At-a-Station Hydraulic Geometry for URR 

LSF and UMS were both subjected to at-a-station regression analyses across 

the 4 flows measured (N = 4 each). These analyses were based upon average 

hydraulic values for all wet cells at a given flow (full transect length), at 

reach resolution (Table 2). That is, average hydraulic values and discharge for 

each transect were averaged together (weighted by the longitudinal length 

represented for each transect) to yield site-level values for each flow level. 

Adjusted average velocity, which was calculated as flow / (depth x width), was 

analyzed to provide a comparison with average velocity, which was not adjusted 

for flow direction. That is, use of average velocity may cause overestimates of 

flow, although this was not true for the highest LSF flow and for 3 of the 4 UMS 

flows (Table 2). Hence, it is possible that average velocity was slightly 

underestimated for 3 reasons. There could be: (1) current-meter bias at higher 

velocities; (2) greater water-column turbulence downstream and at higher flows 

that distorted the vertical-velocity profile (making measurement at 0.6 depth 

inadequate); and/or (3) inaccuracy in my assessments of the fastest current 

direction in UMS. 

Another discrepancy in the reach data was the greater velocity at the 
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medium-low than medium-high flow in LSF (Table 2). This may been caused by 

changes in channel morphology between years, as only the latter flow was measured 

during 1990; the other 3 flows were sampled during 1991. My observations at LSF 

sites indicated that extensive changes in island position and structure occurred 

between 1989 and 1990 and between 1991 and 1992, as well as infilling (with sand) 

in 1 pool of site #2-A during the actual transect measurements (1990-1991). In 

contrast, island position and channel geomorphology appeared to be more stable 

at UMS sites during 1989-1992, probably because of the greater degree of bedrock 

control in UMS. Fortunately, neither discrepancy for the reach data hurt 

linearity (R2 values) very much in the at-a-station analyses (see below). 

3. RESULTS 

3.1. Subtransect-Mesohabitat Analyses for URR 

Log-log regression results of hydraulic variables vs. flow for fully wet 

and edge units show that consistent differences in hydraulic geometry were 

apparent for different mesohabitat types across the 2 river segments studied 

(Table 3). Linearity was generally adequate (i.e., R2 values were usually high), 

and most equations were statistically significant (p < 0.05), for the 4 hydraulic 

variables, namely depth, stage, and demersal and average velocity. Mesohabitat 

types with relatively large intercepts generally had smaller exponents, and vice 

versa, for depth and velocity variables. That is, deeper (or faster) habitat 

types generally had larger intercepts and smaller exponents for the depth (or 

velocity) variables. Moreover, edge habitats generally showed much smaller 

intercepts and larger exponents for depth and velocity variables than fully wet 

habitats, most exponents being above unity. That is, the hydraulic 

characteristics of these habitat types were extremely sensitive to flow changes. 

105



And third, mesohabitat types were generally similar in their regressions for 

stage, probably because distance of the water surface below instrument height was 

similar among transects (Appendices 2 and 3). The exponents were also much 

smaller than for the depth equations, because stage distances were much larger 

than stream depths. 

Regression results for hydraulic stratification show similar patterns 

across mesohabitat types (Tables 4 and 5). Namely, LSF and UMS transects of the 

same mesohabitat type generally showed comparable regression statistics and thus 

hydraulic dynamics, even though UMS transects generally had coarser substrata and 

flatter water-surface slopes than those in LSF (cf. Chapter 2). Three other 

trends were apparent. First, edge habitats and undersampled mesohabitat types 

(especially torrents) showed lower R2 values than other fully wet habitat types, 

perhaps a result of inadequate sample sizes of cells, changes in stream-channel 

shape over time (see above), and/or nonlinear habitat-flow relations for these 

mesohabitat types. In particular, depth and velocity values often levelled off 

at higher flows in edge samples, particularly for LSF, such that graphs were 

often concave-down (Figures 1 and 2) and R2 values were reduced (Tables 3 to 5). 

Third, average velocity yielded greater linearity (higher R2 values) than 

demersal velocity, in contrast to the greater equity for the wetness analysis 

(see Table 3). But exponents and intercepts were again generally similar for 

these 2 velocity variables. 

Regression results for substratum stratification again show similar 

mesohabitat trends, even across substratum types (Tables 6 and 7). That is, 

hydraulic characteristics of mesohabitat types appeared to be more important than 

substratum type for determining hydraulic geometry. As with the hydraulic- 

subtransect analysis, the 2 velocity variables yielded similar regression 
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equations, but linearity (R2 values) again was generally greater for average 

velocity. These results reflect the high correlation between the 2 velocity 

variables across sample units, as well as the greater spatiotemporal 

heterogeneity of demersal velocity (Appendices 2 to 9; cf. Chapter 2). Most 

likely, the greater equity of R2 values for the velocity variables in the 

wetness-substransect analysis was the result of greater sample sizes for cells, 

such that spatiotemporal variation in demersal velocity was more effectively 

averaged out. 

3.2. Transect-Mesohabitat Analyses for URR 

The regression results for wetted width reveal much variation among 

transects with and without edges, but lesser variation among hydraulic 

mesohabitat types (Table 8). First, linearity (R2 values) was generally high, 

except for a few mesohabitat types in UMS, and transects with larger exponents 

generally had smaller intercepts. Second, width sensitivity across flows often 

differed between mesohabitats and sites. LSF pools were generally more width- 

sensitive (with higher exponents) than those in UMS. Although pools and runs 

showed similar sensitivity in LSF, runs were generally more width-sensitive than 

pools in UMS. Nevertheless, as some pools and runs in both river segments had 

substantial edge habitats ('EE’ types) and thus high width sensitivity, it is 

clear that neither habitat type was consistently more sensitive. 

However, the most width-sensitive transects in both river segments were 

braided (see Figure 4b), had asymmetric distributions of flow in their 

distributaries (sub-channels), and were the widest transects at the highest flow. 

This included (1) transect #17 in LSF, which greatly decreased in width between 

the high and medium-high flows (Appendix 2), and (2) transect #17 in UMS, which 
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greatly decreased in width between the medium-low and low flows (Appendix 3). 

The LSF transect consisted of three distributaries of similar width, but the 

middle one was the shallowest and thus the first to dry out at lower flows (pers. 

obs.). In contrast, the UMS transect consisted of 2 distributaries of similar 

width, the (side) channel with lesser flow being much shallower and more 

vulnerable to dewatering (pers. obs.). The other braided sections of URR showed 

less exposure of substrata at lower flows, either because (1) similar hydraulic 

characteristics (depth, velocity and width) were found in both distributaries 

(LSF) or (2) the side channels were much narrower than the main channel (UMS) 

(cf. Chapter 1). These included transects #13, 14, and 18 of LSF and #1 of UMS 

(Appendices 2 and 3). 

Nevertheless, transects in non-braided, meandering sections (see Figure 4a) 

showed the second highest width sensitivity in both river segments, namely 

transect #20 in LSF and #7 in UMS. This was due to their laterally asymmetric 

bed elevations, with deep, faster thalwegs and extensive point bars (shoals) on 

the inside bend. Interestingly, the bars of both transects dried out at similar 

flow levels as compared to the most-sensitive, braided transects (Appendices 2 

and 3). Moreover, all 4 of these width-sensitive transects were runs, namely of 

shallow depth in LSF and medium depth in UMS (Appendices 2 and 3). 

3.3. Overall Mesohabitat Dynamics in URR 

A summary of the above results for the URR sites, which is provided in 

Table 9 and Figure 3, yielded 7 major conclusions. First, regression statistics 

for depth (or velocity) depended only upon depth (or velocity); there was no 

apparent statistical interaction among hydraulic variables except at very shallow 

depths (i.e., for edge cells). Characteristic intercepts and exponents were 
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found for each depth and velocity category, although faster edge habitats 

generally had larger depth and velocity intercepts than slower edge habitats 

despite similar exponents. Second, average velocity yielded similar results to 

demersal velocity, except that exponents and intercepts were somewhat larger. 

That is, average velocity was generally higher and more sensitive to flow changes 

than demersal velocity, undoubtedly reflecting the lesser effects of bed 

frictional forces higher in the water column (cf. Leopold et al., 1964). Third, 

non-edge mesohabitat types yielded weakly concave-down curves for depth and 

velocity on a linear scale (i.e., regression exponents < 1.0), whereas edge 

mesohabitats (depth < 15 cm) showed weakly concave-up curves. Hence, plots for 

different mesohabitats were nearly parallel and linear for depth and velocity 

(Figures 3a and 3b). 

Fourth, stage dynamics were generally similar across mesohabitat types and 

sites (Table 9). Nevertheless, shallow pools in LSF and medium runs in UMS had 

somewhat larger and smaller exponents than the average, respectively, causing the 

overall UMS exponent to be slightly lower. An overall equation of log)9(stage) 

~ 2.3 - (0.07 x 1log;9Q), however, is generally applicable to transects at both 

sites, for estimating depths of newly inundated cells (as flow increases). 

Fifth, stream width was generally more sensitive to flow changes in runs 

than pools, because higher exponents were usually seen for runs (Table 9; Figure 

3). Medium runs were most sensitive overall, whereas shallow pools were 

generally least sensitive, because of heightened and reduced cross-sectional 

asymmetry, respectively (see Figure 4). Regression intercepts, however, were 

similar among mesohabitat types, namely near 1.3, although values for UMS were 

somewhat larger than for LSF. All mesohabitat types showed strongly concave-down 

curves ona linear scale (Figure 3c), because habitat dewatering was most intense 
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at lower flows (cf. Vadas and Weigmann, 1993). 

Sixth, the overall hydraulic-geometry equations for LSF and UMS suggest 

that velocity > depth > width in regression exponents, and thus in sensitivity 

to flow changes. The depth and velocity regression statistics, however, reflect 

subtransect (and cell) rather than transect dynamics, such that the sum of the 

average-velocity, depth, and width exponents for LSF (1.09) and UMS (1.19) 

somewhat exceeded unity. This "discrepancy" was a result of my exclusion of edge 

cells and use of velocities unadjusted for flow direction (see below; cf. Chapter 

2). Considering my interest in using the regression equations to model habitat 

changes in cells rather than at the transect level, and since fish often orient 

to the direction of flow (pers. obs.), the subtransect equations for depth and 

velocity should be appropriate for my task. Moreover, the width equations were 

useful for establishing the critical transect(s) at each site, i.e., those most 

sensitive to substratum exposure at lower flows. This is useful for applying the 

wetted-perimeter method to determine threshold flows, below which habitat is 

greatly lost in sensitive stream sections (Vadas and Weigmann, 1993; see below). 

And seventh, my finding of high sensitivity of depth and velocity to flow 

changes in very shallow habitats was intuitive and logical. For example, an 

increase in flow that causes edge cells to increase from 1 to 2 cm (a 100% 

increase) is unlikely to be matched by a 100% increase in depth in deeper, 

midstream cells. Rather, midstream cells will probably also increase by 1 cm 

because of gravity constraints, such that a 50-cm cell would only increase by 2% 

(to 51 cm). Similarly, if a rise in flow causes edge cells to increase from 1 

to 2 cm/s in average velocity, faster cells in midstream are unlikely to increase 

by 100% (e.g., from 50 to 100 cm/s), as this would imply that relatively more 

water is flowing in midstream areas during floods (as faster areas are also 
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deeper and flow in a given cell = depth x average velocity x cell width). 

Rather, flow tends to be spread out across greater numbers of cells at higher 

flows, because flow can only be constrained in tight chutes if special, unnatural 

forces act upon the stream. Moreover, given that depth in riffles and velocity 

in all habitats should decrease to zero at zero flow, the smaller intercepts 

(near zero) seen for very shallow habitats (especially pools) should also be seen 

when midstream cells dry out at even lower flows. 

3.4. Transect-Mesohabitat Analyses for Other Streams 

Seven streams in the northern hemisphere show marked differences in 

hydraulic geometry between riffles and pools, but variability among streams 

reduced the distinctiveness of these general mesohabitat types (Table 10). As 

with my URR results, pools (deep/slow) generally had larger velocity and smaller 

depth exponents, and were similar in width sensitivity to riffle habitats 

(shallow/fast). Moreover, the mesohabitat type with the larger exponent 

generally had the smaller intercept. Much of the variability in depth and 

velocity regression statistics among streams probably resulted from differences 

in channel shape and thus width sensitivity (Ferguson, 1986). In sum, each 

habitat type showed a larger exponent for the hydraulic variable that had 

relatively smaller values, namely depth for erosional (riffle/run) habitats and 

velocity for pools. Most likely, width sensitivity did not discriminate these 

habitat types because erosional habitats are only slightly wider than pools in 

URR and other temperate streams, and because both habitat types vary greatly in 

depth (cf. Chapters 1 and 2). That is, stratification of habitats into depth 

categories would be expected to yield greater width sensitivity in deeper pools 

and erosional habitats because such habitats are often more asymmetric in cross- 
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section (see Figure 4a). 

3.5. At-a-Station Hydraulic Geometry for URR 

The results highlight the sensitivity of velocity to flow changes over 

time; velocity > depth > width in exponents and thus in linearity (Table 11). 

Depth showed smaller exponents than for subtransect analyses (Table 9) because 

of the inundation of shallow edges at higher flows (thus lessening the increase 

of mean depth at higher flows). The three velocity variables showed no 

consistent differences in exponents, as LSF and UMS yielded opposite trends 

(Table 11). 

4. DISCUSSION 

4.1. Discrepancies Among Velocity Variables 

The subtransect analyses of URR highlight the greater predictability (cf. 

Chapter 2) and sensitivity of average velocity to flow changes than for demersal 

velocity. This probably reflects the greater effects of turbidity (via effects 

upon channel roughness), protrusive substrata, cover, and other bedforms on near- 

surface and demersal velocities than on average velocity (Bridge and Jarvis, 

1977; Lau, 1983; Carling, 1984), as well as the greater turbulence, turbidity, 

and depths at higher flows. That is, greater turbulence and turbidity would more 

likely disturb and retard flow near beds, especially rough beds. Greater depths 

should cause decoupling of average and demersal velocity because the 2 

measurements become farther apart for deeper cells, i.e., 4.5 cm above bottom is 

proportionately closer to the bottom in deeper cells. That is, average velocity 

was only similar in magnitude to demersal velocity in shallow cells (Appendices 

2 to 9). 
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Other researchers have indeed found demersal ("nose") velocities difficult 

to simulate across flows in small, steep, coldwater streams with coarse beds 

(Hogan and Church, 1989; Gan and McMahon, 1990). My own simulation of edge cells 

(which were initially shallow) across flows in URR showed that demersal velocity 

is overestimated at higher flows (Vadas and Orth, unpubl. data). This probably 

occurred because the demersal-velocity exponent was unrealistically high under 

deeper conditions, when average velocity should be much higher than demersal 

velocity if the vertical velocity distribution is logarithmic or trailing-surface 

(cf. Chapter 2). Clearly, prediction of changes in fish habitat at different 

flows should be superior for average than demersal velocity, but given that 

demersal velocity may be more relevant to fishes and especially aquatic 

invertebrates than average velocity (Chapter 1), I will compare the 2 velocity 

variables to recommend optimal flows for the URR fish assemblage (Vadas and Orth, 

unpubl. data). 

4.2. Transect- and Subtransect-Mesohabitat Patterns 

The above results for URR and other temperate streams suggest that 

erosional and pool habitats differ consistently in hydraulic geometry within a 

stream, whether examined at transect or subtransect scales. That is, mesohabitat 

types that differ in depth and/or velocity show different habitat dynamics across 

flows, regardless of substratum size. Therefore, mesohabitat types may be 

adequately delineated statically or dynamically, by respectively examining 

hydraulic values at 1 flow (Chapter 1) or hydraulic adjustments across several 

flows (present study). Hence, although Richards (1977) claimed that substratum 

size affects channel roughness and thus hydraulic geometry, namely by decreasing 

the depth exponent and increasing the velocity exponent, I would argue that 
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substratum size can be ignored if more direct variables (which are affected by 

substratum size) are considered, namely channel shape (see below), depth, and 

velocity. Moreover, channel shape can be effectively ignored if subtransect 

analyses are done, as in my URR study. Elimination of substratum and channel- 

shape variables greatly simplified analyses because of the marked heterogeneity 

of these habitat variables for each mesohabitat type at the URR sites (cf. 

Chapters 1 and 2). 

Other researchers have noted geomorphologic changes in stream transects and 

reaches that support my observation that deeper (or faster) habitats have smaller 

depth (or velocity) exponents for log-log regressions. First, Lisle (1982) found 

that anthropogenic sediments often caused deeper pools to aggrade into shallower 

runs, whereas stream banks and depositional bars were eroded, such that pools 

decreased, runs increased, and riffles showed little change in areal importance 

in California streams. That is, (1) mean depth, substratum size, and channel 

roughness decreased, (2) water-surface and bed slopes converged upon the average 

slope for each reach studied, and (3) average velocity and stream width increased 

with sedimentation. Moreover, many of these streams showed subsequent 

restoration (degradation) and generally recovered their original hydraulic and 

mesohabitat characteristics. Second, Knighton (1975) examined 2 sections of a 

British stream that were modified by floods. This caused bank erosion in 1 

section, such that width and depth increased and velocity thus decreased. 

Another stream section became more laterally asymmetric via development of a 

point bar, such that depth increased, width decreased, and velocity was 

unafffected (Knighton, 1975). In all of these data sets, transect exponents for 

depth (or velocity) increased when depth (or velocity) decreased, but these 

exponents remained the same if transect hydraulic values did not change. In 
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contrast, the width exponent was often unaffected by width changes, effects 

instead being seen for depth and/or velocity dynamics. 

In contrast, the third stream section studied by Knighton (1972, 1975) 

reacted more unexpectedly at both subtransect (distributary) and transect scales. 

This reach switched from a braided to a meandering shape, probably because of 

sediment scour and fill during flashy flow (and velocity) changes rather than 

from specific floods (Knighton, 1972). As the right distributary (the original 

side channel) in this braided section gained flow at the expense of the main 

channel to the left, velocity and depth increased in this distributary and in the 

transect overall, although transect velocity later decreased when the main 

channel filled in to become a point bar. But transect exponents were 

unexpectedly higher when hydraulic values were higher, because of drastic 

decreases in wetted width over time, and the depth exponent increased 

unexpectedly for the newly dominant (right) distributary. Namely, although the 

transect width exponent was similar for the initial and final morphologies, it 

was much reduced during the intermediate stage when width sensitivity and channel 

roughness for the left channel were greatly augmented via shallowing and a high 

width/depth ratio. In sum, Knighton's (1972, 1975) transect and distributaries 

both showed hydraulic nonlinearity via complex changes in stream width and 

roughness, which in turn resulted from exposure of point bars and isles. 

Clearly, continuity constraints for water flow restricted the range of depths and 

velocities that were possible in each distributary, although not as strictly as 

at the transect scale. 

Knighton’s (1974, 1975) study also showed that transects in straight 

(symmetric) reaches were less width-sensitive than those in strongly meandering 

(sinuousity > 1.5) or braided sections. Regression exponents for width were 
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generally below 0.05 (mean 0.03) in straight transects, but ranged from 0.12 to 

0.33 (mean 0.24) for the other 2 channel forms. That is, greater channel 

complexity and asymmetry equalized the sensitivity of width, depth, and velocity 

to flow changes, because asymmetric transects were often steeper and thus had 

higher velocities (reduced velocity sensitivity) and were shallower (enhanced 

depth sensitivity), whereas their point bars or isles were only exposed at lower 

flows (enhanced width sensitivity). That is, steep gradient (and thus gravity) 

counteracts shallow depth in these transects at lower flows, such that roughness 

does not increase as much or cause extreme decreases in velocity. Hence, 

braiding and meandering may occur at riffle and pool transects, respectively 

(Knighton, 1975), which was often seen in URR; wide, braided transects were 

generally erosional (run) habitats, whereas narrow, meandering transects with 

point bars were either runs or pools (Chapter 2). Such braiding and steepening 

apparently also reduce sediment deposition by increasing transport efficiency 

(Leopold et al., 1964; Knighton, 1972), thus preventing finer substratum 

particles from accumulating in erosional transects (Chapters 1 and 2). 

Braiding also probably caused greater width sensitivity in riffles than 

pools in the British stream that Richards (1976a) studied, as bank soils and 

stability (vs. erosion) were similar in these 2 habitat types. The greater 

coarseness of riffles may have further increased width sensitivity, because the 

riffle bed was more stable relative to the banks (Richards, 1976a). 

Nevertheless, widths for riffles and pools may partially converge at bankfull 

flows as narrower, steep-sided pools are undercut and wider, flatter-sided 

riffles are protected from bank erosion by sediment deposits (Andrews, 1982). 

That is, Andrews’ (1982) data suggest that pools should be more width-sensitive, 

at least for higher flows in fine-bedded rivers with cohesive banks. And 
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although Richards (1976b) found some evidence for differences in width and other 

hydraulic exponents between straight and curved reaches in a British river, the 

differences were inconsistent across the three sections studied; e.g., width 

sensitivity was not always higher for riffles and pools in curved reaches. 

In sum, the results from URR and other temperate streams show that width 

dynamics discriminate riffles and pools less clearly than do other hydraulic 

variables. That is, width-sensitive transects are not always riffles as is 

generally assumed by researchers applying the wetted-perimeter method (Vadas and 

Weigmann, 1993), but sensitive transects are always strongly asymmetric 

(meandering or braided) in channel form regardless of channel curvature (Figure 

4; Ferguson, 1986). As Ferguson (1986) emphasized via geometric principles, the 

width exponent is (1) nil (b = 0) for rectangular channels typical of straight 

sections (although width will decrease rapidly to zero in riffles as zero flow 

is reached), (2) half the depth exponent (b = £/2) if the channel is parabolic 

(somewhat shallower at the edges), (3) equal to the depth exponent (b = f) if the 

channel is triangular (very shallow at the edges), and (4) exceeds the depth 

exponent (b > £) if the channel is asymmetric. Richards (1977) emphasized that 

bed and bank materials were important for determining hydraulic geometry, e.g., 

sandy, unstable streams are often braided and width-sensitive (with higher b- 

values). Clearly, transects with high diversities (asymmetries) of depth via 

presence of depositional bars or isles should be used for the wetted-perimeter 

method, to recommend instream flows that will prevent dewatering of sensitive 

habitats (cf. Vadas and Weigmann, 1993). 

4.3. Reach-Macrohabitat (at-a-Station) Patterns 

Although at-a-station patterns in many ways correspond to patterns for 
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individual transects because of the importance of channel shape on hydraulic 

geometry, additional influences include stream size, climate, and bank stability, 

especially via effects upon riparian soils and vegetation (Richards, 1977; Lane 

et al., 1982; Ferguson, 1986). That is, these latter variables are more likely 

to vary across streams and stream reaches than within reaches. 

The results for URR show that velocity was much more sensitive (i.e., 

higher in exponent) to flow changes than depth, which was somewhat more sensitive 

than width. These results are unusual because depth and velocity exponents are 

typically similar for streams of various size, shape, and location, although 

variability is great among sites (Leopold et al., 1964; Li et al., 1976; Rhodes, 

1977; Richards, 1977; Park, 1977). That is, the width exponent (b) generally 

does not exceed 0.5 (modal class 0.0-0.1), the depth exponent (f) varies within 

0.2-0.6 (modal class 0.3-0.4), and the exponent for average velocity (m) varies 

within 0.2-0.7 (modal class 0.4-0.5). Beven et al. (1979) reviewed data showing 

m-values of 0.2-0.9 (median 0.6) for smaller upland streams, whereas larger, 

lowland streams generally did not exceed 0.4 in velocity exponent. More recent 

data sets also generally show that velocity > depth >> width in sensitivity 

(Table 10; Jarrett, 1984); the latter's Rocky Mountain sites provided median 

exponents of 0.48, 0.37, and 0.11, respectively. In contrast, Singh and 

Broeren’s (1989) wading sites in an Illinois stream (Flat Branch) provided higher 

exponents for width (0.36) and depth (0.44) than for average velocity (0.12), 

whereas Li et al. (1976) reviewed data for cobble-bed streams showing greater 

sensitivity for depth (0.5) than for average velocity (0.3) and width (0.2). 

Given these inconsistencies across streams, as well as the finding that velocity 

at the microhabitat scale is usually more sensitive than depth to flow reductions 

in temperate streams (Kraft, 1972; Wesche, 1976), the subject clearly could use 
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further study regarding transect vs. subtransect pattterns. 

And although width exponents for drier streams (midwestern U.S., ephemeral, 

or semiarid) tend to be similar to or greater than the other 2 hydraulic 

exponents (Leopold et al., 1964; Knighton, 1975), this is probably a result of 

sandy, unvegetated, unstable perimeters (bed and banks) that promote braiding, 

rather than a direct result of climate (Park, 1977; Richards, 1977; see below). 

That is, humid streams do not always have smaller width exponents at-a-station 

(Richards, 1977). 

The differences in exponents for width, depth, and velocity have important 

implications for channel shape, roughness, and sediment dynamics (Wilcock, 1971; 

Rhodes, 1977; Ferguson, 1986). First, because velocity > depth > width in 

sensitivity in URR and many other rivers, velocity/depth ratio and thus 

turbulence, shear stress, and competence to move sediment loads generally 

increase with flow. Rhodes (1977) concluded that stable channels have large 

velocity exponents (m > 0.05), and thus larger depth than width exponents (f > 

b), such that width/depth ratio decreases with flow. That is, banks are not 

easily eroded by floods in relatively deep, narrow, steep-sided, and cohesive 

(non-sandy) channels, rectangular streams being especially stable because f = 0.5 

and b = 0. Moreover, for streams with m > (2/3f), Manning roughness decreases 

with flow via greater (1) submergence, (2) smoothness of flow (reduced 

turbulence), and/or (3) turbidity, whereas streams with m > 0.5f show greater 

surface turbulence and whitewater noise (i.e., Froude number) at higher flows 

(Rhodes, 1977). Such velocity-sensitive, non-sandy streams are typically 

straight (high in m-value) or meandering (moderate in m-value) (Knighton, 1975; 

Rhodes, 1977), including upland streams such as URR. This lesser channel 

asymmetry, as well as velocity retardants created by woody debris and other large 
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objects in headwater, step-pool streams (Heede, 1972; Beven et al., 1979; Thorne 

and Zevenbergen, 1985; Trotter, 1990; Gregory, 1992), probably explain the 

greater roughness and velocity sensitivity often seen in montane, forested, humid 

streams with coarse beds. As such obstructions often induce scour, causing 

increases in depth and variable effects upon stream width (Trotter, 1990; 

Gregory, 1992), montane streams should also have reduced depth sensitivity. 

In contrast, sandy, unvegetated, braided streams generally show width > 

depth > velocity in sensitivity, because of noncohesive banks and sedimentation 

(Wilcock, 1971; Knighton, 1975; Rhodes, 1977). These channels show increased 

width/depth ratios at higher flows, which should be more suitable for 

transporting heavy bedloads (cobbles, boulders, and large woody debris) than the 

suspended and lighter bedloads (fines and gravels) generally moved in velocity- 

sensitive streams (Rhodes, 1977). 

In sum, at-a-station hydraulic geometry should be most affected by channel 

shape and obstructions, via geomorphologic, climatic, and human (e.g., clear- 

cutting and channelization) effects upon substratum size, bedforms, riparian 

vegetation, perimeter cohesiveness, and channel roughness. But in reviewing 

field data, Rhodes (1977) did not find any strong longitudinal trends in width 

and other hydraulic dynamics across flows, despite decreasing substratum sizes 

downstream (cf. Leopold et al., 1964). Likewise, my 2 URR sites had similar at- 

a-station hydraulic geometries (Table 11), despite the finer, alluvial nature of 

LSF, the bedrock nature of UMS, and differences in mesohabitat availability 

between the 2 river segments (Table 2; Chapters 1 and 2). This probably resulted 

from the similar mean depths, velocities, and sinuosities of these sites, as well 

as their moderately similar gradients and substratum sizes; i.e., LSF and UMS 

were both cobble-bedded and moderate in channel slope and roughness (see above 
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and Table 2). Most likely, greater differences in channel morphology would be 

necessary to affect hydraulic geometry, although this hypothesis has apparently 

not been pursued by stream researchers. For example, regression statistics and 

nonlinearity might differ more strongly if headwater and gorge sites in URR 

(e.g., Bottom Creek) had been examined, since these areas often have extensive 

channel shelves rather than floodplains (Hupp, 1988). 

4.5. Conclusions 

Examination of hydraulic geometry at several spatial scales, as undertaken 

here, are unfortunately not typically done, despite the fact that such data are 

routinely collected and hierarchical analyses can better establish habitat-flow 

dynamics for use by biologists, sociologists, and geomorphologists. Indeed, 

hydraulic patterns are likely to differ at different spatial scales, because 

flow-continuity constraints (mass balance of water and sediment flows) only apply 

at intermediate spatial scales (Chapter 2; present study). Of particular 

importance in my research efforts are the transect-mesohabitat exponents for 

stream width and the subtransect-mesohabitat exponents for other hydraulic 

variables. First, the width exponent has alerted me to the transects most 

sensitive to dewatering, i.e., those in asymmetric (braided or strongly 

meandering) sections. These transects should be subjected to the wetted- 

perimeter method, to allow better prediction of the flows necessary to avoid 

severe substratum exposure (Vadas and Orth, unpubl. data; cf. Vadas and Weigmann, 

1993). Indeed, Vadas and Weigmann (1993) recommended braided transects for the 

wetted-perimeter method in streams lacking well-defined riffles, because of the 

high productivity and vulnerability to dewatering seen in stream-edge habitats 

(backwaters and side channels). Although riffles and pools are often similar in 
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width, and width exponents are often insensitive to sedimentation and mesohabitat 

changes, alterations in stream width (and thus width intercepts) can affect 

depth, velocity, and sedimentation dynamics, at least at the transect-mesohabitat 

scale (see above). As Lisle (1982) emphasized, recovery of original stream width 

was indirectly important for recovery of natural hydraulic geometry in sedimented 

streams, such that stabilization of eroded stream banks may often be required to 

rehabilitate damaged streams. 

Second, I am using the subtransect equations for the other hydraulic 

variables to model habitat dynamics within individual cells. That is, the 

generalized "stage" exponent is being used (rather than the MANSQ method) to 

estimate depth in newly inundated cells created by rising flows (Vadas and Orth, 

unpubl, data). Likewise, I am using depth and velocity exponents for different 

mesohabitat types to model hydraulic dynamics, the mesohabitat type at a given 

flow being the determinant of what values the exponents will take (Vadas and 

Orth, unpubl. data). That is, instead of assuming constancy of exponents across 

flows within a given cell, and then adjusting velocity transect-wide to take care 

of any discrepancies in flow continuity (Bovee and Milhous, 1978; Bovee, 1982), 

I explicitly incorporate nonlinearity across flows. Such nonlinearity is 

particularly noticeable for very shallow, edge cells, as discussed above. That 

is, very shallow habitats are most velocity- and depth-sensitive (per capita) to 

flow changes, whereas deep habitats are least depth-sensitive and non-edge, fast 

habitats (torrents > 15 cm in depth) are least velocity-sensitive. But given 

that hydraulic exponents may show extensive changes with flow because of bench 

inundations (see above), I follow convention (Bovee and Milhous, 1978; Bovee, 

1982) and only simulate flows > 40% and < 250% of measured flows (Vadas and Orth, 

unpubl. data). Such simulations yield concave-down curves for log-log plots of 
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each cell, similar to those of Figures 1] and 2. 

Finally, the at-a-station regression equations for URR are general 

macrohabitat descriptors that other researchers can use as touchstones, if they 

wish to apply my mesohabitat-level exponents to their own study streams to avoid 

collecting detailed microhabitat data. That is, only measurement of macrohabitat 

hydraulic geometry may be necessary in the future, if the correlation with 

hydraulic geometry at smaller spatial scales (subtransect-mesohabitat and 

microhabitat) is high. But since I have examined only a limited range of flows 

and stream types, research by other stream biologists and geomorphologists will 

clearly be necessary to confirm this hypothesized correlation across scales. My 

results are probably more applicable to other mid-sized, velocity-sensitive 

streams of upland, coarse, and sinuous nature than (say) to streams that are 

sandy, braided, and width-sensitive. If so, then generalized descriptors of 

hydraulic dynamics developed by Tennant (1976) for the popular Montana method may 

not provide realistic flow criteria (e.g., 30% MAF) for streams differing in 

size, morphology, and riparian conditions (cf. Vadas and Weigmann, 1993). 

Larger-scale analyses such as mine can simplify instream-flow analyses without 

unnecessarily sacrificing accuracy, as well as facilitate examination of 

hydraulic nonlinearity. 

123



Table 1. Observed (0) and expected (E) water discharges (Q,) at the 2 URR sites 

during flow-habitat sampling over 4 time periods. Observed data were 

median flows across transects that I measured on a given day, whereas 
expected data were based upon upstream gage data and the assumption that 
discharge is proportional to drainage area (Prugh et al., 1990, 1991). 
Dates are presented in parentheses. 

each transect. 

See Chapter 2 for flow data for 

i ee 

1 1.25 1.41 
(9/16/90) 

2 1.36 1.37 
(9/20/90) 

3 0.96 1.24 
(9/27/90) 

4 0.91 1.24 
(9/30/90) 

5 0.99 1.28 
(10/4/90) 

3.25 3.73 
(5/7/91) 

2.78 3.30 

(5/8/91) 

2.59 3.33 

(5/9/91) 

0.87 1.14 

(7/24/91) 
0.64 0.95 

(9/21/91) 

err rernrecrwr cee ee wee tem ee ee Mm wwe ew ewe ee wwe ww ewe meee wn ewzreoenweonzeenweeceecwrnezenwenenweowreneanwznennwnawrownce 

1 1.97. 1.978 
(7/11/91) 

2 3.28 3.78 
(11/20/90) 

3 2.85 3.14 
(11/29/90) 

5.17 5.68 
(5/9/91) 

5.00 5.62 
(5/10/91) 

4.59 5.68 
(5/14/91) 

1.65 1.69 
(10/7/90) 

1.97. 1.974 
(7/11/91) 

2.25 4.234 
(7/12/91) 

1.24 1.21 
(9/21/91) 

0.98 1.15 
(9/22/91) 

4Flows were only roughly estimated by the U.S. Geological Survey. 
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Table 2. Mean URR habitat values for 4 flow levels, averaged across all transects 
and cells at a given site. Q, = mean water discharge and adjusted 
average velocity = Q, / (wetted width x depth). Changes in substratum 

and cover across flows reflect changes in wetted cells, as these 
variables were only measured once at medium-high flow (MH). Other flow 

levels include high (H), medium-low (ML), and low (L). There were 20 

and 17 transects for LSF and UMS, respectively. 

  

Q, Wetted Depth Velocity (cm/s) Average Cover 

width (cm) substratum (code) 

(m>) (m) Demersal Average Adjusted size (code) 

2.92 20.3 44.1 19.7 31.9 32.6 5.24 0.26 
1.08 18.4 37.4 10.8 16.4 15.7 5.32 0.23 
0.87 18.0 34.5 13.0 17.0 14.0 5.31 0.18 
0.64 #=17.7 33.0 9.5 12.7 11.0 5.31 0.19 

4.80 29.2 45.8 22.2 35.2 35.9 6:39 0.29 
2.94 27.6 40.5 16.1 26.5 26.3 6.46 0.22 
2.09 27.0 37.1 10.3 19.7 20.9 6.50 0.21 
1.00 24.4 31.3 7.3 12.5 13.1 6.53 0.14 
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Table 3. Statistical summary of log-log regressions for depth, "stage", and 
velocity variables in URR wetness-subtransect units, including median 

and range (underneath in parentheses). Samples were either fully wet 
(FW) or edge (E), the latter not wet at all 4 flows. N = number of 
subtransect units and thus regression analyses. See Appendices 2 and 

3 for the original data. 
wwe eenwr wren enw ew eneawew wen eww ee wre eee teem ee ewe ew ee we wee eee we ee we ew ee meow eo wm wee wm ewww ere wren ween we 

  

Site & N Depth (cm) 
mesohabitat 
type R2 (2) A B MSE@ 

LSF: 

Deep pool (FW) 2 97.5 1.815 0.25 0.01 
(96,99) (1.81,1.82) (0.22,0.28) (0.005,0.02) 

Medium pool (FW) 7 79 1.76 0.21 0.03 

(28,97) (1.47,1.81) (0.16,0.28) (0.01,0.09) 

Shallow pool (FW) 3 97 1.47 0.38 0.02 
(95,98) (1.42,1.49) (0.36,0.41) (0.02) 

Shallow run (FW) 8 96.5 1.295 0.47 0.02 

(76,100) (1.21,1.41) (0.37,0.55) (0.00,0.055) 
Shallow pool (E)  3-6> 31 0.375 1.275 0.37 

(-19,46) (0.01,0.68) (0.82,3.06) (0.29,0.60) 

UMS: 

Deep pool (FW) 1 97 1.71 0.27 0.01 
Medium pool (FW) 4 96.5 1.58 0.315 0.01 

(92,100) (1.51,1.69) (0.23,0.37) (0.00,0.03) 

Medium run (FW) 10 97.5 1.44 0.395 0.02 

(86,100) (1.29,1.55) (0.28,0.58) (0.00,0.05) 

Shallow run (FW) 2 98 1.25 0.46 0.02 
(97,99) (1.19,1.31) (0.38,0.54) (0.015,0.02) 

Shallow pool (E) 10 91 0.00 1.84 0.14 
(20,100) (-0.77,0.10) (1.07,3.01) (0.04,0.55) 

Shallow pool (Ef#)° 0-2> --- -0.45 1.915 --- 
(-0.48,-0.42) (1.85,1.98) 

Shallow run (E) 1 94 0.07 1.73 0.12 
ewrrrr ee tse ew eww eww ewe enw ro nzrwe ewe wee een ewwn ew een ewe ween enwenn ene enenenennrewneen wenn wee ene ew ewe weer ewe we = 

aR? — coefficient of determination, A = intercept, B = slope, and MSE = root mean 

square error 
Dsample sizes were less for R* and MSE values, because some regressions were done 

on only 2 flow levels. 
CE# refers to edge cells that were dry at both intermediate flows (median depth 

= 0). 
dNegative values for stage slopes are shown to simplify presentation, since stage 

= distance of the water surface below the height of the surveying 
instrument. 
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wawreeerwererenenwr ern wn wn wen wen ewnnwr een ene wer nzreen ewer en enewrenenwewnwzn ewer entznezrecenwen wenn ezre ewe eee ene2nerenen ene & 

Site & 

mesohabitat 

weenwnewren newer en wenn ewe en nw eznenwnenwnwn ewer wn ewe eee zen eee eww ewer ewen ween wmewnwzrenezreenwnezrenreen ez eerewe ne = 

weeneowrernenewenennznwnenwrnernwzwene2necewerern eee ee ezee2n een wm wee were ew ere wr eee e2cece ewer esn ween eweeeen ew we cnn ewan a 

Deep pool (FW) 

Medium pool (FW) 

Shallow pool (FW) 

Shallow run (FW) 

Shallow pool (E) 

Deep pool (FW) 

Medium pool (FW) 

Medium run (FW) 

Shallow run (FW) 

Shallow pool (E) 

Shallow pool (E#) 

Shallow run (E) 
-~wwrwrewreewzrenennenzneecoereceorzr enw ewnr eee zene wren wre ene weenrnwnnewrnwnwnenen ew ew ew ewww ewe eee eee ew ewe eee ee 

  

99 
(98,100) 

87 
(41,97) 

98 
(96,98) 

96.5 
(76,100) 

94.5 
(89,97) 

96 
(88,99) 

99.5 
(99,100) (2. 

2.375 

.37,2.38) 
2.22 

.04,2.41) 
2.16 

.05,2.39) 
2.225 

.17,2.31) 

.20,2.53) 
2.36 

33,2.39) 

127 

0.0735 

.068 ,0.079) 
0.069 

.045,0.118) 
0.089 

.056,0.111) 
0.071 

.037,0.085) 
-—o« 

.039,0.113) 
0.0615 

.046,0.112) 
0.0565 

.055,0.058) 

0.0025 

.001,0.004) 
0.005 

.004,0.015) 
0.003 

.002,0.006) 
0.0035 

.001,0.007) 

.003,0.007) 
0.0035 

.003 ,0.006) 
0.001 
(0.001)



wees enn wee en enw eewenn enn wnwn see een enone ewe ewer eee wee ew wen ewe wwe ree emwe wr wreere werner ecenre wrens 

Site & 

mesohabitat 

weownewreanwrnennrnnrnnvweren new enwne enw een nee en ene ew tee ewer ener enn ene ee2rec er enwneon reer eneeznecenwewnenenenewe ewe ao 

Deep pool (FW) 

Medium pool (FW) 

Shallow pool (FW) 

Shallow run (FW) 

Shallow pool (E) 

Deep pool (FW) 

Medium pool (FW) 

Medium run (FW) 

Shallow run (FW) 

Shallow pool (E) 

Shallow pool (E#) 

Shallow run (E) 
wrwzrenrzr eer ewer eter ewe ween ern ern ewe weer e ew ee zene ene wenn eee enw ween ew enn ewww eer eee wee wrennrn ener ewer ee eee = = 

  

(61,93) 
94 

(90,95) 
79 

(10,92) 
47 

(36,84) 

77.5 
(57,97) 

87 
(31,99) 

92 
(85,99) 

92.5 
(58,100) 

(1. 

(-1.16,0.15) 

(-0.74,-0.43) (2.07,2.85) 

0.72 
.66,0.78) 

0.83 
.68,1.17) 

1.07 
.06,1.09) 

1.435 
.27,1.49) 

0.425 
.01,0.90) 

06,1.12) 
-0.105 

-0.585 

0.09 
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(0. 

(1.78,3.27) 

0.715 
.58,0.85) 

0.77 
.36,0.92) 

0.48 
.36,0.62) 

0.36 
.12,0.56) 

2.275 
.66,3.19) 

0.88 
.75,1.22) 

0.65 
.18,0.97) 

0.655 
63,0.66) 
2.355 

2.46 

2.46 

0.21 
02,0. 

.18) 

.13) 

.025,0.07) 

57)



wwe anewen ewe ene een nrnenenn ener enn em nr weeween wen ewe eww newness ewe ee ce eww eww wen wre we emer wr wee ene enw ec ewe eee ew ce 

Site & 

mesohabitat 

wewreew weer eee weer enwn eee ere ener een e een were ene enw enn ene ene ewe eee eee eee wee etree eee eee ee ere eee ere eee 

Deep pool (FW) 

Medium pool (FW) 

Shallow pool (FW) 

Shallow run (FW) 

Shallow pool (E) 

eewrewrnwrnrzreawvrennnwrwcneee2n ewe ezewwe nw erzreoenne2nen ee eew were wnwne ew eownwmewrenenwn ew enwer newer een ener een w ewe we eee eee ew 

werner w ree nee ener eee wee ee wwe ewww eee ee wm wee ee wm ew wwe me we wm Ow wwe ew een ew ewrwrenenmr ewer ener eee ew ence 

Deep pool (FW) 
Medium pool (FW) 

Medium run (FW) 

Shallow run (FW) 

Shallow pool (E) 

Shallow pool (E#) 

Shallow run (E) 

  

98.5 
(98,99) 

97 
(89,99) 

99 
(98,100) 

93 
(74,100) 

52.5 
(36,84) 

95.5 
(88,99) 

97 
(81,99) 

93 
(89,97) 

92.5 
(55,99) 

A B 

0.965 0.84 
(0.86,1.07) (0.75,0.93) 

1.13 0.75 
(0.88,1.32) (0.64,0.90) 

1.22 0.64 
(1.21,1.27) (0.60,0.70) 

1.53 0.52 
(1.42,1.67) (0.42,0.64) 

0.425 2.275 
(0.01,0.92) (0.89,3.19) 

0.90 0.62 
0.93 0.77 

(0.88,1.00) (0.65,0.92) 
1.295 0.66 

(1.11,1.39) (0.44,0.84) 
1.26 0.685 

(1.17,1.35) (0.61,0.76) 
-0.105 2.365 

(-1.27,0.15) (1.88,3.53) 
-0.595 2.495 

(-0.74,-0.45) (2.14,2.85) 
0.08 2.51 
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0.03 
.02,0.03) 
0.04 
.02,0.07) 
0.02 
.01,0.025) 
0.035 

.01,0.07) 
0.51 

.02,0.07) 

.02,0.06) 

.04,0.06) 

.05,0.58)



Table 4. Statistical summary of log-log regressions for depth and velocity 
variables in LSF hydraulic-subtransect units, including median and 
range. Sample units were either well-sampled (W) or rare (R), and all 

units were fully wet except those indicated by ‘edge’. N = number of 

  

subtransect units. See Appendices 4 and 5 for the original data. 

Mesohabitat N Depth (cm) 

type 
R2 A B MSE 

Deep pool (W) 7 95 1.93 0.18 0.02 
(60,99) (1.87,1.96) (0.13,0.23) (0.01,0.03) 

Medium pool (W) 5 74 1.68 0.23 0.035 
(53,98) (1.59,1.75) (0.16,0.28) (0.01,0.04) 

Shallow pool (W) 9 92 1.20 0.56 0.05 

(26,97) (1.03,1.37) (0.44,0.62) (0.03,0.155) 

Deep run (R) 4 79 1.915 0.16 0.03 
(11,95) (1.89,1.93) (0.11,0.18) (0.01,0.045) 

Medium run (W) 3 98 1.56 0.33 0.01 

(90,99) (1.55,1.57) (0.33,0.36) (0.01,0.03) 

Shallow run (W) 10 93.5 1.285 0.51 0.04 
(80,100) (1.18,1.38) (0.34,0.57) (0.01,0.07) 

Medium torrent (R) 3 98 1.58 0.33 0.01 
(97,99) (1.58,1.61) (0.32,0.33) (0.01,0.02) 

Shallow torrent (W,R) 5 85 1.27 0.54 0.05 

(77,99) (1.17,1.31) (0.36,0.75) (0.01,0.085) 

Edge shallow run (R) 1 41 0.57 1.29 0.34 
Edge shallow torrent (R) 1 13 0.67 1.51 0.625 
seer ewer eter e renew en wee we we ew eee ree we ew wre ween ener eww enw ewer ewe wenn wee ww nr wewereowwrenenwne sane ee eevee 
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weecoeeen nee erewe enn eranerenwer newer ener en enn eee ew ew ee eee een ewe wn ween eet ew enmn wren ener e wren ene er ee ztenrenwe 

Mesohabitat Demersal velocity (cm/s) 
type   

R2 A B MSE 

Deep pool (W) 75 0.85 0.78 0.10 

(6,99) (0.51,1.04) (0.20,0.90) (0.03,0.19) 

Medium pool (W) 88 0.69 0.86 0.09 

(81,97) (0.59,1.08) (0.53,1.28) (0.03,0.16) 
Shallow pool (W) 53 0.84 0.70 0.10 

(27,94) (0.77,1.09) (0.22,1.26) (0.05,0.39) 

Deep run (R) -0.5 1.13 0.12 0.13 
(-50,81) (0.94,1.28) (-0.14,0.44) (0.05,0.28) 

Medium run (W) 77 1.24 0.30 0.04 

(-21,96) (1.10,1.27) (0.27,0.43) (0.025,0.205) 
Shallow run (W) 32.5 1.45 0.275 0.09 

(-23,80) (1.36,1.65) (0.08,0.67) (0.04,0.14) 

Medium torrent (R) 77 1.64 0.38 0.06 

(-24,82) (1.50,1.80) (0.21,0.48) (0.03,0.39) 

Shallow torrent (W,R) -32 1.77 -0.02 0.08 

(-48,81) (1.60,1.84) (-0.55,0.37) (0.02,0.28) 

Edge shallow run (R) 7 0.93 1.52 0.64 

Edge shallow torrent (R) -20 1.08 1.98 1.15 
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ewewranwecnwernrnwen en nn ee ennwewr ener en ween ene eer en wenn er ewer rere ee wtnw wre ere nmn eee eenr een eer ere eee ew ene = 

Mesohabitat 

type 

ween eer wnnwewnenwreennwnenwn nen eceneewneenweewennezr ere e teen eeweceecerw ewer eaewneownownenenwrnewnenneonrnerenezneaewenewew an wea = 

Deep pool (W) 

Medium pool (W) 

Shallow pool (W) 

Deep run (R) 

Medium run (W) 

Shallow run (W) 

Medium torrent (R) 

Shallow torrent (W,R) 

Edge shallow run (R) 

  

98 
(82,99) 

94 
(81,99) 

95 
(61,98) 

85 
(73,95) 

96 
(93,98) 

89 
(52,97) 

88 
(46,96) 

43 
(-49,99) 

7 
Edge shallow torrent (R) -7 
meer erenerewn ee een ener ewnene eer ern ew ewer ene en ener ec ewe nee ezr ew ener ene ween eww ewe nmr eer wee w www eww ewww ewww ee 

1.12 
.97,1.35) 
0.97 
.72,1.23) 
0.97 
.85,1.17) 
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0.72 
-56,0.93) 
0.84 
-65,0.91) 
1.00 

.46,0.51) 
0.495 
.31,0.74) 

0.40 
.35,0.48) 

0.39 
.02,0.48) 

0.03 
.02,0.09) 
0.04 
.02,0.11) 
0.09 

.02,0.19) 

0.08 
.02,0.11) 
0.025 
.02,0.04) 
0.06 
.15,0.10) 

ewnnmeenenereernerewnnznzeownewereezrer ewww ww eawrereneneweenweren enw enw eee wre wee ewe eee eee eee ee ezewe ew eee we wan nw ow 

0.05 
.02,0.11) 
0.07 
.01,0.21) 

werner arzrenwnnwnvnerwnwnecenwrer ewe wren zene wneeneweezre ewer enwr eee ee wen ren wee weer enw zrewr enw enewenwenewenewneren rence



Table 5. Statistical summary of log-log regressions for depth and velocity 
variables in UMS hydraulic-subtransect units, including median and 

range. 

data. 

See Table 4 for format and Appendices 6 and 7 for the original 

Mesohabitat 
type 

Deep pool (W) 

Medium pool (W) 

Shallow pool (W) 

Deep run (W,R) 

Medium run (W) 

Shallow run (W) 

Deep torrent (R) 

Medium torrent (W,R) 

Shallow torrent (R) 

Edge shallow run (R) 

  

Depth (cm) 

R2 A B MSE 

97.5 1.825 0.20 0.01 
(95,99)  (1.78,1.86) (0.17,0.23) (0.005,0.01) 

96.5 1.57 0.315 0.01 
(46,100) (1.28,1.65) (0.08,0.63) (0.005,0.04) 

94 1.075 0.625 0.04 
(85,99)  (0.70,1.22) (0.49,1.29) (0.03,0.14) 

97 1.79 0.20 0.01 
(80,100) (1.68,1.87) (0.14,0.32) (0.00,0.03) 

97 1.51 0.33 0.02 

(41,100) (1.30,1.73) (0.20,0.64) (0.01,0.07) 
94 1.07 0.60 0.05 

(74,100) (0.83,1.24) (0.29,0.93) (0.005,0.11) 

92 1.735 0.275 0.02 

(86,98)  (1.72,1.75) (0.24,0.31) (0.01,0.04) 
84 1.57 0.31 0.03 

(69,98) (1.47,1.65) (0.22,0.41) (0.01,0.05) 

98 1.08 0.69 0.03 
(60,99)  (1.03,1.23) (0.52,0.75) (0.02,0.10) 

89 0.13 1.84 0.20 

(65,92)  (-0.04,0.20) (1.69,2.12) (0.15,0.35) 
67 0.18 1.84 0.33 Edge shallow torrent (R) 1 
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ween ween ewe ewn wenn wnwnenwn ween were ween eee enn een ene een were eee ewr er enwn werner ew ewer ecw renew ewe ew wren werner ew rer ene 

  

Mesohabitat Demersal velocity (cm/s) 

type 
R2 A B MSE 

Deep pool (W) 90 0.60 0.77 0.09 

(8,96) (0.24,0.81) (0.66,1.21) (0.04,0.29) 
Medium pool (W) 71.5 0.485 0.925 0.15 

(30,89) (0.10,0.74) (0.59,1.31) (0.07,0.41) 
Shallow pool (W) 85 0.31 1.58 0.15 

(48.5,100) (-0.04,0.41) (1.25,1.98) (0.00,0.46) 

Deep run (W,R) 60 0.84 0.64 0.13 

(-45,95) (0.38,1.31) (0.04,1.54) (0.07,0.24) 
Medium run (W) 77 1.03 0.57 0.11 

(-46,93) (0.44,1.40) (0.07,1.33) (0.05,0.26) 
Shallow run (W) 83 0.95 0.92 0.11° 

(72,98) (0.48,1.31) (0.38,1.85) (0.01,0.25) 

Deep torrent (R) -10.5 1.615 0.15 0.11 
(-49,28) (1.61,1.62) (0.02,0.28) (0.095,0.13) 

Medium torrent (W,R) -6 1.59 0.21 0.13 

(-48,72) (1.43,1.69) (0.08,0.50) (0.04,0.29) 
Shallow torrent (R) 40 1.45 0.51 0.16 

(-23,86) (1.16,1.88) (-0.29,1.08) (0.13,0.21) 

Edge shallow run (R) 74 0.20 2.27 0.36 

(71,90) (0.15,0.21) (2.23,2.31) (0.24,0.37) 
Edge shallow torrent (R) 51 0.37 2.65 0.63 
ewrnwrecererenwvrezeexeereeweeeweeneee wren ene een ew enw enw enw we wesw ww ew ewww ewe wren ewn were wrewe wren eer e ew ne se eB ew ow ww ow 
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w~enmwn waren nwneenn nnn ene enen wre een wen ener ere erener eee enw wre ewnwn ere enewe enter ewer eer er eee ew ere were ewe ew ewe 

Mesohabitat Average velocity (cm/s) 
  type 

R2 A B MSE 

Deep pool (W) 98.5 0.99 0.68 0.02 
(86,99) (0.72,1.19) (0.49,0.81) (0.01,0.10) 

Medium pool (W) 95 0.765 0.92 0.06 
(29,100) (0.32,0.91) (0.63,1.26) (0.01,0.385) 

Shallow pool (W) 94.5 0.345 1.73 0.10 
(41,99) (0.00,0.49) (1.33,2.18) (0.07,0.53) 

Deep run (W,R) 85 1.35 0.46 0.04 

(-42,99) (1.17,1.59) (-0.08,0.65) (0.01,0.125) 
Medium run (W) 89 1.29 0.59 0.06 

(36,98) (1.08,1.52) (0.26,0.92) (0.02,0.09) 
Shallow run (W) 96 0.94 1.22 0.07 

(64,97) (0.48,1.48) (0.49,2.05) (0.02,0.25) 

Deep torrent (R) 16 1.915 0.02 0.04 
(6,26) (1.87,1.96) (-0.09,0.13) (0.04) 

Medium torrent (W,R) 85 1.80 0.26 0.05 

(-50,98) (1.74,1.84) (0.01,0.49) (0.02,0.06) 
Shallow torrent (R) 66 1.49 0.68 0.12 

(-47,93) (1.12,1.98) (0.05,1.33) (0.11,0.14) 

Edge shallow run (R) 77 0.22 2.43 0.36 

(61,95) (0.12,0.29) (2.35,2.44) (0.17,0.50) 
Edge shallow torrent (R) 47 0.40 2.59 0.66 
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Table 6. Statistical summary of log-log regressions for depth and velocity 
variables in LSF substratum-subtransect units, including median and 

range. Coarse, medium, and fine substrata are indicated by numbers (1, 

2, and 3, respectively), although some substratum categories are 
combined to increase sample sizes. See Appendix 8 for the original 

  

data. 

Mesohabitat N Depth (cm) 

type 

R2 A B MSE 

Deep pool-1 3 63 1.83 0.18 0.03 
(54,99) (1.82,1.94) (0.15,0.18) (0.01,0.035) 

Deep pool-3 4 94.5 1.825 0.20 0.01 

(91,99) (1.82,1.87) (0.13,0.24) (0.01,0.02) 

Medium pool-1 4 83.5 1.615 0.20 0.02 
(-40,97) (1.43,1.79) (0.17,0.37) (0.02,0.22) 

Medium pool -2 5 83 1.57 0.29 0.04 

(3,85) (1.48,1.78) (0.15,0.49) (0.025,0.135) 
Medium pool-3 3 98 1.61 0.33 0.01 

(84,99) (1.57,1.61) (0.17,0.34) (0.01,0.02) 

Medium run-3 1 61 1.56 0.27 0.05 

Shallow pool-2,3 4 96.5 1.455 0.40 0.02 
(95,99) (1.14,1.47) (0.37,0.67) (0.015,0.03) 

Shallow run-1,2 5 96 1.25 0.47 0.025 

(64,100) (1.15,1.38) (0.43,0.73) (0.01,0.08) 
Shallow run-3 8 96.5 1.305 0.475 0.02 

(47,100) (1.26,1.41) (0.33,0.52) (0.005,0.08) 
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Mesohabitat 
t ype R2 

Deep pool-1 89 

(83,99) 

Deep pool-3 76 
(27,93) 

Medium pool-1l 98 
(19,100) 

Medium pool-2 56 

(22,88) 
Medium pool -3 83 

(82,97) 

Medium run-3 -47 

Shallow pool-2,3 90.5 

(80,96) 

Shallow run-1,2 10 

(5,89.5) 
Shallow run-3 74 

(-12,87) 

0.80 
.75,0.92) 
0.96 
-45,1.06) 

0.865 
-74,1.17) 
0.85 
.67,1.12) 
0.61 

137 

0.82 
.79,0.92) 
0.635 
.19,1.26) 

0.665 
-43,1.09) 
0.50 
.41,0.79) 
0.76 
.55,0.79) 

0.64 

0.08 
.02,0.11) 
0.07 
.05,0.22) 

w~eeraenerwrnwenwn eee erewneren wwe eew een ere ennwreren ene ec eewrze ener eewrecewr ec ew ere eenezreerneeern ewe ete wre ew ee wn ene wre ew = 

0.02 
.01,0.41) 
0.135 
.055-0.16) 
0.10 
.03,0.10) 

wer emreoerener ene een en ere ezeoew eee ene ween ee ewwreewwreewewreceoerewnzreoenewernnewnewn renew een hr enw e enn wcwewer nee naan 

0.045 
.03,0.12) 

0.13 
.07,0.16) 
0.05 
.03,0.08)



weer een wr erm en een wre eee weer eer een eee ene en ewer e ener eee eee ee em em ew ee wm ee we ew we ee re ee re ter Het we 

  

Mesohabitat Average velocity (cm/s) 

type 
R2 A B MSE 

Deep pool-1l 99 0.98 0.89 0.03 
(90,99) (0.94,1.11) (0.71,0.91) (0.02,0.06) 

Deep pool-3 90 1.235 0.685 0.06 
(83,97) (0.80,1.31) (0.56,0.79) (0.04,0.08) 

Medium pool-1 97.5 1.045 0.83 0.04 
(46,99) (0.93,1.30) (0.54,0.94) (0.01,0.24) 

Medium pool-2 95 1.10 0.71 0.05 

(77,100) (0.84,1.30) (0.43,0.85) (0.01,0.13) 
Medium pool-3 96 0.85 0.76 0.03 

(95,98) (0.41,1.13) (0.62,0.82) (0.03,0.06) 

Medium run-3 98 1.50 0.62 0.025 

Shallow pool-2,3 98 1.23 0.665 0.025 
(95,100) (0.90,1.29) (0.62,1.05) (0.00,0.07) 

Shallow run-1,2 82 1.37 0.62 0.096 

(50,91) (1.29,1.50) (0.53,0.81) (0.06,0.13) 

Shallow run-3 97.5 1.555 0.52 0.02 
(85,100) (1.44,1.68) (0.37,0.62) (0.01,0.06) 

w~eern2rerzrezeeneve2xgecrzreneeeweenexen eee ere eee weenernewn enw eee ese ew mew ene erwew new wre wr ene wewrenonrnwrn ew ern n new en en 
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Table 7. Statistical summary of log-log regressions for depth and velocity 
variables in UMS substratum-subtransect units, including median and 
range. See Table 6 for format and Appendix 9 for the original data. 

wee weer eee eee ewe ee wr ewe ew eee ee ee ewe eee mew ee ee wee wee wm wm ewe ewe hw wee me wm wm wm we we ewe ee wm wee em wee Ree ww Bw ew 

  

Mesohabitat N Depth (cm) 

type 
R2 A B MSE 

Deep pool-3 2 94.5 1.735 0.265 0.02 

(90,99) (1.72,1.75) (0.25,0.28) (0.01,0.025) 

Medium pool-1l 3 96 1.62 0.32 0.03 
(69,98) (1.25,1.72) (0.20,0.60) (0.01,0.06) 

Medium pool-2 2 97 1.545 0.355 0.01 
(95,99) (1.35,1.74) (0.21,0.50) (0.01) 

Medium pool-3 4 98.5 1.625 0.29 0.01 
(89,100) (1.45,1.67) (0.22,0.35) (0.00-0.02) 

Medium run-1,2 4 90.5 1.505 0.335 0.03 
(75,98) (1.21,1.62) (0.24,0.72) (0.01,0.09) 

Medium run-3 10 98 1.43 0.405 0.02 
(82,100) (1.29,1.60) (0.28,0.59) (0.01,0.05) 

werent erererere wer ee me Fee ewww etme we we wtme ez e wm eee ew eww ewe eww mem we were ewww ene wre wt wwe we wee ewe we oe ew ow 

Shallow run-1,2,3 3 98 1.17 0.60 0.02 
(98-99) (1.07-1.27) (0.38-0.64) (0.01-0.03) 

crnrrrr reer rer eer ee ew ete eee ewe me wwe Few ee we wm ew ew wee ww Bee we wwe wow we wrm een en ener ewe ner ewnewennvwona 
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weeeeeennwneneonwn wren ene ween w ew ewer eee wee eee ete ewe ere weer ew eee wee whee wr wee wm wr ewerereenrewneeemrrnwne wre zce 

  

ewe urenneenwrneneenzre ene wzwenenenweewn ene eww ennwen nen eweenw eee eewnwe wren wee er ween w een een ener ewen ene een eeen enews ewoce 

Mesohabitat 
t ype R2 

Deep pool-3 66.5 
(39,94) 

Medium pool-1 81 

(60,89) 
Medium pool-2 78.5 

(60,97) 
Medium pool-3 86 

(77,95) 

Medium run-1,2 71.5 

(63,93) 
Medium run-3 87 

(17,99) 

Shallow run-1,2,3 98.5 

(98-100) 
weer en rez er enw ewe zc r eee ew eee wm ew ewe ewe ew www wee w ww n ewer ween wnwe were nr newer enw ewenww rene eran ewevn 

0.605 

.51,0.70) 

0.65 
.57,0.83) 
0.745 
.73,0.76) 
0.47 

0.94 
.86,1.26) 
1.135 
.86,1.33) 
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0.795 

.69,0.90) 
wean erenener nee ennzreouwwrnnenencwnenenerenne eww en ewe een teow wet wee wer wr ewe wn srw wwe vwew eee wren ew een ween wnweeneawe 

0.73 
.56,1.05) 
0.76 
.65,0.87) 

1.16 

0.77



w~“meewenwennenewnnrneenn nen ene2n eee ezr een wn em enw ween ree en eee newer were ener wr ere wre zrenrnenwrererwer erence re er = 

type 

werner ernenwr enw ee ee ec ewe were wwe ewer een wm eet eww enwnewn sneer eceewen ewe enzrecnwneone werner enweeennr eer enw ww we = 

Medium pool-1 

Medium pool-2 

Medium pool-3 

Medium run-3 

  

98.5 

(97,100) (0. 
eee nrmewewnrnwenn ener wreoerwenwnrezr ewer enwr wren ewe newer ere enenenr en eeeween ewe eee ene seme wr ear wenenwrnwreenewn new ewew ene «= 

99 
(94,100) (0. 

83 
(72,94) (0. 

95 
(88,100) (Q. 

92 

(90-100) (0. 
weer err w ewe ew re weer wn ewe we two wm ee em we ewe ewww we wee wm we ewe wee wm meme n mw eww enwern een ene w wen weweeneanewweornce 

1.265 
.16,1.53) 
1.325 

.15,1.49) 
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0.64 
-63,0.65) 

0.78 
.60,1.12) 
0.735 
.56,0.91) 
0.78 
.60,1.14) 

0.72 
-44,0.84) 
0.66 

.36,0.84) 

0.81 

.73-1.12) 

0.02 
.00,0.03) 

0.03 
.01,0.045) 
0.08 
.06,0.10) 
0.04 

.02,0.09) 

0.055 
.02,0.095) 
0.04 
.02,0.065) 

ew ere erenes ew eezreown ener eee wewnn ew erewn ern erence wnen ewer ew ne wr ewe rere een ew een wren wen enw wn w een ew wen ao 

Shallow run-1,2,3 0.07 
.02-0.07)



Table 8. Statistical summary of log-log regressions for wetted width in URR, 
including median and range, based upon mesohabitat classification of 

Mesohabitat types with substantial edges (> 5 cells 

inundated only at lower flows) are indicated by ‘EE’, whereas 'B' 

indicate both edge and non-edge mesohabitat types (considered together). 
See Appendices 2 and 3 for the original data. 

emer eanecnenen earn eweoween eee wnezreentr ence eetewr wren ec ener e treo enw ee wr enw eww ene zt e wee eee eww ewe ewnwen een eee eee 

fully wetted cells. 

Mesohabitat 

type   

85.5 
(74,97) 

1.18 
(1.13,1. 

0.105 
.04,0.17) 

0.015 
.002,0.028) 

eweweanwtweoenwewnoeeenerenznerewewr ween nrnweeneweenzr enone ern enn ew werner enero nzwnwzrerew weer e nese eer eee een n ewe ee we 

Medium pool (B) 

Shallow pool 

90 
(11,96) 

97 
(81,100) 

1.20 
(0.99,1. 

1.30 
(1.26,1. 

0.10 
.005,0.18) 
0.05 
.04,0.06) 

0.008 
.002,0.17) 

0.002 
.001,0.005) 

www enrnnernewrw eww eee enw ene w eww eee en ew ew eee eee ewe wee w ewe nen e wre we were enw ene wre ween wenerwezreeen ee ewe = 

Shallow run 

Shallow run (EE) 

88 
(63,94) 

96 
(78,98) 

1.23 
(1.01,1. 

1.36 

0.095 
02 ,0.20) 
0.13 
.02,0.44) 

0.009 
.0015 ,0.038) 

0.005 
.003,0.022) 

wer eer eee wee ew eww etree ee eee ee wm ee ew ewe wwe wee ee me ew ew wee ewe wee www ewww ee ew eee ew Bee we we 

Deep pool 

Medium pool (B) 1.445 
(1.33,1. 

0.022 
.001-0.024) 

1.32 
(1.21,1. 

1.375 
(1.19,1. 

0.12 
.04,0.25) 
0.245 
.045,0.53) 

0.006 
.003 ,0.012) 

0.039 
.000-0.093) 

wrerwterewrnereenr err es we err ere eee ewe nw we ene were wnenenen nen wneweecn enw ewe ems eee ewe wee ween nenewn a eae eae 

1.445 
(1.38,1. 

0.105 
.01,0.20) 

0.010 
.004-0.016) 

wr errr rer ere rer ee ee ee Be eww ew He BP ewe Zotz w wwe wwn ewww ze er ewe wewrenzneerw ew eee eee enn e eee ew eee ewe oe 
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Table 9. Average values for log-log regression intercepts (A) and slopes (B) 
for hydraulic variables, across the 12 hydraulic-subtransect 

mesohabitat types (MESO) and 2 sites in URR. Mesohabitat types include 

4 depth types (D = deep, M = medium, S = shallow, and VS = very shallow 

[edge]) and 3 velocity types (T = torrent [fast], M = run [medium], and 
P = pool [slow]). Average site values for LSF and UMS do not include 
edge cells for depth, stage, and velocity values. See Appendix 1 for 
format, Tables 3 to 8 for input data, and the text for depth and 

velocity criteria for mesohabitat types. 

MESO Depth "Stage" Demersal Average Stream 
or (cm) (cm) velocity velocity width 

site (cm/s) (cm/s) (m) 

A B A B A B A B A B 

DP 1.8 0.2 2.4 -0.07 0.8 Q.75 1.1 0.7 1.3 0.08 

MP 1.6 0.3 2.3 -0.07 0.7 0.8 0.95 0.8 1.3 0.08 
SP 1.25 0.5 2.2 -0.09 0.8 QO.9 0.9 0.9 1.3 0.05 

DR 1.8 0.2 ---4 0.9 90.5 1.4 0.5 --- 
MR 1.5 0.4 2.35 -0.06 1.1 0.6 1.3 0.6 1.35 0.195 
SR 1.25 0.5 2.3. -0.07 1.3 0.5 1.4 0.6 1.3 O.11 

DT 1.7. 0.3 --- 1.6 0.15 1.9 0.0 --- 
MT 1.6 0.3 --- 1.6 0.3 1.8 0.3 --- 
ST 1.2 0.6 --- 1.6 0.2 1.7 0.5 --- 

VP-E 0.1 1.7 --- 0.0 2.3 0.0 2.35 --- 
VR-E 0.2 1.7 “+: 0.3 2.2 0.3 2.3 --- 
VT-E 0.4 1.7 --- 0.7 2.3 0.75 2.4 --- 

LSF 1.56 0.32 2.22 -0.076 1.03 0.57 1.21 0.68 1.25 0.09 
UMS 1.48 0.37 2.36 -0.068 0.86 0.75 1.13 0.70 1.38 0.12 
werner nrnnzneneznerennwn nee ernenezrewerenewrn en eewrwnenenw een ne eee nxn eee wen enw werner ewrn enw ewe ewew ween ween wrw owen = 

2No Stage or width equations were available for torrents and deep runs, because 

these habitats were not present at the transect level. 
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Table 10. Pool (PL) vs. riffle (RF) hydraulic geometry (at,a,transect) for 

various northern-temperate rivers, based upon log-log regressions for 

hydraulic variables. The values shown are medians and ranges 
(underneath in parentheses) across transects. All depths and 
velocities are average values unless otherwise indicated. N = the 

number of transects. See Table 9 for format. 
weer awn en een ener een ere w ewe ewe ewe ere nee een ewe enn eve eee ez een nee nr ee eee enw www ewn ewe we rw ere ee ee eee 

  

Refe, N Depth (cm) Velocity (cm/s) Stream width (m) 

rence 
& MESO A B A B A B 

Andrews (1979, 1982 
RF 5 --- 0.51 --- 0.30 --- 0.21 

(0.45,0.61) (0.24,0.33) (0.10,0.23) 

PL 6 --- 0.45 --- 0.445 --- 0.08 
(0.35,0.57) (0.40,0.52) (0.04 ,0.20) 

Bridge and Jarvis (1976,1982)4 
PL 2,4 1.62 0.41 1.36 0.30 1.01 0.28 

(1.56,1.67)(0.36,0.48) (1.36,1.49)(0.23,0.37) (1.0) (0.28) 

Hogan and Church (1989) 
RF 1 1.3 0.33 1.5 0.51 1.2 0.16 

PL 1 1.7 0.07 1.2 0.74 1.1 0.19 

Keller (1971a,1972a)> 
RF 2 --- --- 1.51 0.39 --- --- 

(1.54,1.59) (0.38,0.49) 

PL 3 --- --- 1.37 0.69 --- --- 

(1.27,1.38) (0.63,0.78) 

Lisle (1979b)° 
RF 1 1.27 0.50 --- wee + wee 

PL 1 1.48 0.47 --- --- --- --- 

Richards (1976b,1977)4 
RF 4,6 1.36 0.405 1.91 0.50 0.76 0.02 

(1.18,1.42)(0.21,0.61) (1.78,2.05)(0.34,0.75) (0.72,0.81)(-0.01,0.16) 
PL 4,6 1.67 0.225 1.56 0.725 0.72 0.03 

(1.64,1.77)(0.12,0.35) (1.51,1.72)(0.64,0.84) (0.64,0.81)(-0.05,0.08) 
eect eonreerewr errr eenwtreannrnecnewrerexnreren enw ene eenen eer enr ew een enwn enw ewe werneezreneernecernenn ee enw er enenerneewr newer e ee eo 

RF 1 1.13 0.59 1.68 0.27 1.19 0.14 
PL ol 1.81 0.11 1.01 0.77 1.18 0.12 

Sullivan (1986)! 
RF 241 1.4 0.33 1.8 0.44 0.8 0.25 

(0.28,0.34) (0.38,0.47) (0.23,0.27) 
ewrwrrererreeeweuenxnene2necnx2cewnenrn ee eee enenewenrnenenzee2necenrnewnenrneerenennznen ewe enw ener enw ennrzreenwn ween ewe eww enw ewe we wen 

4Median values are from the 1982 paper (N = 4), whereas ranges are from the 1976 
paper (N = 2). 

bpemersal velocity was used (1.5 cm above bottom) and median values are for 
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aggregated transects. 

CHydraulic radius was used (which is similar to average depth in larger streams 

[French, 1985]). 

dy = 4 for intercepts and N = 6 for slopes. 
€pata were taken from Dollings (1968). 
The range of exponents is for the average ‘riffle’ vs. ‘cascade’ values. 

weeweerenen een reer enewenerneenwnerenernenennenenenrezreweceeren ewer eee ne er wn eoen we new ewe @Owwrenwnerneernzn ewer eneezenewow 

Table 11. At-a-station hydraulic geometry for the 2 URR sites, based upon log-log 
regressions on hydraulic variables across 4 flows (see Table 2 for 
data). Significance levels are given: *** for p < 0.001, ** for p < 
0.01, * for p < 0.05, and as for p < 0.10 (almost significant). See 

Table 3 for abbreviations. 

    

Habitat variable LSF UMS 

& statistic 

R2 A B MSE R2 A B MSE 

Depth (cm) 98 1.56 0.19 0.009 100 1.49 0.24 0.002 
KKK 0 Ook&k kKkKK = EK 

Demersal veloc. (cm/s) 80 1.08 0.45 0.062 95 0.84 0.73 0.050 
*kE oo as ek * 

Average veloc. (cm/s) 95 1.23 0.59 0.036 99 1.09 0.67 0.015 
kkk * kkk ek 

Adj. ave. veloc. (cm/s) 100 1.18 0.71 0.009 100 1.12 0.64 0.002 
kkk kkk KKK kkk 

Wetted width (m) 99 1.26 0.09 0.003 98 1.39 0.11 0.004 
kkk O&K kk O&K
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Log-log plots of depth vs. water flow (in m/s) for edge habitats in 
the 2 URR sites. The sample units for LSF include transects 16B (edge 
torrent) and 16/17/18 (edge run) of Appendix 5 and 16-El (edge pool): 

of Appendix 2. The sample units for UMS include transects 1/6/10 (edge 
torrent) of Appendix 7 and 10-El (edge run) and 17-El (edge pool) of 
Appendix 3. Well-sampled sample units (N > 5 cells) and those with 4 
flow levels were preferred for plotting, otherwise sample units were 
picked randomly. 
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Figure 2. Log-log plots of average velocity vs. water flow for edge habitats in 
the 2 URR sites. The sample units used were the same as for Figure 1. 
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Figure 3. Linear-simulation plots of hydraulic variables vs. water flow (in m3/s) 
for URR mesohabitats, based upon the regression results of Table 9. 
One cm and cm/s were respectively subtracted from depth and velocity 

measurements, to unstandardize the equations (see the text). The edge 

pool/run depicted was a very shallow pool that became a run between 
3 and 4 m/s. 
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Figure 4. Cross-sectional shapes and water-surface profiles for different channel 
types. Whereas (a) point bars and (b) isles are exposed at lower flows 

for asymmetric cross sections, stream width changes little with stage 

in (c) symmetric channels. 
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Appendix 1. Summary of abbreviations and measurement units used to describe 

habitat and flow variables in the upper Roanoke River (URR). 

Quantitative criteria for mesohabitat classification are given in the 
text. 

1. Mesohabitat coding system [e.g., MP1-FW (W)] 
a. Depth (the first letter) 

i. S = shallow 
ii. M = medium 
iii. D = deep 

b. Velocity (the second letter and asterisk) 
i. P = pool 

ii. R = run 
iii. T = torrent 

iv. * = disparity in the categorization for the two velocity 
variables (only specified in hydraulic-subtransect analyses) 

c. Substratum (the number) 

i. 1 = fine 

ii. 2 = medium 
iii. 3 = coarse 

d. Wetness or cover (the letters and pound sign after the dash) 

i. FW = fully wet (at all four flows) 

ii. E, El, E2, or E3 = edge (dry at lower flows) 

a. # = dry at both intermediate flows (median depth = 0) 

b. EE = transects with > 5 cells wet only at higher flows 
iii. H = high cover (else cover is low) 

e. Sampling intensity (in parentheses) 
i. W = well-sampled (> 5 cells for regression) 
ii. R = rare (< 5 cells for regression) 

2. Other abbreviations 
a. Habitat and hydrologic variables 

i. DEP = depth (in cm) 

ii. VED = demersal velocity (in cm/s) 
iii. VEA = average velocity (in cm/s) 
iv. SUB = substratum code (1 to 9, from mud to bedrock) 

v. COV = cover (0 to 5, from nil to excellent) 

vi. STAGE = distance of the water surface below the surveying 
instrument on the bank (in cm) 

vii. WIDTH = wetted stream width (in m) 
viii. FLOW = water flow (in m/s) 
ix. WSLOP = water-surface slope downstream of the transect averaged 

across the 4 flows (in m/km); i.e., WSLOP = 

[(IH, - STAGE,) - (IH, - STAGE,4,)] / 
(distance between transect x and x+1l). 

b. Regression statistics 
i. R* = coefficient of determination 
Li. A = intercept 

iii. B = slope 
iv. MSE = root mean square error 

c. Sites 

i. LSF = lower South Fork 
ii. UMS = upper mainstem 
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d. Miscellaneous items 
i. MESO = mesohabitat type 
ii. TR = transect # 

iii. N = sample size (of cells, subtransect units, or transects) 

instrument height relative to the elevation of the most- 
downstream transect (in cm); i.e., IH = water-surface 

elevation + STAGE. 
ewe er ezre en ewer wen ener enernenenwnwr eee ee ere ewer weet ewe ewe ene w ewe wewwrew ew ewe ne we ween nen enn w wwe meu onwe ua 

151



Appendix 2. Habitat and flow data for each wetness-subtransect (WET) unit 
within transects, sampled in LSF during 1990-1991. Two adjacent 
flows were sometimes combined for edge units, to increase the 

reliability of regressions. N = number of cells. See Appendix 1 
for format. 
ed 

. 1 
214 87 11 28 16.7 3 
236 62 4 9 12.6 £0.87 
244 54 4 8 13.15 0.64 

2 FW 238 69 $5 8 17.2 #21.25 4.7 0.2 DP1 17 298 -0.4 
224 84 11 21 £17.9 3.25 
245 63 3 5 17.0 0.87 
250 58 2 4 16.6 0.64 

3 FW 243 33 12 22 18.5 1.25 6.2 0.1 SP3 17 304 3.7 
231 45 18 36 %$19.5 3.25 
250 26 12 16 18.15 0.87 
252 24 9 13 #417.8 0.64 

4 FW 188 24 21 29 21.85 1.36 6.3 0.0 SR3 29 2370 7.7 
17500 337) 21 «4122.1 3.25 
193 19 21 26 21.6 0.87 
196 16 16 19 21.4 0.64 

1 
150 33 41 64 18.7 3 
166 17 28 #32 # £16.55 0.87 
168 15 21 26 16.25 0.64 

6 FW 188 24 31 53 12.0 1.36 6.5 0.1 SR3 19 191 7.0 
178 36 61102 12.1 3.25 
195 18 30 43 9.5 0.87 
199 14 23 35 9.3 0.64



esesseneerwrnen ene wen we ewrneewn enn ewer en enewnen ern ewr nee ese eee en we ree ere en ene wren enw ener ewer wn etree er ee rele 

10 FW 105 60 3 6 19.05 0.96 4.2 0.0 MP1 24 85 -0.1 
97 68 11 18 19.1 2.78 

113 51 4 6 19.1 0.87 
116 8649 3 4 18.9 Q.64 

wane meee nem meee ewe eet ene wn nner ew ene e seen eee ener eer eee eee eee ewe ew we wee ew we ewe OH eH eK 

weceoweanwmeacr awe we erent ew ene were ewer en eee ewww ener ee eee mee ee wm mr eww ee Mm wD em ew HP eM BO Be HM BP Oe wm Dew w eee 

wewnenenwnowreowr weer eanwnenw enw ewn ene nee enw ewe ew enecenewnewrweowneneneenweene2enewzwewzweneneene enw we owen eneezrere2enecee2n eee we 

we eer ewn eee wnnrowwrenwzrweenrnweewrewrner ewe eer eneneew ween ere w wow mew newer eee w ewww ennwneerenernenwrw eer eerer err eee 

13 El 7 8 8 0.96 6.6 2.0 SP3-H 5 
9 31 31 2.78 
0 oO O 0.87 

14 FW 162 36 11 #17 «423.0 O.91 5.5 0.5 MP2 33 108 -O.1 
160 37 21 43 426.3 2.78 
171 «624 16 19 21.75 0.87 
172 23 11 #15 421.4 0.64 

14 El 10 8 i121 2.78 4.6 1.0 SP1l 5 
3 3 3 0.81 

14 E2 9 10 10 1.845 4.6 0.0 SPl 6 
0 O O 0.87 

weemwreerezrwnenrzreecerwrenzrecewnnwrnwceenwreeneewn new e eee weenn nen nrneeweneeaewe een ecwrnenwrenecew ewww eowe ewer eee = 

w~eernr ear ew eer wnwnenewvreecneeenewzxewrecenn were newer ewn wees ween ene zener wm we ew www ern eweenwnwnwnennwnewenwn enw een ween ena 

16 El 6 19 18 0.91 5.5 0.2 SP2 8 
9 45 54 2.78 
4 8 9 0.87 
0 oO 0 0.64 

wewwenenennrnerewnnenensneexnezreenwn een enwnwveewnnwr ze ecenn ewe een enewn wenn ew ewe ween ewnnwne ne ewer ewrewn ene enenen we wewenew ewe nee 
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17 FW 186 18 21 27 23.6 .99 5.3 0.2 SR2 35 95 12.9 0 
178 29 37 53 £35.1 2.59 
193 15 30 34 £20.35 0.87 
197 13° 25 28 19.35 0.64 

17 El 2 2 2 0.99 5.9 QO.1 SP2 13 
5 16 16 2.59 
0 oO 0 0.87 

17° E2 o.60600d~CUOO 0.99 4.9 0.8 SP1 9 
7 9 10 2.59 

18 FW 203 21 24 35 20.9 O.99 46.3 0.3 SR3 42 84 12.6 
194 29 37 54 22.4 2.59 
207. 17 28 #35 419.8 0.87 
210 14 23 26 $419.7 0.64 

19 FW 254 64 5 12 11.5 O.99 #=5.1 0.1 MP2 15 109 -0.7 
245 72 17 #29 12.25 2.59 
262 55 6 14 10.95 0.87 
264 53 4 9 10.7 0.64 

20 FW 146 26 15 26 16.0 0.99 6.6 0.0 SR3 19 0 
135 36 27 44 £20.75 2.59 
151 22 18 25 16.6 0.87 
151 20 15 21 15.9 0.64 
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Appendix 3. Habitat and flow data for each wetness-subtransect (WET) unit 

within transects, sampled in UMS during 1990-1991. 

eee ewennerewen ere en enw ween newer ener wr esr eenwn ere ener en ree ew wee ewe eee ee Hw we Hw we www ee ewe em ewe Hm ee ew ee eee 

werner anwrenn eer ernenwn ewer een wren ewnen newer eer er rene sneer ener een eer eww ee een wm en ee wm eww wee em ee ee Freee te 

eee ewe wm mew we eww wee ww wm www ewe wre ewe eee ee we ee ee ewe ew wee we ww MP He ew we mw HB ee eH BOK HREM HO He eee 

1 El 15 51 47 5.17 6.1 1.1 SP3 7 
6 14 14 1.81 
0 oO O 1.24 

1 £2 6 3 3 1.97 6.3 0.4 SP3 5 
12 38 43 5.17 

0 0 0 1.65 

1 £3 0 oO O 1.81 7.6 0.6 SP3# 5 
6 19 19 5.17 

2 FW 205 26 20 38 £=26.25 1.97 7.4 0.2 SR3 33 169 11.8 
194 36 37 59 33.4 5.17 
207. 24 14 26 26.1 1.65 
211 20 16 25 25.7 1.24 

2 «£21 9 10 11 5.17. 5.2 1.5 SP2#¢ 8 
0 O 0 1.62 

3. El 13 16 19 5.00 6.6 1.7 SP3 10 
2 1 21 1.81 
0 oO 0 0.98 

4 FW 324 43 16 26 28.7 3.28 6.2 0.1 MP3 32 250 0.4 
313. 54 18 33 29.1 £5.00 
328 39 5 14 28.2 1.97 
335 32 4 7 28.05 0.98 

5 FW 254 62 11 #18 27.9 £43.28 $5.6 O.1 MP2 30 181 0.6 
246 70 14 20 28.8 £5.00 
261 55 4&4 9 28.2 1.97 
268 48 4 7 27.6 0.98



wee eee ewe ewe eer ee eer enwe wenn ewe er ene new enwe eer een ere er ee ewe eee ew ee we eee eee mee ee eH eee eH eK 

7 FW 264 45 24 36 35.3 3.28 $5.4 0.1 MR2 25 183 0.9 
261 46 35 57 4.37.0 5.00 
275 29 17 #34 %35.6 1.97 
287. 21 11 19 20.5 0.98 

7 ~=&EL 9 23 24 3.28 5.2 0.0 SP2 11 
15 41 47 5.00 

4 10 10 1.97 
0 oO 0 0.98 

7 £E2 7 #19 21 3.28 5.5 0.2 SP2 10 
13. 36 40 5.00 

0 a 9Q 1.475 

7 ~=£E3 5 30 30 5.00 5.0 0.8 SP2 6 
1 212 1 2.625 
0 oO 0 0.98 

3. 
178 58 37 61 £23.55 5.00 
192 42 15 31 16.75 1.97 
199 =35 9 17 416.3 0.98 

8 El 6 10 14 3.28 4.8 1.2 SP1 5 
11 19 20 5.00 

0 60 0 1.97 
ewe eeer eee een nerennen ww erzreeorzrewenweanwwre wes ewenennen ewww enn ener ener ewn ween weewcenwzraewe eer eneennw eens 

were eeeetseeecerzteceeneneee een een enc erenwerewen ern ener een ere ee ewe ee we wee wm eww wre wt wt ew weer ew wre wrewerenwn ern wreene 

10 El 10 28 30 3.28 6.8 0.2 SR3 5 
12 37 40 4.59 

5 10 10 2.25 
0 oO 0 0.98 

ll FW 215 35 40 60 22.7 43.28 $7.1 #O.0 MR3 21 88 4.6 
206 45 45 71 423.8 4.59 
214 37 20 42 19.8 2.25 
228 22 15 23 416.3 0.98 

12 FW 203 34 21 38 $22.3 2.85 7.0 0.0 MR3 23 66 1.5 
192 46 21 49 24.35 4.59 
207. 31 16 33 24.0 2.25 
219 18 16 24 22.5 0.98



- alan ee \-e ese 

ee ea ed 

206 40 4 9 21.4 .98 

15 FW 217 69 7 14 $27.0 2.85 6.6 0.7 DP3 29 75 -0.6 
212 74 12 20 26.8 4.59 
224 62 6 12 £26.85 2.25 
237 49 3 #7 £=26.1 0.98 

16 FW 139 50 12 22 #33.2 2.85 6.4 0.0 MP3 27 0 1.05 
131 59 18 25 35.2 4.59 
1445 45 9 16 32.1 2.25 
156 33 2 7 429.1 0.98 

16 El ll #5 #65 2.85 6.2 0.6 SP3 5 
20 21 23 4.59 

5 2 2 2.25 
0 oO 0 0.98 

17, FW 141 #42 12 29 46.2 2.85 6.4 0.0 MR3 25 0 
135 48 27 40 46.2 4.59 
147 34 16 34 46.0 2.25 
160 22 12 19 21.4 0.98 

17 El 11 #10 11 2.85 5.9 0.3 SP2 27 
18 #17 22 4.59 

7 3 & 2.25 
0 oO 0 0.98 

17 E2 10 #1 21 2.85 5.7 1.4 SP2 7 
ll 9 11 4.59 

0 80. 0 2.25 
eee ecrenerenzrezeweerezrezreowren wee wewr wen eee een wwe ewe ew ew wee ew ewe we wee een eww ewe eee were en ewww eee eee ew ew 
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Appendix 4. Habitat and flow data for well-sampled hydraulic-subtransect units 

within transects, sampled in LSF during 1990-1991. Transects # 6 

and 7 did not contain any units with N > 5 cells. 
exeweeeeneernanenetenenneweawe renew een eww eee eee ew eee wee ewe ee em we ew we ee we wee eB Be Ome wm we we eT ee we wm eC eH ewe ee 

    

TR Unit # 1 Unit # 2 Unit # 3 FLOW 

(m3/s) 
DEP VED VEA MESO N DEP VED VEA MESO N DEP VED VEA MESO WN 

1 91 11 #15 DP 6 99 8 26 DP 6 1.25 

106 15 30 116 14 42 3.25 

81 3 10 86 12 19 0.87 

75 5 9 80 9 16.5 0.64 

2 87 7 #12 «DP ii 1.25 

101 16 29 3.25 

80 4 7 0.87 

75 3 6 0.64 

3 27 #10 15 + SP 7 39 17 28 MR 6 1.25 

38 14 27 53 23 44 3.25 

19 3 6 33 18 25 0.87 

19 5 7 31 13.5 19.5 0.64 

4 24 10 15 SP 10 25 27 35 SR 1I1 1.36 

35 16 25 37 24 46 3.25 

17 11 #13 19 25 31 0.87 

12 #11 11 17 #17 #21 0.64 

5 14 4 8 SP 6 17 30 41 SR 6 20 43 54 SR* 7 1.36 

26 17 34 26 52 69 32 53 80 3.25 

12 6 7 13 29 32 15 47.5 52 0.87 

10 6 6 11 14 18 13 38 44 0.64 

8 91 3 11 ODP 5 1.36 

108 4 20 3.25 

86 3 7 0.87 

82 1 6 0.64 

9 16 6 7 SP i141 37 17 25 MR 7 0.96 

28 13 18 51 28 42 2.78 

12 4 5 34 18 26 0.87 

11 3 3 31 14 20 0.64 

10 49 2 3 MP 11 98 5 14 DP 10 0.96 

56 8 12 104 21 33 2.78 

41 3 4 85 8 12 0.87 

39 2 3 83 6 10 0.64 

11 61 3 6 MP 11 85 4 7 DP 10 0.96 

64 12 15 92 12 21 2.78 

52 4 6 76 5 10 0.87 

49 2 4 76 3 7 0.64 
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weer enr enn ew seen ewe eee ere eer ewe we ee eee ewe tee wm ew we em ee wT eH were een e eee we eww we we ewe ew em em ww we we ee ew ew em ee eK 

12 20 7 #10 SP 10 39 10 14 MP 5 0.96 
32 14 27 51 20 33 2.78 
15 8 10 36 10 14 0.87 
144 #5 6 33. 9 «13 0.64 

13 20 5 6 SP 5 21 17 31 = =«=SR 8 37 6 31 MR 5 0.96 
26 21 40 33 36 55 49 18 48 2.78 
12 6 8 16 31 38 31 14 27 0.87 
10 2 4 17 17 22 28 13 21 0.64 

144 #19 1 5 SP 11 16 19 27 SR 5 0.91 
20 24 30 33 36 64 2.78 

9 8 8 15 34 39 0.87 
9 5 5 15 22 27 0.64 

15 51 4 9 MP 15 0.91 
56 14 27 2.78 
45 6 10 0.87 
43 3 #6 0.64 

16 18 25 35 SR 23 0.91 
23 47 64 2.78 
15 32 36 0.87 
13.9 21 = =23 0.64 

17 11 5 5 SP 8 19 23 29 SR 18 21 44 54 SR* 7 0.99 
18 22 28 33 43 63 31 46 70 2.59 

8 11 10 18 38 43 17 43 «#51 0.87 
7 9 7 14 30 33 17 35 44 0.64 

18 20 6 $8 SP 12 20 23 37 SR 15 20 69 92 ST 9 0.99 
26 16 26 27 50 64 25 50 69 2.59 
16 4 7 14 31 38 15 64 75 0.87 
10 2 3 12 27 28 15 51 60 0.64 

19 50 4 8 MP 5 76 #6 13 DP 5 0.99 
60 14 20 85 20 40 2.59 
41 5 10 69 6 15 0.87 
42 1 4 66 6 11 0.64 

20 25 21 31 SR 8 0.99 
38 24 40 2.59 

19.5 26 30 0.87 
18 20 24 0.64 
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Appendix 5. Habitat and flow data for rare hydraulic-subtransect units within 

transects, sampled in LSF during 1990-1991. The middle 2 flows of 
unit #16B were combined, as were cells from transects #16 to 18, to 

increase the reliability of regressions. 

      

TR Unit # 1 Unit # 2 Unit # 3 FLOW 

(m3/s) 
DEP VED VEA MESO N DEP VED VEA MESO N DEP VED VEA MESO N 

5 43 49 71 MT 3 1.36 
60 53 91 3.25 
37. 39 «55 0.87 
35 38 52 0.64 

6 22 88 101 ST* 4 40 12 69 MT* 2 42 59 115 MT 2 1.36 
39 99 133 54.5 90 154 55 101.5 142 3.25 
16 60 74 37. 30 84 36.5 65 75.5 0.87 
14 56 74 31 43 79 31.5 51.5 66.5 0.64 

7 90 11 30 DR*¥ 3 90 19 44 DR 2 1.36 

102 8 58 98.5 15.5 63 3.25 
79 11 29 78 29 42 0.87 
78 10 #18 78.5 12 37 0.64 

errr ecer een ewe eer ee e2r eer etree wee ee wwe we wee ew meee ewe eee eww we eee ewww ewe we ew wee ew wee wee wee ewe wwe eo 

8 74.5 19 31.5 DR 2 1. 
100 24.5 44.5 . . . . . . 3.25 
76 16 25.5 . . . . . . 0.87 

74.5 10.5 14.5 0.64 

13 18 #71 71 ST 2 0.96 
29, 36 865 2.78 
15 52 52 0.87 
15 20 23 0.64 

144 23 56 $470 ST 3 89.5 12.5 35 DR* 2 0.91 
33. 20 75 87.5 8.5 60 . . . 2.78 
18 43 58 74.5. 11.5 20.5 . . . 0.87 
13.0 39S 47 72 3. 23 0.64 

16 11 63 #71 «ST 3 0.91 
33. 60 112 2.78 
ll 66 71 0.87 
12 60 60 0.64 

16B 16 56 76 ST-E 1 2.78 
11 73 72.5 0.89 

0 0 0 0.64 

16, 6.5 21 21 SR*-E 3 0.96 
17, 9 22 22 2.65 
&18 3 17 #17 0.87 

0 oO 0 0.64 
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Appendix 6. Habitat and flow data for well-sampled hydraulic-subtransect units 
within transects, sampled in UMS during 1990-1991. Transect # 3 

did not contain any units with N > 5 cells. 
eeeewrewrnewenenwewe er wmreoene ene ewe nen eee ween ew ewe ew eee erence e seen eee eee ec ewe eee exeween2neereneeen ener ewan 

      

TR Unit # 1 Unit # 2 Unit # 3 FLOW 

(m3/s) 
DEP VED VEA MESO N_ DEP VED VEA MESO N_ DEP VED VEA MESO N 

1 25 3 6 SP 9 43 0 1 MP 7 46 57 81 MT 5 1.97 

37 20 28 45 14 21 56 76 125 5.17 

21 3 #4 39 2 2 44 49 68 1.65 
16 3 4 41 2 5 36 55 63 1.24 

2 17. 2 #5 SP 9 17 30 44 SR 6 1.97 
27 39 S51 23 45 54 5.17 

14664 4&4 16 19 26 1.65 
10 3 5 15 15 19 1,24 

4 29 14 18 SP 5 42 9 13 MP 14 44 30 49 MR 5 3.28 
35 18 27 50 12 22 63 33 63 5.00 
17 3 6 37 2 6 44 12 26 1.97 

12 2 #1 30 1 2 42 7 14 0.98 

5 59 8 13 MP 11 63 27 42 MR 5 72 6 14 DP 9 3.28 

65 10 14 77. 26 37 79 13 20 5.00 
51 2 6 58 13 23 66 2 6 1.97 
44 2 5 54 10 13 59 1 5 0.98 

6 26 10 16 SP 14 3.28 

30 24 33 5.00 

21 3 #5 1.97 
13 0 0 0.98 

7 28 1 1 SP 5 22 29.5 39 SR 6 3.28 
29 29 38 25 41.5 56.5 . . . 5.00 

14 3 5 13. 19 21.5 . . . 1.97 

3 0 O 5 1 1 . . 0.98 

8 55 33 51 MR 5 74 30 49 DR 6 3.28 
64 26 48 85 26 60 5.00 

48 7 33 67 16 32 1.97 

43 12 26 60 9 22 0.98 

9 52 14 32 MR* 5 45 31 48 MR 7 3.28 
59 24 45 55 27 56 5.00 
50 5 26 43 21 45 2.25 

41 2 11 31 13 22 0.98 

10 21 28 36 SR 9 49 21 40 MR 7 3.28 

28 27 43 58 30 47 4.59 

21 11 22 43 21 36 2.25 

10 5 6 34 10 15 0.98 
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11 18 34 42 SR 7 3.28 
30 36 47 4.59 

23 11.5 23 2.25 
9 9 7 0.98 

12 28 30 49 SR 5 39 12 31 MR* 5 44 29 45 MR 7 2.85 
43 35 61 46 20 54 54 17 57 4.59 
26 28 47 39 7 26 39 14 39 2.25 
17 19 28 17 14 20 28 17 30 0.98 

13 45.5 14 32 MR*¥ 5 2.85 
56 15 39 4.59 
40 8 26 2.25 
25 6 10 0.98 

144 49 12 21 MP 5 85 12 28 DP* 6 2.85 
59 15 28 93 18 38 4.59 
46 6 14 80 3 26 2.25 
33 57 65 6 14 0.98 

15 58 6 11 MP 413 85 5 13 DP 6 92 13 24 DP* 7 2.85 
61 9 15 90 9 16 96 23 37 4.59 
52 4 9 7 ee 84 9 19 2.25 
37 3 #65 67 2 7 70 6 11 0.98 

16 26 14 18 SP 9 83 12 29 DR 6 2.85 
37 16 26 92 18 27 4.59 
22 6 8 80 9 25 2.25 

9 1 1 69 1 16 0.98 

17 40 #7 15 MP 6 43 12 25 MR* 5 41 18 39 MR 5 2.85 
45 24 33 51 29 44 49 29 46 4.59 
31 7 16 35 10 30 33 37 50 2.25 
17 4 6 23 12 21 21 23 30 0.98 
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Appendix 7. Habitat and flow data for rare hydraulic-subtransect units within 

transects, sampled in UMS during 1990-1991. Cells of the same 
mesohabitat type were combined across 2 to 3 transects, so that N > 

  
    

1. 

TR Unit # 1 Unit # 2 Unit # 3 FLOW 

(m3/s) 
DEP VED VEA MESO N DEP VED VEA MESO N DEP VED VEA MESO N 

1 55 22 73 =MT* 3 1.97 

65 39 94 5.17 

42 39 74 1.65 

42 27 63 1.24 

2 27 85 135 ST 2 51 65 74.5 MT 2 1.97 

35.5 46 98 63 46.5 65.5 . . . 5.17 

25 37 78.5 50.5 51 71 . . . 1.65 

14 87.5 93 44.5 26.5 61 . . 1.24 

4 73 11 26 DR*¥ 2 71 37 67 DR 3 3.28 

81 11 18 86 29 63 5.00 

68 8 32 69 15 Al 1.97 

58 11 21 59 14 29 0.98 

6 29 49 76 ST 2 46 48.5 81.5 MT* 2 55 55 81.5 MT 4 3.28 

39 54 74 55 34.5 67 59 46.5 66 5.00 

18 60 67 41 13.5 60 44 48 63.5 1.97 

11 21 24 27 40.5 53 35 43 61 0.98 

7 8 33 26 SR*¥-E 3 82 51 7&4 DT 3 3.28 

12 35 42 79 42 81 5.00 

1 8 8 63 29 93 1.97 

@] 0 0 50 47 88 0.98 

8 23 65 7& ST* 3 3.28 

33 63 90 5.00 

15 35 38 1.97 

10 11 10 0.98 

9 87 9 28 DR* 4 3.28 

91 11 35 5.00 

83 5 28 2.25 

72 5 18 0.98 

10 78 18 31 DR* 3 73.5 16.5 37 DR 2 . . . . 3.28 

90 15 39 80.5 24 41 . . . 4.59 

72 7 32 72 15 37 . . 2.25 

65 7 28 60 3 20 0.98 
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11 50.5 72 100 MT 2 . . . . . 3 
68.5 48.5 103 . . . . 4.59 
54.5 36.5 93.5 . . . . . 2 
41.5 26.5 54 0 

13. (77 11 30 DR* 3 69 28 50 DR 2 2.85 
85 20 39 77 = =39 ~— 66 4.59 
69 6 28 61 12 46 2.25 
56 10 =618 47 26 40 0.98 

14 82 20.5 31.5 DR 2 2.85 
97.5 27 46 . . . . . . 4.59 
88.5 11.5 27 . . . . . . 2.25 
70 5 16 . . . . 0.98 

16 84.5 14 28 DR 2 . . . . . . . . 2 
94.5 19 31 . . . . . . 4.59 
78 16.5 23.5 . . 2 

0 68.5 1 13 98 

1,6, 11 45 54 ST-E 3 2.84 
& 10 18 74 64 4.92 

11 67 68 1.96 
0 0 0 1.07 

2,6, 13 24 36 SR-E 3 2.84 
&10 17 30 46 4.92 

11 14 30 1.96 
0 0 0 1.07 

3& 7152.5 89.5DT 2. , Soo. , too. 2.625 
11 81 69 83 4.795 

67 37 85.5 , , 1.95 
54.5 45.5 68.5 0.98 

12, 14 15 23 SR-E3. oo, to. 2.85 
14, 23 31 37 4.59 
& 17 11 26 28 2.25 

0 0 0 0.98 
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Appendix 8. Habitat and flow data for well-sampled substratum-subtransect 
units within transects, sampled in LSF during 1990-1991. 

w-ewseaeeuwnnenennweneeer ween wrnennenenew eee en ewe eee eee ew eee we wr www wee wm He ZT eww ere w we ewe wee ew eee ewe ew ew ee ew 

    

TR Unit # 1 Unit # 2 Unit # 3 FLOW 

(m3/s) 
DEP VED VEA MESO N DEP VED VEA MESO N DEP VED VEA MESO N 

1 44 3.5 5 MP2 5 79 9 19 DP3 8 1.25 

61.5 8 21 98 15 35 . . . 3.25 

38 3.5 5 72 6 12 . . . 0.87 

25 3 5 65.5 7 11 . . 0.64 

2 89 9 15 DPl 6 44 1 2 MP3 7 1.25 

108.5 21 37 58 3 6 3.25 

85 6 9.5 38 1 1 0.87 

81 5 8 33 0 1 0.64 

3 32 11 21 £SP3 12 1.25 

44 16 34.5 3.25 

24 11 £15 0.87 

22 9 12 0.64 

4 29 21 25 SR2 6 23 21 #30 + #42SR3 23 1.36 

40 17 33 36 22 43 3.25 

20 16 19 18 23 28 0.87 

19 9 12 15 18 21 0.64 

5 21 27 #=+37 + #&SR3 24 1.36 

33 Gl 64 3.25 

17 28 32 0.87 

15 21 26 0.64 

6 25 29 53 #£=SR3 17 1.36 

37 56 100 3.25 

20 30 44 0.87 

16 23 35 0.64 

7 37 & 11 MP2 4&4 71 8 18 DP3 10 1.36 

42 11 17 85 11 37 3.25 

27 4 9 62 10 17 0.87 

25 6 8 61 7 #14 0.64 

8 62 8 16 MP1 9 61 6 20 MP2 5 1.36 

82 15 35 77 21 46 3.25 

59 7 #13 54 9 18 0.87 

57 5 9 57 6 14 0.64 

9 33 14 18 MP1 10 29 12 #18 SP2 7 13 8 8 SP3 6 0.96 

47 22 34 42 24 36 26 15 22 2.78 

29 #13 18 26 10 «18 11 4 5 0.87 

27 ill 415 24 7 #13 9 3 4 0.64



10 71 3 7 ODPl 17 37 3 6 MP3 5 0.96 
77 14 21 52 6 12 2.78 
60 5 7 34 3 6 0.87 
58 3 5 31 2 4 0.64 

11 73 4&4 7 ODPil 14 67 2 4 DP3 5 0.96 
77 #14 #19 75 8 14 2.78 
62 5 9 63 3 #5 0.87 
61 4&4 6 62 0 4 0.64 

12 29 10 15 SP3 20 0.96 
42 18 32 2.78 
25 11 14 0.87 
24 7 i121 0.64 

13. 26 21 32 SR3 26 0.96 
39 30 55 2.78 
22 28 35 0.87 
20 18 22 0.64 

144 48 1 #3 MP1 5 41 10 18 MP2 5 40 21 31 MR3 18 0.91 
28 24 24 38 19 39 46 19 58 2.78 
21 8 8 22 #17 #19 31 22 28 0.87 
17 6 #7 23. 8 12 30 16 22 0.64 

15 53 4 6 MP1 8 52 4 9 MP2 8 41 5 12 MP3 10 0.91 
59 11 21 58 15 29 47 16 28 2.78 
48 4 7 46 7 11 37-8 «=—12 0.87 
45 3 5 46 4&4 8 36 4 8 0.64 

16 13 25 30 SR2 15 21 29 41 = SR3 17 0.91 
21 46 59 24 47 73 2.78 
13 28 32 14 34 39 0.87 
10 16 20 14 26 28 0.64 

17 18 12 #15 SRL 6 16 16.5 21 SR2 12 19 33 41 SR3 15 0.99 
38 32 45 28 35 54 30 42 60 2.59 
17 22 = «23 144 29 33 16 #37 41 0.87 
13 19 20 12 22 26 15 31 35 0.64 

18 21 21 26.5 SR2 6 22 25 37 = SR3 32 0.99 
24.5 37 45 31 37 57 2.59 
15.5 18 22 17 31 37 0.87 
12 #11 12 14 26 29 0.64 

19 68 9 16 DP3 8 0.99 
78 24 38 2.59 
62 9 21 0.87 
59 8 14 0.64 

~meerrecewennrnew enn eecwwenewenwze eee ewz en weer ener ewr eee ween eew eee eee ew ee eww wm ewe ww ewe wwe eww ew we wwe ew ww ee 
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20 26 15 26 SR3 19 . . . . . . . . . . 0.99 
36 27 44 ; 2.59 
22 18 25 . . . . . . 0.87 
20 15 21 . . . . . . 0.64 
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Appendix 9. Habitat and flow data for well-sampled substratum-subtransect 
units within transects, sampled in UMS during 1990-1991. 

    

TR Unit # 1 Unit # 2 Unit # 3 FLOW 

(m3/s) 
DEP VED VEA MESO N DEP VED VEA MESO N DEP VED VEA MESO N 

1 36 13 25 MR3 33 1.97 

44 31 51 5.17 

32 13 21 1.65 

29 13 19 1.24 

2 24 20 37 + #&423$SR3 27 1.97 

34 40 60 5.17 

22 #15 25 1.65 

19 13 20 1.24 

3 48 18 4&4 MR2 5 31 18 32 MR3 14 1.97 

66 36 69 49 35 65 5.00 

47 22 39 31 15 25 1.65 

41 19 34 24 15 20 0.98 

4 47 29 47 MR2 9 40 11 16 MP3 19 3.28 

62 30 57 49 15 24 5.00 

45 9 25 34 3 8 1.97 

40 7 #15 27 2 3 0.98 

5 65 12 22 MP1 9 69 13 25 MP2 7 60 10 15 MP3 12 3.28 

72 #%18 24 77 = #17—=«=128 69 11 16 5.00 

58 6 13 60 5 12 55 2 6 1.97 

52 7 9 55 6 12 46 1 4 0.98 

6 30 28 42 SRI 8 25 20 28 SR2 14 36 33 53 MR3 9 3.28 

36 34 46 30 28 A4l 41 34 55 5.00 

22 #18 27 18 12 414 27 28 37 1.97 

13 10 12 10 6 6 18 19 26 0.98 

7 47 19 33 MRI] 12 56 34 44.5 MR3 8 3.28 

42 37 64 62 34 53 . . . 5.00 

25 10 35 46 25 43 . . . 1.97 

14 #11 20 39 16 28 0.98 

8 47 38 55 MR3 17 3.28 

58 38 65 5.00 

42 16 30 1.97 

35 8 17 0.98 

9 38 22 37 MR2 10 55 12 28 MP3 14 3.28 

46 26 51 65 15 33 5.00 

36 17 33 56 5 22 2.25 

24 6 12 44 4 12 0.98



10 41 21 #35 MR3 25 3.28 

50 26 43 4.59 
39 14 30 2.25 
29 6 12 0.98 

11 34 40 60 MR3 20 3.28 
44 45 72 4.59 
37 19 4l 2.25 
22 #13 21 0.98 

12. 35 20 38 MR3 22 2.85 
46 21 50 4.59 
31 16 33 2.25 
18 16 24 0.98 

13. 48 14 26 MR3 21 2.85 
60 19 40 4.59 
45 11 24 2.25 
31 8 14 0.98 

14 32 11 #16 MP1 5 70 11 22 ODP3 17 . . . . 2.85 
42 19 27 75 16 31 . . . 4.59 
31 5.5 12 68 4 17 . . . 2.25 
146 3 4 49 5 11 0.98 

15 65 8 19 MP1 6 74 7 #13 DP3 14 2.85 
60 15 25 81 11 18 4.59 
56 5.5 15 68 7 ii 2.25 
38 4 7 55 2 6 0.98 

16 38 12 19 MP2 8 55 13 23 MP3 19 . . . . 2.85 
46 18 27 65 17 25 . . . 4.59 
33 11 18 50 8 16 2.25 
21 4 6 38 2 = 8 0.98 

17 41 #13 33 = MR3 20 2.85 
49 28 42 4.59 
35 19 40 2.25 
23. 14 23 0.98 
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PART II: HABITAT NEEDS OF THE FISH ASSEMBLAGE IN THE UPPER ROANORE RIVER, 

VIRGINIA 

CHAPTER 4 

Species Associations and Fish Habitat Use in the Upper Roanoke River and the 
Effects of Unaggregated-Data Analysis 

ABSTRACT 

Fish species in several families were collected in microhabitat quadrats 

during warmer seasons of 1989-1990 in the upper Roanoke River (URR), a midsized 

stream of southwestern Virginia. The quadrats were visually classified into 1 

of 5 mesohabitat types (medium and shallow pools, runs, and slow and fast 

riffles) before sampling. Uni-, bi-, and multivariate statistical analyses on 

fish-abundance data were used to establish species associations, fish-habitat 

relations, and habitat-use guilds. This included examination of coefficients of 

variation for species densities across quadrats, ANOVAs for species densities 

across different habitat types, and factor analyses of species associations. 

Although these analyses were generally concordant with each other and with other 

analyses of fish habitat use in URR, they provided only crude segregation of 

fishes by habitat niche, namely rheophilic (riffle-oriented) vs. generalized 

(ubiquitous) vs. limnophilic (pool-oriented). These analyses also showed that 

fish species were largely independent of each other in their habitat use at 

smaller spatial resolutions (unpooled-quadrat) and larger spatial extents (stream 

reaches of 3 to 5 meander sequences). Hence, pooling of quadrat-abundance data 

for fishes into several mesohabitat types (e.g., shallow-pool vs. fast-riffle), 

or consideration of mean habitat use for fish species over all quadrats (e.g., 

for depth and velocity) will allow more efficient and accurate delineation of 

habitat-use guilds of stream fishes. The present analyses also suggests that 

191



abundant fish species do not differ from rarer species in variability of 

occurrence across spatiotemporal samples. 

1. INTRODUCTION 

A recent concern of aquatic ecologists who study habitat-instream flow 

relations is the protection of watershed ecosystems rather than the traditional 

narrow focus upon 1 or 2 game-fish species (Metzer and Haverkamp, 1984; EA, 1986; 

Milhous, 1988; Orth and White, 1993; Vadas and Weigmann, 1993). Hence, there is 

a new concern for the minimum number of fish taxa needed to accurately determine 

flow levels that will protect the entire fish assemblage. Stauffer et al. (1980) 

found that abundant genera of stream fishes were adequate indicators of overall 

species diversity of fishes, in the face of thermal pollution. Others have 

coalesced fishes into habitat-use, reproductive, trophic, or morphological guilds 

to (1) simplify examination of habitat and water-quality impacts (Chapter 5; 

Berkman and Rabeni, 1987; Fausch et al., 1990) or (2) test ecological hypotheses 

(Balon, 1975; Gatz, 1979a; Orth, 1980; Douglas and Matthews, 1992). Indicator- 

taxa and guild approaches are also being used by wildlife biologists and 

entomologists in studies of habitat alteration in terrestrial environments (e.g., 

Short and Burnham, 1982; Stauffer and Best, 1986; Verner et al., 1986; Kremen, 

1992). 

Although formulation of habitat-use guilds of lotic fishes has been 

undertaken by various researchers, often via multivariate statistics (Chapter 5; 

Vadas, 1992a; Vadas and Weigmann 1993), not all analyses are equally productive. 

Vadas (1992a) found that abundant fish species were distributed independently of 

each other among mesohabitat sample units that were considered separately 

(‘unpooled’) within stream reaches (unpooled-mesohabitat resolution and reach- 

192



macrohabitat extent). Habitat-use guilds were only discernible when samples were 

pooled into mesohabitat types (e.g., shallow pools, runs, etc.) to generate fewer 

habitat observations (Vadas, 1992a). Hence, spatial aggregation of data may be 

necessary to establish ecological guilds, although such pooling gives unrealistic 

results if the (1) data become distorted via the pooling of heterogeneous samples 

(cf. Rastetter et al., 1992) or (2) pooling is done into arbitrary categories. 

Unfortunately, fish researchers do not usually specify the degree to which they 

aggregate data for guild analyses (pers. obs.), such that their methods are not 

repeatable. 

Habitat-use guilds can also be formulated via uni- and bivariate analyses 

on unpooled species-density data, if a_priori assumptions are made (present 

study). First, preplanned orthogonal contrasts (bivariate analysis) (sensu Sokal 

and Rohlf, 1981) can show which fish species best discriminate among mesohabitat 

types (see below). For example, (1) rheophilic (shallow-fast) species should 

show statistically significant differences in density among fast-riffle, slow- 

riffle, and non-riffle (pool/run) quadrats; (2) limnophilic (deep-slow) species 

should yield significant density differences among deep-pool, shallow-pool, and 

erosional (riffle/run) quadrats; and (3) generalized species should exhibit fewer 

significant differences among mesohabitat types, particularly for different 

riffle and pool habitats. Second, examination of coefficients of variation (CVs) 

in fish density (univariate analysis) can show which habitats each fish species 

is most evenly distributed in, i.e., where they are less patchy. Rheo- and 

limnophilic species should show lowest CVs in riffles and pools, respectively, 

whereas generalized species should be most evenly distributed in runs or show 

similar CVs in riffles and pools. 

The present study examines relations (1) among fish species and (2) between 
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fish species and habitat types, to determine the habitat-use guilds of fishes in 

the upper Roanoke River (URR) during warm seasons. Only unpooled-quadrat data 

were used for the bi- and multivariate analyses, i.e., data for individual sample 

units (quadrats) were not aggregated. Examination of species associations was 

also useful for determining if fish species were consistently associated or 

dissociated at small spatial scales, both of which might be caused by biotic 

factors such as predation or interspecific competition (cf. Vadas, 1992a). 

Finally, variability in occurrence (frequency) of fish species was compared to 

determine if abundant species were less variably distributed over space and time 

than rare species (cf. Vadas, 1992a). 

2. METHODOLOGY 

2.1. Study Sites and Field Methods 

As described elsewhere (Vadas and Orth, 1993), the upper Roanoke River 

(URR) is a small, montane, coolwater river with a diverse fish assemblage, well- 

defined erosional-depositional sequences, and coarse substrata. The study region 

included the lower South Fork (LSF) and upper mainstem (UMS), 4 sites being 

studied in 1989 (May-Sep.) and six in 1990 (April-Sep.). Site #1 was most 

upstream (below Alleghany Springs), site #2 (A and B) was below Shawsville, site 

#3 was below Lafayette, and site #4 (A and B) was most downstream (near Wabun). 

Adjacent sites (A vs. B) during 1990, however, were combined to increase sample 

sizes, because vernal samples (i.e., sites #2B and #4B) yielded noticeably less 

fish than summer/fall samples. Each site consisted of 3 to 5 meander sequences. 

Before fish sampling, I traversed the habitat units and visually classified 

them into 5 hydraulic-mesohabitat types: medium and shallow pools, runs, and 

slow and fast riffles (Chapter 1; cf. Vadas, 1992a; Vadas and Orth, 1993). 
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Rectangular quadrats (usually 20 to 50 m2 in surface area) were then laid out for 

fish and physical-habitat sampling in each mesohabitat unit. Fish were 

thoroughly and separately sampled with a seine net and streamside electroshocker 

above a block net, so that fish density could be estimated in each quadrat (Vadas 

and Orth, 1993). Fish catches ranged from 0 to 150 per quadrat, although numbers 

typically were 5 to 25 and thus amenable to examination of species associations. 

This quadrat-density approach is similar to the ‘alternative, relative- 

frequency’ method employed by Bain et al. (1982) for instream-flow analyses in 

a New England river. This approach should reduce sampling bias for fishes, 

because 2 different sampling techniques are employed and larger sample units 

(quadrats rather than individual points) are sampled (Bain et al., 1982; Vadas 

and Orth, 1993). The method was justified by the homogeneity in physical 

characteristics within quadrats (cf. Bovee and Cochnauer, 1977), particularly for 

depth and average velocity (Chapter 2). 

Besides fish species, tadpole larvae (Rana spp.) and several large 

macroinvertebrates were collected during fish sampling. The latter included (1) 

nymphs of mayflies, stoneflies, and odonates; (2) larvae of tipuliids and 

hellgrammite megalopterans, and (3) other invertebrates (semi-aquatic 

heteropterans, water boatmen, crayfish, and snails). The tadpoles were included 

in the fish analyses, because of their morphologic and ecologic similarity to 

smaller fish species (cf. Vadas, 1992a). 

2.2. Guild Analyses on Density Data 

Microhabitat analyses were done in 3 ways to establish habitat-use guilds, 

namely using uni-, bi-, and multivariate statistical analyses. First, varimax- 

factor (multivariate) analyses were done on unpooled observations (by individual 
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quadrat) for density, to determine species associations for each site and year 

(cf. Vadas, 1991, 1992a). That is, each data set of species variables was 

subjected to a principal-components analysis (cf. Koslow, 1984; Grossman et al., 

1991) and a varimax rotation. The latter was necessary to make the factor axes 

(especially the first one) more interpretable in regards to associations among 

species (cf. Mahloch, 1974). The results were coalesced into 1 hierachical, 

cluster-analytic phenogram, using a similarity index based upon the factor- 

analytic results and unweighted-average grouping to connect groups of species 

(c£. Boesch, 1978; Short and Burnham, 1982; Romesburg, 1984). In this technique, 

a pair of species received 1 point for ‘complete’ similarity and a half-point for 

‘partial’ similarity, for each factor analysis, negative values being assigned 

if a pair of species loaded with opposite signs on the same factor axis. A 

species pair showed complete similarity (by definition) when both species had 

their highest Pearson loadings on the same factor axis in a given analysis. The 

pair was considered to show only partial similarity when they loaded highest on 

different axes, but had at least moderately high loadings (within 0.10 Pearson 

units of the highest loading) on the same axis. Species loading on different 

axes were considered to be independent and received no points. Hence, the 

maximum similarity for each pair of fish species was 2 years x 4 sites/year = 8 

points. Only common/abundant species at a given site (i.e., > 1% in relative 

abundance) were tested, as rare, patchy species probably would have shown 

spuriously high or low loadings with other species. 

Second, bivariate statistics were used on quadrat-level density data to 

establish fish-habitat associations. ANOVAs (PROC GLM) were performed on 

common/abundant species in LSF and UMS for each year, using mesohabitat type as 

the class variable and species’ densities as the dependent variables (cf. Sokal 
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and Rohlf, 1981; Johnson and Wichern, 1982; SAS, 1985). Several species were 

subjected to < 4 analyses, because they were not common or abundant in both river 

segments and/or years. Preplanned, orthogonal contrasts included pool vs. run, 

shallow vs. medium pool, run vs. riffle, and slow vs. fast riffle. Raw density 

data were used because (1) standard transformations did not help, there being too 

many zeroes in the data sets (see Appendix 3); and (2) ranked data (Kruskal- 

Wallis tests) yielded similar results to parametric tests (pers. obs.). 

Third, univariate statistics were used to establish the mesohabitat types 

where fish species were most evenly distributed, i.e., with lowest coefficients 

of variation (CVs) in density. Namely, CVs (standard deviation / mean density) 

were calculated across quadrats for a given site, for all common/abundant 

species. Hence, this analysis involved statistical aggregation of quadrats, in 

contrast to the above bi- and multivariate analyses. 

2.3. Abundance-Variability Analysis on Percent-Occurrence Data 

The abundance-variability (univariate) analysis was designed to compare 

variability (standard deviations = SDs) of occurrence for each fish species 

across all well-sampled quadrats (> 10 fish total) for each site (N = 4) and year 

(N= 2). That is, there were 8 total spatiotemporal samples (cf. Vadas, 1992a). 

Fish species were placed into 1 of 6 classes for SD comparisons, in decreasing 

order of abundance (mean occurrence): dominant (> 60%), subdominant (40-59%), 

common (20-39%), typical (10-19%), uncommon (5-9%), and rare (< 5%). Mesohabitat 

types were not considered in this analysis. 

3. RESULTS AND DISCUSSION 

3.1. Guild Analyses 
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3.1.1. Species Associations (Multivariate Analysis) 

Based upon Figure 1, there were 3 clusters (guilds) of fishes, namely (1) 

limnophilic (pool-oriented minnows), (2) rheophilic (riffle-oriented fishes in 

several families), and (3) generalized minnows and suckers. Minnows were present 

in all 3 guilds, whereas 8 fish species were unclassifiable because of their 

independent microhabitat distributions. Notably, Douglas and Matthews (1992) 

also classified shiner species as limnophiles in their own URR analyses, whereas 

most of their shallow/fast and shallow/slower rheophiles were respectively 

classified as rheophilic and generalized in my analyses (Figure 1). Likewise, 

- based upon pooled analyses of the same URR data set (Chapter 5), I independently 

classified most generalized species as 'shallow’ or ‘fast-generalized’ 

rheophiles, the rheophiles as 'fast-riffle' or ‘riffle/run’ rheophiles, and the 

limnophiles as members of 3 different limnophilic guilds. 

Nevertheless, the highest positive loading in the present analysis was only 

2 out of 8 possible points (25%), the minimum similarities within guilds were 0.5 

or less (< 6%), and there were no negative associations among species. It is 

thus clear that fish species were generally independent of each other at 

unpooled-microhabitat resolution (20-50 m2 quadrats) and reach-macrohabitat 

extent (3 to 5 meander sequences), i.e. for small spatial resolution and large 

spatial extent (sensu Vadas, 1992a). Vadas (1992a) obtained similar results for 

unpooled-mesohabitat analyses in reaches of another Virginia stream, and 

suggested that biotic interactions do not cause consistent associations and 

dissociations among fish species. 

That is, interspecific competition in URR did not cause fish species within 

guilds to be negatively associated (cf. Reice, 1981), nor did (1) predation 

pressure from larger fishes (Gorman, 1988a,b), (2) communal minnow breeding and 
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feeding near the nests of (a) Nocomis chubs (Raney, 1947; Lachner, 1952; Miller, 

1964; Wallen, 1989, 1992) and (b) fishes in other families (Cope, 1869; Kramer 

and Smith, 1960; Hunter and Wisby, 1961; Hunter and Hasler, 1965; Fletcher, 

1993), or (3) commensal relationships between smallmouth bass (Micropterus 

dolomieu) and other fishes (Pflieger, 1966; Goff, 1984; Rankin, 1986) cause 

strong positive associations. Matthews and Hill (1980) and Bart (1989) similarly 

found species associations to be transitory in southern U.S. streams, because 

fish species were flexible in habitat use and not abundant in the same samples. 

Moreover, other aquatic-invertebrate and fish species are at least sometimes 

independent in their associations at smaller spatial resolutions (Sale and 

Dybdahl, 1975; Taylor, 1979; Reice, 1981). Koslow (1984) found that correlations 

in recruitment success among marine-fish species were positive within guilds and 

negative between guilds (i.e., for pelagic vs. demersal/offshore fishes), 

probably because large-scale (meteorologic and oceanographic) effects overrode 

local biotic and abiotic factors (e.g., competition, predation, and river 

outflow). 

Nevertheless, ecological patterns rarely implicate which (if any) biotic 

mechanism(s) are responsible for these patterns (Dayton, 1973; Gilpin, 1973; 

Hastings, 1987; Cale et al., 1989). Moreover, competitive and predator-prey 

interactions among species may better be established by examining individual life 

stages, given that ontogenetic changes in species interactions is likely for 

fishes and other aquatic organisms (Werner and Gilliam, 1984; Emlen et al., 

1992). Hence, the correlation results for URR and other fish assemblages do not 

imply that biotic interactions are unimportant locally in space and time. 

Rather, the results suggest that biotic effects might not be important at larger 

spatiotemporal extents, because other factors become predominant (cf. Feminella 
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and Hawkins, 1992). It would be clearly be useful to examine correlations among 

fish species known to interact negatively, e.g., stoneroller (Campostoma spp.) 

vs. black bass (Micropterus spp.) or trout vs. trout (Salmonidae) (Matthews et 

al., 1987; Fausch, 1988; White, 1989), to see if local displacement is still 

apparent when large sections of stream are examined; such correlation analyses 

have not usually been done by experimental biologists in streams, especially as 

most studies are of small spatiotemporal extents (Feminella and Hawkins, 1992; 

pers. obs.). Such analyses are especially important because instream-flow 

analyses are typically done under the assumption that fish species are 

independent in microhabitat use (Orth, 1987; Gore and Nestler, 1988). 

In any case, the most important conclusion to be drawn from these results 

is that unpooled analyses of species associations are inadequate for defining 

habitat-use guilds. That is, URR guild members were unified by minimal 

Similarities (< 25%), and examination of subsets of this 2-year data set would 

have been even less adequate for delineating guilds. An alternative methodology 

that is less conservative than factor analysis, however, might permit smaller 

sample sizes to be adequate for guild classification. 

3.1.2. Fish-Habitat Relations (Bivariate Analysis) 

As shown in Table 1, seven species showed significant contrasts indicative 

of rheophilic behavior, 9 species were limnophilic, and 10 species were 

generalized or otherwise ambiguous in guild designation. These rheo- and 

limnophilic designations were generally concordant with those discussed above, 

although the generalized-ambiguous species were considered rheo- or limnophilic 

in these other analyses. Analyses of pooled data for URR (Chapter 5) showed that 

(1) rheophiles were ‘fast-riffle’ or 'riffle/run’ rheophiles, (2) generalized- 

200



ambiguous members included ‘shallow rheophiles’, and (3) other generalized- 

ambiguous and limnophilic members were either ‘fast generalists’ or in 1 of 3 

‘limnophilic’ guilds. Clearly, the bivariate analyses were problematic because 

individual species did not show consistent statistical significance across 

spatiotemporal replicates, several species yielded no significant contrasts at 

all, and there were discrepancies with the pooled-data analyses of Chapter 5. 

These problems were at least partially a result of sample-size (and power) 

differences and differential violation of statistical assumptions for different 

fish species, but probably also reflect the inadequacy of unpooled analyses for 

defining fish habitat-use guilds. Clearly, pooled analyses are needed to 

classify fish species into guilds (see below and Chapter 5). 

3.1.3. Fish-Habitat Relations (Univariate Analysis) 

Based upon CV data presented in Appendix 2, fish species were classified 

into rheophilic, limnophilic, and 3 (rather than 1) generalized guilds (Table 2). 

Given that fish species did not always show lowest CVs in habitats where they 

were most abundant (see Appendix 1), more detailed guild classification was not 

considered appropriate. The results were generally concordant with those above. 

Analyses of pooled data for URR (Chapter 5) showed that: (1) rheophilic and 

generalized-rheophilic members were both in 3 of the 4 rheophilic guilds 

designated by pooled-data analyses; (2) generalized-ambiguous members included 

1 ‘fast generalist’ and 2 ‘pool/run’ limnophiles; (3) generalized-limnophillc 

members were found in all 3 ‘limnophilic’ guilds; and (4) limnophilic species 

were 'pool-cover’ limnophiles. 

3.1.4. Benefits of Data Aggregation 
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The above unpooled analyses for URR were deficient because they could not 

differentiate the 7 guilds (4 rheophilic and 3 limnophilic) apparent from 

analyses of pooled data (Chapter 5). The latter consisted of (1) multivariate 

analyses of fish-density data pooled across quadrats of the same mesohabitat type 

(see Appendix 1); and (2) univariate analyses, namely examination of mean 

habitat-use values for fish species across quadrats (for depth, velocity, and 

other physical variables). These analyses were more direct approaches to 

assessing fish habitat use than the above unpooled analyses, for 2 reasons (cf. 

Chapter 5). First, use of fewer habitat categories facilitates assignment of 

guild status in multivariate analyses, because (1) of lesser information overload 

and (2) species should become more similar if fewer habitat categories are used. 

Second, examination of species’ habitat-use means for physical variables allows 

formulation of niche diagrams, providing a direct visual comparison of species. 

Such univariate analyses are more also direct than factor analyses of species 

associations, which to not directly consider quantitative physical data. 

Spatial pooling of data will become even more vital when entire lotic fish 

and aquatic-invertebrate assemblages are studied, because study of more species 

implies that more habitats and habitat-use guilds will be encountered. Indeed, 

aggregation of data into mesohabitat and larger spatial scales may increase the 

sampling efficiency and/or the realism of biological results for various animal 

taxa, including lotic salmonids (Smith, 1949; Dolloff, 1987; Lanka et al., 1987; 

Flebbe et al., 1988), terrestrial insects (Sawyer and Haynes, 1985), and 

terrestrial vertebrates (Verner et al., 1986; Morris, 1987; Gaudette and 

Stauffer, 1988), at least in some cases. 

3.1.5. Disadvantages of Data Aggregation 
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On the other hand, aggregation can be overdone. For example, fish species 

would appear even more similar in habitat use if only the traditional 2-3 habitat 

categories are used, namely ‘riffle’, ‘pool’, and/or ‘run’ (e.g., Hynes, 1970). 

Fewer guilds would probably be obtained, and much depth and velocity information 

that is vital for predicting changes in lotic organisms from human impacts (e.g., 

reduced instream flows) would be sacrificed (cf. Chapters 1 and 5; Rinne, 1985; 

Bovee, 1986). That is, aggregation of ecologically disparate fish species into 

the same guild will cause mean (guild) habitat use to be unrepresentative of 

habitat use for the individual species. 

Indeed, the mistake of aggregating taxonomically similar, but ecologically 

disparate, species into guilds is often done (Jaksié, 1981). For example, the 

present analysis and those of Chapter 5 show that minnow species are often found 

in different guilds and should not be aggregated. Likewise, habitat-suitability 

models for salmonids are often multi-specific, and different researchers may 

obtain different results (e.g., Binns and Eiserman, 1979; Bowlby and Roff, 1986 

Conder and Annear, 1987; Lanka et al., 1987) because of this lumping. That is, 

because salmonid species often differ in habitat use, even at larger spatial 

scales (Allen, 1969; Hearn, 1987; Fausch, 1988), a habitat-use model developed 

in 1 geographic region could fail in another simply because the relative 

abundance of salmonid species is different. A similar lumping problem is 

possible for life stages within species, because of ontogenetic and seasonal 

changes in fish habitat use and size-related sampling biases (Chapter 5). 

In sum, there is a tradeoff in aggregating data. I suggest that pooling 

data into ~ 5 mesohabitat types, as done here and in Chapter 5, should improve 

guild analyses by avoiding the Scylla of information overload and the Charybdis 

of exaggerated aggregation of fish species (cf. Vadas and Weigmann, 1993). But 
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further analyses will be needed to ascertain whether this 5-category mesohabitat 

classification system is optimal for simplifying instream-flow analyses. Perhaps 

somewhat more categories would be better (e.g., Baker et al., 1991; Vadas, 1992a; 

Hawkins et al., 1993). 

3.2. Abundance vs. Spatiotemporal Variability of Fish Species 

Based upon the percent occurrence data of Appendix 3, fish were placed into 

6 abundance classes (Table 3). Clearly, variability (SDs) of fish species were 

similar for most of these classes, such that more-abundant species were neither 

more variable (as expected on statistical grounds) or less variant, the latter 

of which is expected based upon ecological theory (Wright, 1991; Vadas, 1992a). 

Other ichthyological data sets reveal similarly neutral abundance-variation 

patterns. First, for common/abundant species in another Virginia stream, Vadas 

(1992a) found that abundant species were somewhat more evenly distributed (lower 

SDs) across individual mesohabitat samples than were common species, but the 

negative correlation between mean occurrence and SD was not statistically 

significant (p > 0.05). Second, analyses of individual meanders (riffle-pool 

sequences) in this stream and another Piedmont river in the Chesapeake Bay 

superbasin (RMC, 1991) indicated that only the most abundant fish species (a 

minnow) was less variable in occurrence than subordinate species (Vadas, unpubl. 

data). 
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Table 1. Results of orthogonal ANOVA contrasts of mesohabitat use for common/ 
abundant fish species in a given river segment (LSF or UMS) and year 
(1989 or 1990) (see Appendices 1 and 2 for density data). Maximum and 
minimum significance levels are shown for each species, based upon these 

1 to 4 tests. Tests that were not significant are indicated as ---, 
whereas *** means p < 0.001, ** indicates p < 0.01, and * means p < 

0.05. MP = medium pool, SP = shallow pool, RN = run, SR = slow riffle, 

and FR = fast riffle. All species names follow Robins et al. (1991). 
were ezrnztenexcee ete eeeezrec ener een ene we ewe eee eee eee ew wwe wee we wwe eee eco wr wm wme ee ewe wm ee wwe ee BR wwe eRe ee 

Guild, species, and SP vs. Pool RN vs. FR vs. # of 2 
species abbreviation MP vs. RN riffle SR ANOVAS 

I. RHEOPHILIC 
Moxostoma rhothoecum MRH --- --- --- --- /** 2 

Noturus gilberti NGI --- --- we* - ++ /kRK 4 
Cottus bairdi CBA --- “7 weK * 1 
Percina roanoka PRO --- ~ 7+ [kK - 2 fkKK ---/** 4 

Etheostoma flabellare EFL --- ---/* wok ~ =~ /keK 4 
Etheostoma podostemone EPO --- --- /kk --- /kk* ~~ - /kKK 4 

Campostoma anomalum CAAN --- ~--/** ~--/** ~ = fkKK 4 

II. GENERALIZED-AMBIGUOUS 
Moxostoma_ cervinum MCE ---/* ---/* ---/* ---/* 4 
Noturus insignis NIN” --- ~~ - /ek* ~~ - /kkK --- 4 
Hypentelium roanokense HRO~ --- --- --- --- 2 
Phoxinus oreas POR --- --- --- --- 2 
Rhinichythys atratulus RAT --- --- --- --- 1 
Luxilis cerasinus LCE --- --- --- --- 4 
Catostomus commersoni CCO --- --- o-- --- 1 

Pimephales notatus PNO~ --- --- --- --- 3 
Notropis hudsonius NHU_ --- --- --- --- 1 
Micropterus dolomieu MDO~ --- oe --- --- 1 
Tadpoles (Rana spp.) RANA --- --- --- a 1 

III. LIMNOPHILIC 
Nocomis leptocephalus NLE~ ---/*** ---/*kk ---/* --- 4 
Percina rex PRE -<- ---/kk --- --- 3 
Cyprinella analostana CYAN --- ~--/* --- --- 2 
Ambloplites rupestris ARU_ --- ---/** --- --- 2 
Lythrurus ardens LAR ---/*** ---/kk --- --- 4 
Notropis procne NPR_~ ---/* ---/** --- --- 3 
Lepomis auritus LAU ---/**k* * [kk --- --- 4 
Luxilis albeolus LAL ---/* --- --- --- 4 
Notropis volucellus NVO --- fkkk --- --- --- 3 

@sample sizes (of quadrats) were 105 and 157 for LSF in 1989 and 1990, 

respectively. Those for UMS in these 2 years were 157 and 196. 
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Table 2. The number of guild classifications for each common/abundant species, 

based upon the coefficient-of-variation (CV) data of Appendix 2. By 
definition, limnophilic species showed lowest CVs in pools, rheophilic 
species had lowest CVs in riffles, and generalized species yielded 

ambiguous CV patterns. 
ee 

I. RHEOPHILIC 

Etheostoma flabellare --- --- 

Etheostoma podostemone --- --- 

Percina roanoka --- --- 

Campostoma anomalum --- -~-- 

Noturus gilberti --- a 

Cottus bairdi --- --- 

Rhinichythys atratulus --- --- 

II. GENERALIZED-RHEOPHILIC 

Moxostoma rhothoecum --- 
Percina rex ~-- 

1 2 
1 2 

Nocomis leptocephalus -e- 4 4 

1 1 

2 5 

2 4 

Phoxinus oreas ~a- 

Noturus insignis 1 

Moxostoma cervinum 1 

III. GENERALIZED-AMBIGUOUS 

Luxilis albeolus 4 --- 4 

Hypentelium roanokense 1 --- 1 

Catostomus commersoni --- 2 --- 

IV. GENERALIZED-LIMNOPHILIC 

Luxilis cerasinus 3 3 

Pimephales notatus 2 1 

Notropis procne 3 1 

Notropis volucellus 1 2 

Cyprinella analostana 2 1 

Ambloplites rupestris 2 1 

Lythrurus ardens 6 2 

Vv. LIMNOPHILIC 

Micropterus dolomieu 1 

Notropis hudsonius 1 

Tadpoles (Rana spp.) 1 --- --- 
7 Lepomis auritus 

esc r reer er wn ene ere reer ee ee we BP Be em we wm Bw wm eee wee wm nw eowreowrwmer wren ewe ee eee wee eee www wwe wr wr enwew we wreenwe es & 
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Table 3. Variation in percent occurrence (frequency) for groups of fishes 
differing in overall abundance, based upon the data of Appendix 3 (N = 

8 spatiotemporal samples). Species richness for each group is shown in 

parentheses. See Table 1 for species abbreviations. 
mere en ene eee ene een eee ween weenie enw en ewe een en ete eee ee eee new eee kee eve wee este wee wr eee ee we eee eee en 

Abundance Percent frequency Fish species & 
group — species richness 

Mean SD 

Dominant 63-70 9-20 NLE, NIN, & EFL (3) 

Subdominant 46-52 7-14 LAL, EPO, & PRO (3) 

Common 24-33.5 10-14 MCE, CAAN, LCE, & LAR (4) 
Typical 11-19 5-23 HRO, MRH, ARU, LAU, CBA, CYAN, NPR, 

NVO, PNO, NGI, & PRE (11) 

Uncommon 5-9 5-13 CCO, MDO, NHU, POR, & RAT (5) 

Rare 0.25-4 1-6 Rest of species (17) 
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Figure 1. Phenogram summary of associations among common/abundant fish species 

for quadrats at all 8 sites studied during 1989-1990, based on varimax- 
factor analyses of density data (see the text). Maximum similarity = 
8 points, similarities among the 3 major clusters (guilds) of species 
= 0 (not shown to simplify the diagram), and trichotomous clusters are 

indicated by *. Guild designations made by Douglas and Matthews (1992) 
are also given for most species: 0 = deep/slower rheophile, 1 = 
shallow/slower rheophile, 2 = shallow/fast rheophile, and 3 = deep/slow 

limnophile. Eight species (NIN, NHU, CYAN, ARU, LAU, MDO, RANA, and 

PRE) were not depicted because of their independent microhabitat 
distributions. The shiner LCE was listed in 2 clusters because it was 
associated with 2 dissimilar groups of species. See Appendix 1 for 
data and Table 1 for species abbreviations. 
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Appendix 1. Fish densities (number per m2 ) and percent abundance (in 

parentheses) for the 5 hydraulic mesohabitat types during 1989 and 
1990 in URR sites. Values were calculated by summing total fish 
numbers over all quadrats of a given mesohabitat type. Only common/ 

abundant fish species are shown (see the text), and '+’ indicates low 

abundance (density < 0.0050 or percent < 1.0%). Field sites in LSF 
and UMS are discussed in the text. 

Campostoma anomalum + (+) .07 (6) 04 (3) 0 07 (9) 

Luxilis albeolus .85 (32)  .03 (2) .O1 (+) 0 .04 (5) 
L. cerasinus .97 (37) .18 (17) .02 (1) .0O1 (2) .06 (8) 

Lythrurus ardens .16 (6) .03 (2) 0 0 + (+) 
Nocomis leptocephalus .18 (7) .12 (10) .04 (3) .03 (5) .13 (17) 

Notropis hudsonius .10 (4) .O1 (+) 0 0 0 

N. procne .09 (3) .03 (3) 0 0 0 

Phoxinus oreas + (+) .10 (9) 0 .03 (5) + (+) 
Rhinichthys atratulus 0 .05 (4) .04 (2) .06 (9) 0 
Noturus insignis .03 (1) .03 (2) .O1 (+) .01 (2) + (+) 

Hypentelium roanokense .02 (+) .07 (7) .03 (2) 0 .06 (9) 
Moxostoma rhothoecum 0 .02 (1) .10 (7) .O1 (2) .05 (7) 

Etheostoma flabellare .03 (1) .21 (19) .93 (62) -45 (65) .19 (26) 

E. podostemone .O1 (+4) .O1 (+) .04 (3) .03 (5) .02 (2) 

Percina roanoka .02 (+) .03 (2) .16 (11) .04 (6) .O7 (10) 

Total number 764 210 167 66 164 

Total density 2.7 1.1 1.5 0.7 0.7 

LSF, 1989, Site #2A 

Campostoma anomalum 0 0 .O7 (6) .04 (3) + (+) 

Luxilis albeolus .22 (31) .12 (11) .03 (2) .02 (1) .08 (12) 

L. cerasinus .02 (2) .22 (20) .04 (3) .04& (3) .05 (7) 

Lythrurus ardens .25 (35) .09 (8) .O1 (+) 0 .02 (3) 

Nocomis leptocephalus .02 (3) .16 (15) .12 (10) .24 (16) .10 (15) 

Notropis procne .06 (9) .02 (2) 0 0 0 

Pimephales notatus -06 (9) -13 (12) 0 6) 0 

Noturus gilberti 0 0 .16 (13) .02 (2) .O1 (+) 

N. insignis .O1 (1) .04 (4) .03 (2) .06 (4) .09 (13) 

Moxostoma cervinum .O1 (+) .03 (3) .O1 (1) .O1 (+) .O1 (2) 

M. rhothoecum 0 .O1 (+) .16 (13) .04 (3) .03 (5) 

Lepomis auritus .02 (2) .02 (2) 0 0 + (+) 

Etheostoma flabellare .O1 (2) .20 (18) .43 (36) .79 (53) .13 (19) 

E. podostemone + (+) .O1 (+) .02 (2) .16 (11) .03 (5) 

Percina roanoka + (+) 0 .07 (6) .06 (4) .06 (9) 

Total number 680 179 186 398 234 

Total density 0.7 1.1 1.2 1.5 0.7 
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Campostoma anomalum 0 0 .O1 (1) 03 (2) .02 (2) 
Luxilis albeolus .06 (19) 02 (3) 03 (2) .08 (6) .19 (20) 
L. cerasinus + (1) 04 (5) 0 .02 (2) .02 (2) 

Lythrurus ardens .06 (19) 05 (6) 0 + (+) .23 (23) 
Nocomis leptocephalus + (+) 03 (4) 05 (5) 14 (11) .06 (6) 
Notropis procne .03 (8) 01 (+) 0 + (+) + (+) 

Pimephales notatus 04 (12) 28 (36) 0 .02 (1) 02 (2) 
Noturus gilberti 0 0 0.12 (11) .03 (2) .O1 (+) 

N. insignis .O1 (2) .06 (7) .21 (18) .22 (17) .12 (12) 

Moxostoma_ cervinum + (+) .03 (4) .07 (6) .02 (2) .02 (2) 
Ambloplites rupestris .0O1 (2) 02 (2) 0 0 .O1 (1) 

Lepomis auritus .05 (16) .04 (5) 0 0 .O1 (2) 

Etheostoma flabellare .0O1 (2) .12 (16) .27 (24) .44 (36) .12 (12) 

E. podostemone + (+) 03 (4) 11 (10) .14 (11) .07 (7) 

Percina rex .0O1 (2) 02 (3) 04 (4) .O1 (1) .03 (3) 

P. roanoka 0 .O1 (+) 07 (6) 08 (7) 03 (3) 

Total number 391 303 82 610 464 

Total density 0.3 0.8 1.1 1.25 1.0 

UMS, 1989, Site #4A 

Campostoma anomalum 0 + (+) 0 .03 (3) .O1 (3) 

Cyprinella analostana .04 (12) 05 (9) 0 0 .02 (3) 

Luxilis albeolus .07 (23) 10 (16) 01 (1) .O1 (1) .02 (3) 

L, cerasinus + (+) + (+) 02 (2) .10 (9) .02 (4) 

Lythrurus ardens .O7 (23) .03 (5) 0 0 .O1 (1) 

Nocomis leptocephalus .O1 (3) .10 (16) 12 (11) .24 (20) .09 (17) 

Notropis procne .02 (8) .O5 (9) 0 .O1 (+) + (+) 

N. volucellus + (1) .08 (13) 0 .O1 (+) 02 (5) 

Pimephales notatus .03 (9) .02 (4) 0 .O1 (1) 01 (2) 

Noturus insignis .O1 (4) .03 (5) 27 (24) .11 (10) .09 (18) 

Moxostoma cervinum + (+) .01 (1) .02 (2) 0 .O1 (2) 

Lepomis auritus .03 (9) .O1 (2) 0 0 .O1 (2) 

Etheostoma flabellare 0 .04 (7) 53 (46) .44 (37.5) .11 (22) 

E,. podostemone 0 .O1 (2) 04 (4) .09 (8) .03 (5) 

Percina rex + (1) 01 (2) 02 (2) .O1 (+) .02 (4) 

P. roanoka + (+) 04 (7) 09 (8) .10 (8) 03 (6) 

Total number 355 210 102 168 353 

Total density 0.3 0.6 1.15 1.2 0.5 
errr ez cer ere ern e ene eww en nwnwnenewr wren enn ener ener eerer eee eerneenen ener ew ree eee en ewe ewe wee ee ee me we wee ww eee 
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a a a ad ~-- 

Campostoma anomalum .0O1 (1) 0 .06 (3) 27 (7) .03 (2) 

Luxilis albeolus .22 (27) .03 (8) .03 (1) .06 (1) .04 (3) 

L. cerasinus .11 (13) .O5 (11) 0 .O1 (4) .09 (6) 
Lythrurus ardens .02 (3) .02 (5) 0 0 + (+) 

Nocomis leptocephalus .06 (8) .05 (12.5) .04 (2) .11 (3) .15 (10) 

Notropis procne .08 (10) 0 .03 (1) 0 0 
N. volucellus .04 (5) .01 (3) 0 0 0 
Phoxinus oreas .02 (2) .03 (8) .903 (1) -11 (3) .09 (6) 

Noturus gilberti 0 0 .04 (2) .04 (1) .03 (2) 
N. insignis .02 (2) .02 (5) .O1 (+) .03 (1) .08 (6) 
Cottus bairdi .O1 (+) 0 -43 (19) .33 (9) .LO (7) 

Catostomus commersoni .03 (3) .O1 (3) 0 .01 (4) .05 (3) 

Hypentelium roanokense + (+) .O1 (2) 0 .O1 (+) .03 (2) 
Moxostoma cervinum .O1 (1) .O1 (2) 0 0 .03 (2) 

M. rhothoecum .0O1 (1) 0 .03 (1) .20 (5) .12 (8) 

Lepomis auritus .03 (3) 0 0 0 .O1 (+) 
Etheostoma flabellare .04 (5) .08 (19) 1.37 (61) 2.42 (64) .45 (30) 
E. podostemone .O1 (1) .O1 (2) .07 (3) .07 (2) .07 (4) 

Percina roanoka + (+) .O1 (2) .09 (4) .04 (1) .06 (4) 

Total number 558 64 151 611 818 
Total density 0.8 0.4 2.25 3.8 1.5 

LSF, 1990, Sites #2A & 2B 

Luxilis albeolus .03 (20) .07 (14) .01 (1) .O1 (1) .04 (10) 
L, cerasinus + (3) .09 (18) .O1 (2) .03 (4) .03 (8) 

Lythrurus ardens + (4) .18 (35) + (+) + (+) .06 (15) 

Nocomis leptocephalus .O1 (5) .04 (7) .03 (7) .08 (9) .04 (11) 

Noturus gilberti 0 0 .06 (13) .O1 (+) + (+) 
N. insignis — .O1 (12) .O1 (2) .05 (10) .O5 (6) .06 (14) 
Cottus bairdi + (+) + (+) .05 (10) .07 (8) .02 (5) 

Catostomus commersoni + (2) .O1 (2) 0 .O1 (1) + (1) 

Moxostoma cervinum .O1 (6) + (+) .O1 (3) + (+) .O1 (2) 

Lepomis auritus .03 (23) .02 (3) 0 0 + (+) 

Etheostoma flabellare + (2) .O2 (4) .19 (42) .52 (59) .08 (21) 

E, podostemone + (1) + (+) .O1 (3) .04 (4) .02 (5) 

Percina roanoka 0 0 .01 (3) .O1 (2) .0O1 (3) 

Total number 139 336 250 388 507 
Total density 0.1 0.5 0.5 0.9 0.4 
werner errenrnre2eer rece ere ew wer eee ewww ewe wre ee wre ene ewe ene wee ewe wee V3ew ween weer en ewww new eee ewww an = = 
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Cyprinella analostana .O1 (3) .02 (3) 0 + (+) .0O1 (4+) 

Luxilis albeolus .11 (31) 17 (21) .07 (4) .04 (3) .08 (9) 

L. cerasinus .O1 (2) .03 (3) .O1 (+) .O1 (+) .02 (3) 

Lythrurus ardens .04 (11) 0 0 .O1 (+) .08 (10) 

Nocomis leptocephalus .03 (10) .19 (23) .06 (4) .13 (9) 13 (14) 

Noturus gilberti 0 0 .13 (8) .07 (5) .02 (2) 

N, insignis .04 (10) .06 (7) .18 (11) .25 (17) .16 (18) 

Moxostoma cervinum + (1) .0O7 (8) .O1 (+) .O1 (+) .04 (5) 

Ambloplites rupestris .0O1 (3) .04 (5) .O1 (+) + (+) + (+) 

Lepomis auritus .03 (9) .O1 (1) 0 0 0 

Etheostoma flabellare + (+) .12 (14) ~42 (25) .52 (35) .13 (14) 

E. podostemone .01 (3) .05 (5) -58 (35) .33 (23) .15 (17) 

Percina rex .O1 (3) + (+) .O1 (+) + (+) + (+) 
P. roanoka .O1 (2) .O1 (1) .15 (9) .07 (5) .03 (3) 

Total number 545 281 237 416 553 

Total density 0.4 0.85 1.7 1.5 0.9 

  

Campostoma anomalum 0 + (1) 0 .02 (3) + (1) 

Cyprinella analostana + (1) .0O1 (3) .O1 (1) .O1 (2) .O1 (4) 

Luxilis albeolus .O1 (7) .09 (22) .02 (4) .02 (3) .06 (17) 

L. cerasinus + (+) .02 (4) 0 .03 (5) .O1 (2) 

Lythrurus ardens .03 (15) .07 (17) .O1 (2) + (+) .04 (12) 

Nocomis leptocephalus .O1 (3) .05 (13) .03 (6) .14 (19) .03 (8) 

Notropis volucellus .O1 (6) + (1) .O1 (2) + (+) .O1 (2) 

Pimephales notatus .O1 (5) + (+) 0 + (+) 0 

Rana spp. tadpoles + (1) .0O1 (4) 0 + (+) 0 

Noturus gilberti 0 0 .04 (10) .O1 (1) + (+) 

N. insignis -02 (11) .03 (7) -13 (27) .06 (8) .07 (20) 

Moxostoma cervinum + (+) + (1) .01 (2) .O1 (1) .02 (5) 

Ambloplites rupestris .02 (11) .O1 (2) 0 + (+) .O1 (2) 

Lepomis auritus .05 (28) .O1 (3) 0 + (+) .0O1 (2) 

Micropterus dolomieu + (2) .01 (2) 0 + (+) + (+) 

Etheostoma flabellare + (+) .03 (8) .09 (20) .23 (32) .03 (8) 
E. podostemone + (+) .O1 (1) .05 (11) .08 (12) .03 (7) 

Percina roanoka 0 .0O1 (3) .05 (11) .06 (8) .02 (5) 

Total number 369 435 166 509 578 

Total density 0.2 0.4 0.5 0.7 0.4 
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Appendix 2. Coefficients of variation (CV = SD / mean) and standard deviations 

(in parentheses) for the 5 hydraulic mesohabitat types during 1989 
and 1990 in URR sites. Values were calculated across quadrats of a 

given mesohabitat type. Only common/abundant fish species are shown 
(see the text), and ‘+’ indicates low SD (< 0.0050). Guild 

designations are indicated for each species, assuming that fish 
species are least variable (lowest CVs) in preferred habitat types: 

R = rheophilic, G = generalized, and L = limnophilic. 

LSF, 1989, Site #1 Medium pool Shallow pool Fast riffle Slow riffle Run 

Campostoma_anomalun' 3.6 (.01) 2.2 (.17) 1.2 (.05) --- 1.7 (.12) 
Luxilis albeolus 1.4 (1.12) 2.8 (.07) 2.8 (.02) --- 2.5 (.11) 
L._cerasinus 1.6 (1.45) 1.5 (.26) 1.9 (.04) 2.0 (.03) 2.1 (.13) 
Lythrurus ardens/ 1.6 (.21) 2.8 (.07) --- --- 3.5 (.03) 
Nocomis leptocephalus® 1.9 (.31) 1.2 (.15) 2.2 (.08) 1.2 (.04) 1.1 (.15) 
Notropis hudsonius 2.5 (.21) 2.8 (.01) --- --- --- 

N. procne 1.4 (.10) 1.5 (¢.05) --- --- --- 

Phoxinus oreas© 3.6 (.01) 2.4 (.28) --- 2.0 (.10) 3.5 (.03) 
Rhinichthys atratulus® --- 2.1 (.11) 1.5 (.05) 1.7 (.16) — --- 
Noturus insignis 2.1 (.05) 0.9 (.02) 2.8 (.02) 2.0 (.01) 3.5 (.01) 
Hypentelium roanokense’ 1.9 (.04) 1.4 (.09) 2.1 (.07) --- 2.3 (.20) 
Moxostoma rhothoecum --- 1.5 (.02) 1.5 ¢.14) 2.0 ¢.02) 1.8 (¢.10) 

Etheostoma flabellare® 2.1 (.05) 1.2 (.23) 0.6 (.53) 0.6 (.27) 1.5 (.32) 
E. podostemone 2.0 (.02) 2.8 (.01) 1.2 (.06) 1.2 (.03) 1.9 (.03) 
Percina roanoka® 1.4 (.03) 2.8 (.05) 0.4 (.07) 1.5 (.07) 0.9 (.07) 

Total # of quadrats 13 8 8 4 12 

LSF, 1989, Site #2A 

Campostoma anomalun® --- --- 1.1 (.07) 1.3 (.05) 3.6 (¢.01) 
Luxilis albeolus- 1.3 (.28) 1.5 (.16) 2.6 (.05) 2.3 (.04) 1.1 (.10) 
L,_cerasinus 2.4 (.04) 1.5 (.40) 2.2 (.07) 2.9 (.08) 1.4 (.08) 
Lythrurus ardens’ 1.4 (.35) 1.3 (.09) 2.6 (.01) --- 1.8 (.04) 
Nocomis leptocephalus® 1.5 (.04) 1.1 (.21) 1.7 (.18) 1.1 ¢.25) 1.2 (¢.14) 
Notropis procne 1.4 (.09) 1.6 ¢.02) --- --- --- 
Pimephales _notatus” 2.3 (.14) 1.8 (.22) --- --- --- 
Noturus_gilberti --- --- 0.7 (.11) 1.8 (.05) 2.4 (.02) 
N, insignis 2.4 (.02) 1.6 (.11) 1.7 (.05) 1.5 (.09) 1.0 (.09) 
Moxostoma cervinum® 1.9 ¢.01) 2.4 (.07) 2.6 (¢(.03) 1.7 (.02) 2.2 (.03) 

M. rhothoecum --- 2.4 (.01) 1.4 (.25) 1.7 (.06) 3.4 (.16) 
Lepomis auritus! 1.5 (.02) 1.6 (.03) --- --- 3.6 (.01) 
Etheostoma flabellare® 1.9 (.02) 2.2 (.73) 1.0 (.55) 1.0 (.88) 1.6 (.26) 
E. podostemone 4.8 (.01) 2.4 (.02) 1.9 (.04) 1.2 (.23) 1.6 (.06) 
Percina roanoka® 4.8 (.01) --- 1.3 (.12) 0.8 (.06) 1.4 (.10) 

Total # of quadrats 23 6 7 11 13
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Campostoma anomalum® --- --- 1.7 (.03) 1.6 (.04) 2.1 (.05) 
Luxilis albeolus 2.6 (.16) 1.3 (.04) 0.9 (.03) 1.4 ¢.11) 1.6 (.32) 
L. cerasinus 4.6 (.02) 3.0 (.13) --- 1.9 ¢.03) 2.9 ¢.11) 

Lythrurus_ardens/ 2.1 (.14) 2.0 (.09) --- 4.4 (.01) 2.0 (.38) 
Nocomis leptocephalus® 5.6 (.01) 1.1 (.03) 1.1 (.07) 1.2 ¢.15) 1.3 ¢.11) 
Notropis procne 2.6 (.07) 2.2 (¢.01) --- 4.4 (.02) 2.9 (.01) 

Pimephales notatus® 2.2 (.09) 2.7 (.91) --- 2.5 (.06) 2.4 (.08) 

Noturus gilberti --- --- 0.9 (.11) 1.2 (.04) 3.2 (.02) 
N. insignis 2.9 (.02) 1.1 (.06) 0.6 (.13) 0.6 ¢.14) 1.1 (¢.13) 
Moxostoma_cervinum® 5.6 (.01) 1.7 ¢.06) 1.3 (.10) 1.8 ¢.04) 1.5 (.03) 
Ambloplites rupestrisl 3.5 ¢.03) 1.7 (¢.03) --- --- 2.0 (.03) 

Lepomis auritus 1.8 ¢.11) 1.4 (¢.06) --- a 2.8 ¢€.03) 

Etheostoma flabellare® 3.4 (.03) 1.0 (.12) 0.8 (.23) 0.9 (.47) 1.3 (.20) 
E, podostemone 5.6 (.01) 1.8 (.05) 0.9 (.10) 1.1 (.20) 1.5 (.16) 
Percina rex 2.6 (.02) 2.3 (.04) 1.7 ¢.08) 2.5 ¢(.03) 1.7 (.06) 

P. roanoka --- 2.1 (¢.01) 0.5 (.03) 0.8 ¢(.07) 1.4 (.05) 

Total # of quadrats 31 10 3 19 17 

UMS, 1989, Site #4A 

Campostoma anomalum® — 3.3 (.01) --- 1.7 (.07) 2.4 (.04) 
Cyprinella analostana’ 1.5 (.05) 1.2 (¢.08) --- --- 1.9 ¢.03) 

Luxilis albeolus 1.5 ¢(.11) 2.1 (¢(.27) 2.2 ¢€.02) 2.6 (.03) 1.7 (¢.03) 

L. cerasinus 5.2 (+) 3.3 (.01) 1.4 (.03) 1.4 (.16) 4.5 (.13) 
Lythrurus ardens’ 1.9 (.13) 1.5 (.05) --- --- 3.7 (.02) 
Nocomis leptocephalus® 1.9 ¢.02) 0.8 ¢.07) 0.9 ¢.11) 0.8 (.22) 1.3 (¢.11) 

Notropis procne 2.7 (.06) 2.4 (.16) --- 2.6 (.02) 3.6 ¢.01) 
N. volucellus 3.0 (.01) 1.8 (.16) --- 2.6 (.02) 2.5 (.06) 
Pimephales notatus/ 1.7 ¢(.05) 2.0 (¢(.05) --- 2.6 (.04) 3.6 (.06) 

Noturus insignis 2.8 ¢(.03) 2.0 (.05) 0.3 (.07) 1.3 (.18) 1.1 (¢.11) 
Moxostoma cervinun® 3.6 (.01) 2.3 (¢(.01) 1.4 (.03) --- 2.9 (.03) 

Lepomis auritus 1.5 (¢.04) 1.8 (.03) --- --- 2.0 (.02) 
Etheostoma flabellare® --- 2.2 (.08) 0.7 (.43) 0.7 (.34) 1.6 (.25) 
E. podostemone --- 2.6 (.03) 1.6 ¢€.07) 0.7 ¢.08) 1.3 (¢.04) 

Percina rex 2.5 (.01) 1.8 (.02) 1.4 (.03) 2.6 (.02) 1.6 (.04) 
P. roanoka 5.2 (+) 1.7 ¢.06) 0.2 (.02) 0.6 (.05) 1.4 (.06) 

Total # of quadrats 27 11 5 7 2/7
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Campostoma anomalum® 1.9 ¢.02) --- 0.8 ¢.05) 1.2 ¢.35) 2.0 ¢.05) 

Luxilis albeolus 2.3 (.55) 1.6 (.06) 1.7 (¢.04) 1.3 (.09) 1.1 (¢.05) 
L. cerasinus 2.2 (.28) 0.9 ¢.05) --- 2.8 (.02) 2.3 (.27) 

Lythrurus ardens/ 2.6 (.07) 1.4 (.02) --- --- 4.4 (.01) 
Nocomis leptocephalus® 1.7 (.13) 1.0 (.06) 1.0 ¢(.04) 1.1 (.13) 1.3 (.21) 

Notropis proche 3.1 (¢.31) --- 1.7 (.04) --- --- 

N. volucellus 2.7 (.12) 2.2 (.04) --- --- --- 
Phoxinus oreas 3.2 (.06) 2.0 (¢.09) 0.9 (.02) 1.3 ¢.20) 3.9 (.32) 

Noturus gilberti® --- --- 1.7 (.12) 1.7 (.07) 2.3 (.05) 
N. insignis 1.6 (.03) 1.4 (.03) 1.7 ¢.02) 1.3 ¢.06) 1.1 (.10) 
Cottus bairdi® 3.0 (.02) --- 0.2 (.08) 1.0 (.36) 1.4 (.15) 
Catostomus commersoni® 2.3 (.07) 2.2 (.04) --- 1.9 (.04) 2.4 (.12) 
Hypentelium roanokense® 3.0 (.01) 2.2 ¢.01) --- 1.9 ¢.03) 1.9 (¢.05) 

Moxostoma cervinum 2.0 (.02) 2.2 (.02) --- --- 2.1 (.06) 

M. rhothoec 2.5 (.03) --- 1.7 (¢.04) 1.1 (.24) 2.6 (.26) 
Lepomis auritus» 1.8 (¢(.05) --- --- --- 4.4 (.05) 

Etheostoma flabellare® 1.7 (.06) 1.9 (.12) 0.4 (.61) 0.5 (1.26) 1.5 (.63) 
E, podostemone 2.1 (¢.03) 2.2 ¢.01) 1.0 (.09) 2.0 (.12) 1.6 (.09) 

Percina roanoka 4.4 (.01) 2.2 ¢(.01) 1.3 ¢.10) 2.5 (.12) 1.4 (.07) 

Total # of quadrats 19 5 3 8 19 

LSF, 1990, Sites #2A & 2B 

Luxilis albeolus! 3.2 (.08) 2.2 (.19) 3.3 (¢.02) 3.9 (.03) 2.2 (.07) 
L. cerasinus 3.4 (.01) 1.8 (¢.19) 3.7 (¢.03) 3.2 (¢.09) 3.0 (.08) 
Lythrurus ardens/ 2.7 (.01) 1.5 (.33) 4.4 (4) 3.9 (.01) 2.7 (.13) 
Nocomis leptocephalus® 4.1 (¢.02) 1.9 ¢.05) 1.5 ¢(.05) 1.6 (.12) 1.7 (.07) 

Noturus gilberti --- --- 1.1 ¢.05) 2.1 ¢.02) 5.6 (+4) 

N, insignis 1.9 ¢.02) 1.5 ¢.02) 0.8 (.04) 1.7 (.11) 0.9 (¢.05) 
Cottus bairai® 4.8 (+) 2.2 (.01) 1.2 (.05) 0.7 (.05) 2.2 (.04) 
Catostomus commersoni® 3.4 (.01) 3.2 (.02) --- 3.0 (.03) 5.6 (.02) 

Moxostoma cervinum 4.8 ¢.03) 3.9 ¢(.03) 1.4 (.02) 2.7 (.02) 2.2 (.02) 

Lepomis auritus 1.4 ¢.04) 2.9 (.05) --- --- 4.8 (.02) 
Etheostoma flabellare® 3.4 (.01) 1.1 (.02) 1.2 (.23) 0.7 ¢.35) 1.4 (.11) 
E. podostemone 3.3 ¢.01) 3.9 (¢.01) 1.5 (¢.02) 2.0 (.10) 1.6 (.03) 
Percina roanoka® --- --- 1.3 (.02) 1.9 (.03) 2.0 (.03) 

Total # of quadrats 23 15 19 15 31
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Cyprinella analostana’ 2.0 (.03) 2.2 ¢.08) --- 3.3 ¢.01) 2.8 (.03) 

Luxilis albeolus 1.8 (.27) 1.4 (.30) 1.2 ¢.09) 1.4 ¢.04) 1.4 (¢.13) 

L._cerasinus 3.3 (.04) 2.4 (.14) 2.0 (.01) 3.3 (¢.02) 3.4 (.09) 
Lythrurus ardens® 1.8 (.09) --- --- 2.3 (.01) 4.0 (.37) 
Nocomis leptocephalus* 2.4 (.09) 1.5 (.47) 0.9 (.05) 1.4 (.17) 1.3 (.22) 
Noturus gilberti --- --- 0.3 (.05) 1.0 (.07) 1.4 (.03) 
N._ insignis 1.6 (.07) 1.2 (.07) 0.3 (.06) 0.6 (.14) 0.7 (.11) 
Moxostoma cervinum® 2.5 (.01) 1.1 (.07) 2.0 (.03) 2.2 (.02) 2.2 (.10) 
Ambloplites rupestris® 1.7 (.02) 1.4 (.06) 1.2 (.02) 3.3 (.01) 4.0 (.01) 

Lepomis auritus 1.7 (.07) 1.8 (¢.01) -o- --- --- 
Etheostoma flabellare® 2.0 (.01) 1.2 (.15) 0.4 (.17) 0.8 (.41) 1.3 (.16) 

E._podostemene 2.3 (.04) 1.3 (.07) 0.5 (.28) 0.9 ¢.31) 0.9 (.14) 
Percina rex 1.8 (.02) 3.3 (.01) 2.0 (.01) 3.3 (.01) 2.3 (.02) 
P, roanoka 2.6 (.03) 2.1 (.04) 0.5 (.07) 1.6 (.11) 1.3 (.04) 

Total # of quadrats 24 11 4 11 16 

UMS, 1990, Sites #4A & 4B 

Campostoma anomalun® --- 3.1 (.02) --- 1.5 (.03) 3.2 (.02) 
Cyprinella analostana® 2.5 (.01) 2.4 (.03) 2.2 (.01) 4.0 (.03) 3.3 (.05) 
Luxilis albeolus 3.7 (.05) 2.1 (.16) 2.5 (.04) 1.6 (.03) 1.8 (.12) 
L. cerasinus 5.8 (+) 2.2 (.03) --- 3.2 (.07) 4.4 (.05) 
Lythrurus ardens® 4.5 (.12) 3.1 (.24) 3.3 ¢.02) 3.3 ¢.01) 1.8 (¢.07) 

Nocomis leptocephalus® 2.7 (.02) 1.6 (.09) 1.6 (.04) 1.1 (.13) 1.8 (.06) 
Notropis volucellus 3.9 (.05) 2.6 (.01) 2.5 (.04) 4.8 (.01) 2.8 (.02) 
Pimephales notatus 5.5 ¢(.05) 5.1 ¢.01) --- 3.3 (.01) --- 
Rana spp. tadpoles’ 3.6 (.01) 3.6 (.05) --- 4.8 (+) --- 
Noturus gilberti® --- --- 1.0 (.05) 1.6 (.02) 2.9 (.01) 
N. insignis 1.6 (.03) 1.3 (.04) 0.9 (.12) 1.4 (.09) 0.9 (.06) 
Moxostoma cervinum® 4.2 (+) 2.8 (.01) 1.8 (.02) 2.8 (.02) 2.5 (.05) 
Ambloplites rupestris’ 1.6 (.03) 2.8 (.02) a+ 4.8 (.01) 2.7 (.02) 
Lepomis auritus 1.5 (.08) 2.3 (.03) --- 4.8 (.01) 3.6 (.02) 
Micropterus dolomieu! 1.9 (.01) 2.5 (.02) --- 3.5 (.02) 3.7 (.01) 
Etheostoma flabellare® 4.9 (.01) 1.7 ¢.06) 1.2 ¢.16) 0.7 (.17) 1.9 (¢.07) 

E. podostemone 4.4 (+) 1.9 ¢.01) 1.5 ¢.09) 1.4 (¢(.12) 2.0 (.06) 

Percina roanoka --- 2.5 (.04) 1.1 (.07) 1.1 (.06) 1.5 (.03) 

Total # of quadrats 34 26 11 23 36



Appendix 3. Percent occurrence (frequency) of all fish species for each site and 

year. Sample units are quadrats containing > 10 total fish. 
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Species 1989 1990 

1 2A 3 4A 1 2A&B 3 4A&B 

Campostoma anomalum 38 24 21 16 44 9 19 20 
Clinostomus funduloides 0 0 0 0 0 0 10 1 

Cyprinella analostana 0 0 18 42 0 0 25 29 

Exoglossum maxillingua 3 0 2 0 2 2 2 1 
Luxilis albeolus 45 54 64 47 62.5 30 67 47 

L. cerasinus 62 38 25 24 40 34 25 20 

Lythrurus ardens 28 46 36 31 12.5 32 23 29 

Nocomis leptocephalus 72 70 50 71 75 60 75 66 
N. raneyi 0 2 0 0 0 0 6 3 

Notropis hudsonius 17 6 5 2 6 0 10 4 
N. procne 28 30 20 22 10 8 2 13 

N. volucellus 0 2 11 33 10 8 10 22 

Phoxinus oreas 17 0 0 0 37.5 8 0 0 

Pimephales notatus 14 24 34 31 0 8 8 7 

Rhinichythys atratulus 24 0 0 0 15 0 0 3 

Catostomus commersoni 10 4 2 2 27 9 8 11 

Hypentelium nigricans 7 8 4 4 4 2 4 0 

H. roanokense 48 4 4 0 21 4 4 3 

Moxostoma_ anisurum 0 6 5 0 0 2 2 0 

M. ariommum 3 0 4 0 2 2 4 4 

M, cervinum 17 26 36 11 25 28 42 21 

M. erythrurum 10 6 5 2 4 2 2 0 

M. papillosum 0 2 0 0 0 0 0 0 

M. rhothoecum 41 24 9 4 37.5 ll 10 4 

Ambloplites rupestris 10 10 20 7 15 9 29 21 

Lepomis auritus 14 16 18 24 17 9 19 25 

L, cyanellus 0 0 2 0 2 0 0 0 

L. macrochirus 0 0 4 0 2 0 0 0 

Micropterus dolomieu 3 6 9 4 10 2 17 17 

M. salmoides 0 2 2 2 0 0 0 0 

Etheostoma flabellare 72 66 77 56 77 77 75 59 

E. nigrum 14 8 0 0 10 2 0 0 

E. podostemone 41 36 62.5 42 37.5 38 73 50 

Percina peltata 0 0 0 0 0 0 2 0 

P. rex 3 12 29 24 8 8 23 7 

P. roanoka 52 44 52 51 33 38 52 43 

Ameiurus natalis 0 0 0 0 0 0 2 0 

A. nebulosus 3 6 7 2 8 6 0 1 

Noturus gilberti 0 24 27 2 19 23 37 21 

N, insignis 28 46 84 58 58 64 88 80



Cottus bairdi 10 14 2 0 6 0 

Salmo trutta 0 0 0 0 2 0 0 1 

Tadpoles (Rana spp.) 0 0 0 0 2 8 
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CHAPTER 5 

Formulation of Habitat-Use Guilds for Fish Assemblages in Eastern North America 

ABSTRACT 

Fish habitat use was examined at micro- and meso-levels, to determine 

species associations and define habitat-use guilds during the summers of 1989 and 

1990 in 2 river segments of the upper Roanoke River, Virginia. Based upon 

multivariate-mesohabitat analysis and examination of mean microhabitat use, 7 

habitat-use guilds were apparent. These included 4 rheophilic (fast-riffle, 

riffle/run, fast-generalized, and shallow-rheophilic) and 3 limnophilic guilds 

(pool/run, open-pool, and pool-cover) that were reasonably robust across river 

segments and years. Although simple-hydraulic, channel-roughness, and turbulence 

(complex-hydraulic) variables all segregated fish guilds, turbulence variables 

were redundant as compared to simple-hydraulic variables, substratum use by 

limnophilic fishes was related to availability, and only 1 guild consistently 

selected high cover levels. Examination of published fish-habitat data only 

partially corroborated the usefulness of defining habitat-use guilds, although 

stratification of habitat into finer mesohabitat types, segregation of fish 

species by size categories, and less bias in fish sampling would have reduced the 

scatter of data. Darter and especially minnow species were notable for occupying 

several habitat-use guilds, because of species differences in habitat 

preferences. 

1. INTRODUCTION 

1.1 Detailed vs. Larger-Scale Examination of Fish Assemblages 

Most fish-assemblage analyses of cool- and warmwater streams have been 
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undertaken at moderately large spatial scales, namely coarse-mesohabitat (pool- 

run-riffle) and macrohabitat (meander to watershed) levels (Vadas, 1991, 1992a). 

‘Fine’ (detailed) mesohabitat and microhabitat analyses have mainly been used to 

study fish-habitat relations relative to anthropogenic impacts such as flow 

reductions (Larimore and Garrels, 1985; Rinne, 1985; Bovee, 1986). Fine- 

mesohabitat analyses involve classification of habitats into 5 to 15 categories, 

based upon depth, velocity, turbulence, and other characteristics (Chapters 1, 

2, and 3; Vadas, 1992a). Microhabitat analyses involve examination of these 

characteristics quantitatively, including simple-hydraulic (depth and velocity), 

channel-roughness (substratum size, embeddedness, and cover), complex-hydrauliec 

(turbulence), and/or food-availability variables (e.g., densities of algae, 

aquatic invertebrates, and forage fishes). Both fine-mesohabitat (Aadland et 

al., 1991; Knight et al., 1991; Vadas, 1992a) and microhabitat analyses (Bovee, 

1986; Keup, 1988; Statzner et al., 1988; Bain and Boltz, 1989) clearly show that 

fish and benthic-invertebrate species and life stages segregate habitat based 

upon these physical and trophic variables, such that ecological specialization 

and habitat-use guilds are apparent. 

Given that larger, warmer streams tend to have a greater diversity of 

fishes and habitat types, 2 important tools have been developed to simplify 

instream-flow analyses in these systems. These include use of (1) habitat-use 

guilds instead of individual species and life stages, and (2) mesohabitat 

classification instead of detailed microhabitat analyses (Bain and Bolz, 1989; 

Vadas and Weigmann, 1993). Although investigators can choose indicator species 

from each guild to establish habitat needs for the whole assemblage, examination 

of whole guilds should be more robust because instream-flow analyses usually 

ignore biotic and abiotic disturbances that often affect individual species 
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unpredictably (Orth, 1987; Gore and Nestler, 1988; Bain and Bolz, 1989). In 

addition, pooling species into guilds should smooth habitat-use curves (of fish 

abundance vs. habitat condition) that would otherwise be irregular from random 

error and inadequate sample sizes (Chapter 6). Multivariate analyses, though not 

typically used in instream-flow studies (e.g., Bovee, 1986; Slauson, 1988), can 

facilitate guild classifications for assemblages of fish species (Vadas, 1992a). 

The use of meso- rather than microhabitat resolution makes sense for 

several reasons. First, it should reduce time and costs for field work and 

office analyses (cf. Chapters 1 and 3). Second, microhabitat sampling is often 

biased because of fish fright (Larimore and Garrels, 1985; Rinne, 1985), probably 

more so than for larger, meso-level sample units. Third, fish may select areas 

with adequate sets of microhabitats rather than individual, optimal micro-units 

that are not large enough for permanent residence (Dolloff, 1987). Fourth, 

microhabitat sampling should be especially problematic for schooling fishes 

(e.g., minnows), because nearby fish are not independently selecting microhabitat 

units (Shaw, 1978; Moyle and Li, 1979). And fifth, examination of fish-species 

associations (Chapter 4) requires the use of larger spatial units, namely 

quadrat-microhabitat or fine-mesohabitat, rather than the point-microhabitat 

resolution commonly used in instream-flow analyses to examine individual fish 

(e.g., Bovee, 1986). 

Nevertheless, mesohabitat sampling may lack the necessary resolution for 

predicting changes in fish habitat under different flow regimens (cf. Rinne, 

1985; Bovee, 1986). First, given that mesohabitats are not perfectly homogeneous 

in hydraulic and channel-roughness variables (Jowett, 1993; Chapter 1), the 

method may be inadequate for specialized fish species that are sensitive to 

micro-level changes in habitat. Second, mesohabitat categories and criteria 
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often differ greatly among researchers (Chapters 1 and 2). Both of these 

problems may well be the major reasons that arguments still exist over whether 

darter and minnow species are riffle- and pool-dwellers, respectively (e.g., 

Moyle and Li, 1979; Herbold, 1984; Whittier and Miller, 1986; Bart, 1989; Lobb 

and Orth, 1991). Hence, analyses at micro-, and meso-, and larger spatial scales 

may be needed to robustly classify fish into habitat-use guilds. Moreover, the 

best mesohabitat-classification systems will be those developed from habitat-use 

patterns for fish assemblages (e.g., Leonard and Orth, 1988a; Aadland et al., 

1991; Knight et al., 1991), rather than from arbitrary, visually defined criteria 

(cf. Chapter 1). Microhabitat analyses can also indicate the best physical 

variables for segregating fish species. 

1.2. Robustness of Fish Habitat-Use Patterns 

Whether fish habitat-use data should (‘type-III’) or should not (’type-II’) 

be corrected for habitat area to attain robust (replicable) habitat-suitability- 

index (HSI) curves for stream fishes (sensu Bovee, 1986) has been debated 

extensively (Chapter 6). Some researchers oppose corrections because type-III 

curves based upon habitat-use electivities have the same problems as food- 

electivity curves. Namely, habitat availability is subject to measurement bias, 

error is propagated via extra algebraic steps, type-III curves are often more 

irregular via random error and inadequate sample sizes, and type-II curves may 

be more consistent and replicable (Mathur et al., 1986; Parsons and Hubert, 1988, 

1990; Aadland et al., 1991; C.F. Rabeni, Missouri Coop. Fish. Res. Unit, Univ. 

of Missouri-Columbia, pers. comm., 1992). In addition, there is the question of 

whether or not all habitat should be considered "available" in deriving type-III 

curves (e.g., Baldridge and Amos, 1982). Other researchers emphasize that (1) 
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type-II curves are biased by what habitats are sampled (as absolute fish numbers 

are used), and (2) the curves are often not be robust across time and space 

because of changes in habitat availability and population density (Bain et al., 

1982; Baldridge and Amos, 1982; Bovee, 1986; Orth and Maughan, 1986; Bartholow 

and Slauson, 1990; Hobbs and Hanley, 1990; Groshens and Orth, 1993). Bozek and 

Rahel (1992) found that depth use by trout was affected by stream size (and 

habitat availability) in Wyoming streams, in contrast to velocity use, such that 

the 2 hydraulic variables were best modelled with type-III and type-II curves, 

respectively. 

But comparisons of the number of fish caught in different habitat types are 

likely to be biased by sampling methodology (Vadas, 1992b; Vadas and Orth, 1993), 

whether type-II or electivity curves are used. An alternative type-III approach 

(used in the present study) is to compare the densities of fish species among 

habitat types, i.e., the 'relative-frequency’ approach (sensu Bain et al., 1982). 

This is similar to the electivity approach, except that fish numbers are divided 

by the total area sampled (an easily measured variable), rather than the total 

available habitat area of the stream section. That is, the density/type-III 

approach is corrected for bias associated with habitat sampling, but not for 

habitat availability. 

1.3. Present Study 

The present study examines species associations and habitat use of fishes 

in the upper Roanoke River (URR) of southwestern Virginia, at meso- and micro- 

habitat scales, to formulate habitat-use guilds. Only ‘pooled-quadrat’ data are 

examined, because ‘unpooled’ data are inferior for formulating habitat-use guilds 

if fish species vary independently among individual samples, as in URR (Chapter 
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4) and in another Virginia stream (Vadas, 1992a). Namely, I have (a) aggregated 

quadrats into mesohabitat types, to compare fish abundance in different habitats; 

and (b) calculated microhabitat means (across quadrats) for each species and 

physical variable, to compare the habitat use of different species. The main 

objectives of the analyses are to: (1) use these mesohabitat-use and 

microhabitat-means analyses together to formulate spatiotemporally robust 

habitat-use guilds; (2) use fish microhabitat-means data to formulate more 

realistic physical criteria to define mesohabitat types than is obtained from 

arbitrary, visual classifications (cf. Chapter 1); (3) compare physical- 

microhabitat variables for their robustness in segregating fish guilds; and (4) 

compare my mesohabitat-use and microhabitat-means data for fish species with 

published data for URR and other eastern North American streams, to determine the 

robustness of habitat-use guild classifications among streams. 

2. METHODOLOGY 

2.1. Study Area Description and Field Methods 

As study sites and field methods are described elsewhere (Chapter 1; Vadas 

and Orth, 1993), I provide only a brief summary here. Namely, URR is a midsized, 

upland stream in southwestern Virginia, which I sampled in the summers of 1989 

and 1990 for physical-habitat characteristics and fishes (via seining and 

electroshocking). There were 2 study sites in each river segment sampled, namely 

the lower South Fork (LSF) in Montgomery County (sites #1 and 2) and upper 

mainstem (UMS) in Roanoke County (sites #3 and 4). Two sites (#2 and 4) were 

sampled more extensively in 1990 than 1989. All 4 sites were chosen because of 

their nearly continuous riparian (buffer) strips. The 12 microhabitat variables 

measured or calculated are shown in Table 1. 
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As with Bain and colleagues (Knight et al., 1991; Bain, 1992), I used 

coarser biological resolution, i.e., fish species rather than individual life 

stages, to examine fish habitat-use patterns. The major argument against such 

analyses is that ontogenetic changes in fish microhabitat use are common (e.g., 

Bovee, 1986; Leonard and Orth, 1988a; Peters et al., 1989; Aadland et al., 1991). 

Nevertheless, as the important microhabitats of all life stages of fish need to 

be protected to maintain each species, such pooling of data may simplify efforts 

to manage fish species in the face of altered flow regimens, if different life 

stages can be sampled with equal intensity. Although fish fry may be 

particularly impacted by hydropower operations because of their preference for 

shallow, slow stream margins (Cushman, 1985; Bain and Boltz, 1989), I did not 

sample fry because low flows (the major environmental concern in URR [Roth et 

al., 1988]) may increase the abundance of shallow-pool habitats (EA, 1991; 

Clarkson, 1992) and not impact these fry during summer. 

2.2. Formulation of Habitat-Use Guilds in URR 

First, associations of fish species across mesohabitat types (’mesohabitat- 

use analysis’) was done using density data for each study site and year (data 

presented in Chapter 4). This was accomplished via varimax-factor analyses, the 

results being presented as multivariate-similarity tables (MSTs) (cf. Chapter 2; 

Vadas, 1991, 1992a). That is, species that loaded highest on the same factor 

axis (‘complete similarity’) were vertically stacked in the table. Partial 

similarity was indicated by horizontal juxtaposition of species, along with a bar 

between them; such occurred when 1 species only had a moderately high loading 

(within 0.10 units of the species’ highest loading) on the axis where the other 

species loaded highest. Strongly negative relations were seen between some 
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rheophilic (riffle-oriented) and limnophilic (pool-oriented) fish species, but 

such species were simply plotted as "independent" species (without a bar between 

them) to avoid table clutter. 

The use of the 0.10 criterion for moderately high loadings was based upon 

jackknife-like analyses (E.P. Smith, Dept. of Statistics, Virginia Tech, pers. 

comm.), in which small groups of variables (fish species) or observations 

(quadrats) were removed to compare factor-analytic results for robustness. These 

analyses showed that loadings within 0.10 units of the highest loading sometimes 

became the highest loading after jackknifing. That is, highest loadings above 

0.70-0.75 were usually stable, whereas loadings near 0.60-0.65 were less stable 

to jackknifing. Factor analyses were done only on common/abundant fish species, 

i.e., those comprising at least 1% of the total fish fauna at a given site. 

An additional species-association analysis was done on moderately rare 

species, by pooling 1989 and 1990 data for sites where the species were not 

common/abundant. Minimum sample size for these analyses was 12 fish per species 

(cf. Vadas, 1992a). Analyses were done only on percent-abundance data, via 

varimax-factor and K-means cluster analyses, although the 2 multivariate analyses 

yielded similar results (pers. obs.; cf. Vadas, 1992c) and only the factor- 

analytic results were used to formulate an MST. 

Second, mean habitat-use values of the 12 micro-level variables were 

calculated for (1) for each abundant fish species in LSF and/or UMS, and (2) for 

each common species in 1 or both (together) river segments ('microhabitat-means 

analysis’). The input data were fish densities in each quadrat, i.e., each 

quadrat was weighted equally to obtain habitat-use means. By definition, 

abundant species yielded > 70 fish in LSF and/or UMS, whereas common species 

showed > 40 fish. 
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2.3. Comparisons of URR Habitat-Use Guilds with Literature Data 

2.3.1. Mesohabitat-Use Analysis 

I examined other published fish-mesohabitat data sets for URR (southwestern 

Virginia), other regional (Virginia/West Virginia/Maryland) streams that run 

through Virginia, and other eastern North American rivers, to compare fish 

habitat use among studies (see Tables 7 and 8 for references). I only examined 

studies showing fish-abundance data, habitat-use means, multivariate plots, cover 

use, and/or habitat-use guild designations for Virginia fish species that I 

personally studied (present study; Vadas, 1992a,b). The ‘important’ mesohabitat 

types used by a given fish species were those for which abundance (or 

suitability) was > half that for the most-preferred habitat type. Cover-oriented 

fish species were (by definition) more abundant in cover than in open habitats. 

The URR studies included 3 data sets, namely Mason Creek, various URR sites, and 

Pigg River (see Table 7). The habitat units used in these studies included 

pools, riffles, and sometimes runs, shallow pools (‘channels’), medium (‘deep’) 

pools, and fast riffles. 

The other regional studies included 3 data sets, namely several Virginia 

rivers (especially the James and Potomac Rivers), the New River, and a tributary 

of the Potomac River named Goose Creek (see Table 7). The researchers for these 

studies used different habitat terminology than I did, but their terms were 

nevertheless translatable to mine. First, for the Leonard and Orth (1988a,b) 

data set, ‘margin’ = shallow-pool, ‘pool’ = medium-pool, and riffles near 36 and 

64 cm/s in average velocity were respectively considered slow and fast riffles 

(cf. Chapter 1). I considered species with at least 1 life stage showing a cover 

code > 3.0 (where code = 0 if there is no cover [Leonard and Orth, 1988b]) as 

high cover users. Second, for the Lobb and Orth (1991) data set, ‘backwater’ and 

227



'edge-pool’ = shallow-pool/low-cover, whereas ‘snag’ and ‘lateral-pool’ = pool- 

cover. Third, for the Vadas (1992a,b) data set, ‘slow-water-generalized’ = 

pool/run, whereas ‘shallow-generalized’ and ‘main-channel/deep/slow’ = open-pool. 

Three ‘backwater’ and the ‘deep-channelway’ guilds for forage fishes were 

considered pool-cover, because adults for the larger species were collected 

mostly along shores with woody cover or boulders (Vadas, 1992b). And fourth, for 

other data sets, ‘backwater’ and ‘vegetation’ = pool-cover, 'near-riffle’ and 

‘moving-water’ = run, and ‘'riffle-edge pool’ = shallow pool. 

The other North American studies consisted of 6 data sets, which consisted 

mostly of field studies as well as a few lab experiments for cover use (see Table 

8). These stream locations included (1) several north-central states and 

provinces (Wisconsin, Minnesota, Wyoming, Ontario, and Manitoba), (2) several 

southeastern states (Alabama, Mississippi, North and South Carolina, and the 

lower Mississippi River), (3) a few northeastern states (New York, Vermont, and 

Massachusetts), (4) Illinois, (5) several other midwestern states (Michigan, 

Ohio, Missouri, Kentucky, Tennessee, and Oklahoma), and (6) Pennsylvania. 

The researchers of these studies also used different habitat terminology 

than I did, but the terms were translatable to mine. First, the Aadland et al. 

(1989, 1991) data set consisted of the same 5 hydraulic mesohabitat types that 

I used in URR, as well as deep pools (cf. Chapter 1). Second, for the Finger 

(1982) data set, ‘transition’ = run and ‘pool’ = medium pool. Third, for the 

Nash (1950) and/or Minckley (1963) data sets, ‘backwater’ and ‘mud-bottomed’ = 

pool-cover, ‘hard-bottomed lake-shore’ species and intermediate species along the 

river-channel/backwater continuum were considered pool species, and ‘hard- 

bottomed lotic’ species along the riffle/pool continuum were classified into 5 

groups that are translated as riffle, riffle/run, run, pool/run, and pool. 
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Fourth, for the lower Mississippi River (Baker et al., 1991), ‘mainstem’ and 

‘floodplain’ species were considered pool/run vs. pool-cover members, 

respectively (cf. Chapter 1). Fifth, ‘phytophil’ = cover and ‘inlet’ = run for 

the RMC (1991) and Bart (1989) data sets, respectively, whereas Taylor et al.'s 

(1993) ‘deep/wood' species were considered pool-cover members. Sixth, I examined 

depths and velocities to classify (1) the ‘raceways’ and ‘cove’ of Englert and 

Seghers (1983) as shallow pools, (2) the ‘'riffles’ and ‘weed beds’ of Paine et 

al. (1982) as fast-riffle and pool-cover habitats, respectively, and (3) the 

‘stream margins’, ‘pool slow channel’ and ‘medium and fast channels’ of Gibbons 

and Gee (1972) as shallow pools, medium pools, and runs, respectively. And 

seventh, for the Bain et al. (1988), Meffe and Sheldon (1988), Knight et al. 

(1991), and/or Illinois data sets (Schlosser, 1982, 1987; Angermeier, 1987), 

‘deep-slow’ = medium-pool, ‘slow-cover’ = pool-cover, ‘shallow-slow’ = shallow- 

pool, ‘deep-fast’ = run, 'shallow-coarse’ = fast-generalized, and 'shallow-fast’ 

= riffle (cf. Chapter 1). 

2.3.2. Microhabitat-Means Analysis 

I also examined other fish-microhabitat data sets for URR and other eastern 

North American streams (Table 2), to compare fish habitat use among studies. The 

data sets again consisted mostly of field studies, as well as a few lab 

experiments, and I only compiled habitat-use means for Virginia fish species that 

I personally studied (present study; Vadas, 1992a,b). The habitat variables 

included depth, average substratum size, percent silt, percent cover, and 

velocity; the latter measurement was for average, mid-depth, surface, sub-surface 

(15 cm below surface), or demersal velocity (2 to 7 cm above bottom). I 

calculated means for each spatiotemporal sample collected by a given researcher, 
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including means for different life stages of fish. 

I converted most velocity measurements to average velocity. First, as mid- 

depth velocity should have been similar to average velocity, no conversion factor 

was used. Second, surface velocity was multiplied by a factor of 0.8 over rocky 

substrata and 0.9 over fines (Orth, 1983; cf. Chapter 1). And third, I sometimes 

converted Matthews’ (Matthews et al., 1982; Surat et al., 1982) sub-surface 

velocities for URR. No conversion factor was required for darter species, which 

Matthews et al. (1982) sampled in riffles, because URR riffles were near 25 cm 

deep in’ summer (Chapter 1). That is, the velocities were essentially at 0.6 

depth. In contrast, I multiplied Surat et al.'s (1982) shiner velocities by 0.9 

to estimate average velocities, as (1) these minnows were deeper (pool/run) 

species, (2) velocity was measured at depths between those one would take to 

obtain surface and average velocities, and (3) pool/run substrata were generally 

coarse (cf. Chapter 1). 

3. RESULTS 

3.1. Mesohabitat-Use Guilds in URR 

Factor analyses on abundance data (see Appendix 1 and Chapter 4) yielded 

the species associations shown in Tables 3 to 5. These multivariate results were 

then used to formulate mesohabitat-use guilds of fish species, namely 4 

rheophilic and 3 limnophilic groups (see Table 6). For rheophiles, fast-riffle 

and riffle/run species were most abundant in the mesohabitat(s) specified, 

shallow rheophiles were most abundant in shallow pools and slow riffles, and fast 

generalists were especially important in riffles and runs but abundant in various 

mesohabitat types. For limnophiles, pool/run, shallow-pool, and pool species 

were most abundant in the mesohabitat(s) specified, pool/run species being most 
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generalized in habitat use. Although most species showed consistent mesohabitat- 

use patterns across sites and years, several suckers (HRO, MCE, and CCO), shiners 

(LCE, LAL, LAR, and CYAN), bluehead chub (NLE), margined madtom (NIN), and 

Roanoke logperch (PRE) were not consistently rheo- or limno-philic. These fishes 

were split into fast-generalized and pool/run guilds, based upon their relative 

degree of riffle vs. pool preference. Another problematic guild was the shallow- 

pool guild, because several species showing such status did not do so 

consistently; this included several minnows (NVO, NPR, and PNO), juvenile 

smallmouth bass (MDO), and tadpole larvae (RANA). It is also of interest that 

juvenile hog suckers (HYPJ) classified differently than did adults (HRO and HNI), 

as did redhorse juveniles (MOXJ) vs. adults (MAN and MER). 

My own mesohabitat-use analyses and those of Vadas (1992a) suggest that 

distinctive guilds are present in Virginia streams, although species segregated 

along a continuum that reduced the discreteness of species clusters (Tables 3 to 

5). The 1990 URR data in particular often showed partial similarity between 

rheo- and limnophilic fish species, which resulted because both groups were 

present in transitional habitats, namely shallow pools and runs (see data in 

Chapter 4). Hence, multivariate-statistical techniques such as factor analysis 

are useful for showing whether fish-assemblage patterns are discrete or 

continuous (cf. Meffe and Sheldon, 1988; Taylor et al., 1993). 

3.2. Microhabitat-Use Guilds in URR 

3.2.1. Channel-Roughness Variables 

Further segregation of habitat-use guilds was possible by comparing 

habitat-use means of fish species for individual micro-level variables (Figures 

1 and 2). In addition, habitat conditions that best segregated fish guilds were 

231



formulated to provide more biologically oriented mesohabitat criteria than gotten 

from arbitrary visual classifications (cf. Chapter 1). 

Channel-roughness variables varied in their ability (‘usefulness’) to 

segregate guilds (Figure 1). Percent cover was notably useful (Figure la). Most 

rheophilic guilds used cover levels below availability (< 5%), although fast 

generalists used cover at or above availability. All limnophiles were above 2% 

in cover use, but pool/run species and 2 shallow-pool shiners (NVO and NPR) used 

less cover (usually < 10%) than other pool-oriented species (usually > 10% and 

mean availability). Deeper-bodied sunfishes (LAU and ARU) always averaged above 

15% in cover use. Based upon these results, I designated the shiners NVO and NPR 

as open-pool species, whereas sunfishes and 2 other minnows (NHU and PNO) were 

considered pool-cover species, guild designations that were not possible via 

consideration of mesohabitat-use data alone (see above). In addition, the 22 

medium-pool quadrats sampled during 1989-1990 that lacked fish altogether had low 

cover levels (0 to 3%, average < 1%). 

These data suggest that 5 cover criteria are useful for defining 

mesohabitats, namely < 2% (‘nil’), 2-5% (‘poor’), 5-10% (‘fair’), 10-15% 

('good’), and > 15% (‘excellent’). I could not provide a maximum cover 

criterion, however, because my use of squarish quadrats and the clustering of 

cover along shore necessarily meant that few quadrats were dominated by cover. 

That is, pool-cover species would have had higher cover-use averages if shoreline 

quadrats did not extend away from shore into open areas. 

Percent fines was also useful (Figure 1b). Most rheophiles showed low use 

of fines (< 5%), although some fast-generalized species showed levels up to 10%. 

All limnophiles averaged above 1% in fines use and were the only species to use 

above-average levels (but usually < 25%). Hence, there were 5 useful mesohabitat 
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criteria, namely < 1% (’low’), 1-5% (‘moderately low’), 5-10% (‘moderate’), 10- 

25% (‘moderately high’), and > 25% (‘high’). In general, limnophiles showed 

greater variability in fines use than rheophiles, because LSF pools showed higher 

levels of sand and silt than those in UMS (cf. Chapter 1). This probably also 

explains why the upstream-oriented spottail shiner (NHU) was an outlier based 

upon the 1989 data depicted, especially as qualitative examination of 1990 data 

suggested use of more lower, more-normal fine levels (pers. obs.). 

Percent large rocks did not segregate guilds very well, as most species 

showed great variability (Figure lc). Longitudinal effects were instead 

apparent, several upstream-oriented species (HRO, POR, CBA, MRH, CCO, NPR, and 

NHU) showing the lowest values, below mean availability. In contrast, several 

species more abundant downstream (PRE, CYAN, and all 3 sunfishes) had the highest 

values, near the upper end of mean availability. This corresponds with the 

greater abundance of boulders and bedrock downstream (Chapters 1, 2, and 3). All 

species averaged under 50% in large-rock levels, and most species were within 10- 

40%, such that there were only 4 relevant mesohabitat criteria: < 10% (‘fine’), 

10-40% (‘medium’), 40-50% ('medium-coarse’), and > 50% ('coarse’). The lack of 

fish averaging above 50% in value probably reflected the poor refuge provided by 

quadrats lined with flat bedrock (cf. Hawkins et al., 1988). Nevertheless, large 

boulders (rare) and irregular bedrock (common) were often inhabitated by 

sunfishes (ARU and LAU) in quadrats lacking organic/anthropogenic cover (pers. 

obs., 1989-1991), as salmonids do in coldwater streams (Bryant, 1990; Heede and 

Rinne, 1990) and marine fishes do on coastal reefs (Grove, 1987). On the other 

hand, the lack of URR fish below 10% in large-rock levels reflected the 

omnipresence of boulders and bedrock in URR (cf. Chapters 1 and 2). 

Because average substratum size was affected by the abundance of fines and 
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large rocks, this variable confounded mesohabitat and longitudinal effects 

(Figure 1d). Most species had average values above 4.5 (large-gravel/small- 

cobble) and all were above 3.5 (small-gravel/large-gravel), given that URR was 

a coarse-bottomed river. All species were below 6.5 (large-cobble/small- 

boulder), and most were below 6.0 (large cobble), because large-boulder substrata 

were rare and bedrock was not a preferred substratum (see above). And whereas 

limnophiles were usually variable in substratum preferences and often used below- 

average sizes, most rheophiles were above 5.5 (small-cobble/large-cobble). 

Again, several upstream species (HRO, POR, CCO, NPR, and NHU) showed lower values 

than expected, opposite to several downstream species (CYAN and the 3 sunfishes), 

because coarser substrata were present in UMS than LSF pools (cf. Chapter 1). 

There were thus 6 useful substratum criteria for formulating mesohabitat types: 

< 3.5 ('fine’), 3.5-4.5 ('medium-fine’), 4.5-5.5 (‘medium’), 5.5-6.0 (mediun- 

coarse’), 6.0-6.5 (‘coarse’), and > 6.5 (‘very coarse’). 

3.2.2. Simple-Hydraulic Variables 

Simple-hydraulic variables better segregated habitat-use guilds (Figure 2). 

Depth was more useful for segregating rheo- than limnophiles (Figure 2a). Most 

rheophilic guilds averaged only 15 to 30 cm (below mean availability), although 

fast generalists were usually deeper and more variable (but usually < 45 cm). 

Most limnophiles chose depths at or above mean availability (i.e., 30 to 65 cm), 

although some minnows (LAL, LCE, and PNO) showed wide depth ranges. Species 

showing narrow, outlying ranges in depth use were mostly collected as adults 

(HRO, PRE, and NHU) or juveniles (CCO and MDO). The crescent shiner (LCE) 

sometimes overlapped greatly with rheophilic guilds, because it used shallower 

depths downstream (see Table 3 and 4). This was the result of its greater use 
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of edge (side-channel/backwater) habitats in downstream areas, and may reflect 

preference for narrower channels (cf. Dickson et al., 1979) and/or exclusion by 

more downstream-oriented, pool/run competitors (LAL, LAR, CYAN, and CCO) and/or 

predators (perhaps the smallmouth bass MDO). 

There were thus several useful mesohabitat criteria for depth. I added an 

additional criterion based upon the 22 medium-pool quadrats lacking fish 

altogether during 1989-1990; these quadrats showed a range of 64-112 cm and an 

average depth of 88 cm. Hence, the 6 useful criteria were < 15 cm (‘very 

shallow’), 15-30 cm ('shallow’), 30-45 cm (‘medium-shallow’), 45-65 cm 

(‘medium’), 65-85 cm (‘medium-deep’), and > 85 cm (‘deep’). 

Average velocity separated guilds rather thoroughly (Figure 2b). There was 

moderate segregation of fast-riffle and riffle/run species, the 2 guilds usually 

averaging below 70 and 50 cm/s, respectively. Fast generalists showed somewhat 

lower values than riffle/run species, but both guilds were usually above 30 cm/s. 

The only shallow rheophile examined, namely POR, was the slowest rheophile, 

although its narrow range is likely due in part to the limited data for this 

species (only 1 mean, namely LSF during 1990). Whereas rheophiles generally used 

velocities at or above mean availability, limnophilic species were generally in 

slower water (at or below availability). Pool/run species usually averaged from 

20 to 30 cm/s, pool-cover species were usually < 10 cm/s, and open-pool species 

overlapped with both of these guilds (10 to 30 cm/s). Although the spottail 

shiner (NHU) was an outlier, qualitative examination of 1990 data suggested that 

it was similar to other pool-cover species (pers. obs.). There were thus 6 

useful average-velocity criteria, namely < 10 ('slow’), 10-20 (‘'medium-slow’), 

20-30 (‘medium’), 30-50 (’medium-fast’), 50-70 ('fast’), and > 70 cm/s (‘very 

fast’). Douglas and Matthews (1992) similarly considered moderate velocities to 
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be 26-75 cm/s, based upon the habitat use of various URR fish species. 

Demersal velocity yielded similar results, except that fast-riffle and 

riffle/run species overlapped more and fast-generalized species were generally 

slower than both of these guilds (Figure 2c). There were thus 8 useful criteria 

(< 5, 5-10, 10-15, 15-20, 20-25, 25-40, 40-50, 40-50, and > 50 cm/s), although 

little new information is gained over average-velocity results (cf. Chapters 1, 

2, and 3). Examination of fish habitat use for turbulence variables (e.g., 

Reynolds and Froude numbers) also yielded similar species-niche diagrams to 

average velocity (pers. obs.; cf. Chapters 1 and 2), such that these complex 

variables are not considered further here. 

3.3. Final Designation of Habitat-Use Guilds for URR 

Based upon all mesohabitat-use and microhabitat-means data, overall 

habitat-use guilds were formulated (Table 6), which I also used to organize and 

present Tables 3 to 5. These analyses were generally concordant with 1 important 

discrepancy. Namely, the ‘'shallow-pool’ and 'pool’ guilds of the multivariate- 

mesohabitat analysis were dropped in favor of ‘open-pool’ and ‘pool-cover’ 

guilds, because the mesohabitat data ignored cover levels (cf. Chapter 1) and 

most limnophilic species used a wide and variable range of depths. 

In addition, I based the final guild designations for larger, rarer fish 

species upon criteria besides the quantitative data because of gear biases (cf. 

Vadas and Orth, 1993). The included species were several suckers (HRO, HNI, CCO, 

MAN, MAR, and MER), smallmouth bass (MDO), and brown bullhead (ANE). First, 

juvenile suckers of the genera Hypentelium (HYPJ) and Moxostoma (MOXJ) were more 

pool-oriented than their counterpart adults in my mesohabitat analyses (Tables 

3 to 5). Adult redhorses, however, often escaped the electroshocking gear in 
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deeper quadrats containing boulders and/or woody cover, and large schools of 

adults were sometimes observed in medium pools (pers. obs., 1989-1991). I thus 

classified the rheophilic Roanoke hog sucker (HRO) as fast-generalized overall, 

whereas limnophilic suckers (HNI, MAN, and MER) were considered pool-cover 

species overall. Second, I used similar reasoning to classify other limnophilic 

species (MAR, MDO, and ANE) as pool-cover species, given that most specimens 

caught were not adults. Third, the rheophilic white sucker (CCO) was also mostly 

caught as juvenile specimens, the few adults being caught in deeper areas with 

boulders and/or woody cover (pers. obs., 1989-1991). I thus considered this 

species to be in the pool/run guild. 

Clearly, meso- and micro-habitat analyses were useful for formulating 7 

habitat-use guilds. I thus agree with Grossman and Freeman (1987) and Vadas 

(1992a) that lotic-fish species form habitat-use guilds in the southeastern U.S., 

but the present results suggest that habitat-use patterns were overlapping and 

partially continuous rather than discrete. That is, guilds may be useful 

constructs for simplifying instream-flow analyses, but their existence does not 

necessarily imply that species are clustered tightly within narrow adaptive 

zones. My results also suggest that meso- and micro-level data are best used 

together to formulate realistic habitat-use guilds, because these analyses 

provide complementary information. 

3.4. Comparisons with Literature Data 

3.4.1. Mesohabitat-Use Analysis 

My designation of species into guilds also compared moderately well with 

literature data, particularly for the 3 limnophilic guilds (Tables 7 and 8). 

Smaller species and younger life stages of larger, limnophilic species, however, 
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used erosional habitats to some extent (cf. Schlosser, 1982). First, species 

that I (present study; Vadas, 1992a,b) considered to be pool-cover species were 

usually most abundant in pools of various depths and near cover. This guild 

included several sunfishes, suckers, and minnows, as well as 2 bullhead 

catfishes, a killifish, a darter, and tadpole larvae. Two component species, 

however, appeared to be more rheophilic than others, and may instead belong in 

the pool/run guild, namely the cutlips minnow (Exoglossum maxillingua) and 

smallmouth bass (MDO). The northern hog sucker (HNI) was probably rheophilic 

enough to be a fast generalist. Second, the open-pool guild consisted of 

Notropis shiners and a darter, which were abundant in pools of various depths. 

Nevertheless, the rosyface shiner (N. rubellus) might better be classified as a 

pool/run species. Third, the pool/run guild consisted of Luxilis, Lythrurus, and 

Cyprinella shiners, as well as a sucker. These species were important in pools 

of various depths and in runs, although the white sucker (CCO) may have been more 

pool-oriented because of sampling bias towards adult fish. 

The 4 rheophilic guilds were somewhat less distinct (Tables 7 and 8), 

probably because (1) most researchers did not differentiate by pool depth or 

riffle velocity and/or (2) the component species were opportunistic in habitat 

use. First, fast generalists and shallow rheophiles were abundant in pools, 

runs, and riffles, and included 3 minnows, 2 suckers, a madtom, and a darter. 

Second, fast-riffle and riffle/run species were most abundant in erosional 

habitats, and included several darters, a sculpin, a madtom, and a minnow. The 

stoneroller (CAAN) showed more pool use than did other fast-oriented rheophiles, 

and may better be classified as a fast generalist. Some riffle/run species also 

used cover extensively, in contrast to my URR results, which is further addressed 

below. 
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3.4.2. Microhabitat-Means Analysis 

Based upon the literature studies of Table 2, I summarize results for the 

3 most frequently quantified habitat variables (depth, average velocity, and 

average substratum size) in Figure 3. First, substratum size provided only fair 

segregation of the 2 superguilds, namely rheo- and limnophiles (Figure 3a). 

Rheophiles specialized on moderately coarse substrata (gravel-cobble, codes 3 to 

7), whereas limnophiles collectively used a broad array (mud to boulder, codes 

1 to 8), as with my URR data. Nevertheless, my rheo- and limnophiles 

respectively did not use gravel and fines extensively, in contrast to these 

literature data. That is, URR substrata were coarser than in many other rivers 

studied in eastern North America (cf. Chapter 1). 

Other URR data were generally similar to mine, as Matthews (Matthews et 

al., 1982; Douglas and Matthews, 1992) found that most rheophiles in URR 

specialized upon coarser substrata (cobble-small boulder, codes 5 to 7). On the 

other hand, a few rheophiles (probably juvenile fish, as discussed below) and 

several limnophiles in URR were found mostly over sand-gravel substrata (Douglas 

and Matthews, 1992), and Helfrich et al. (1991) found that a limnophilic sunfish 

(LAU) usually built nests of finer substrata (mud to small gravel) in the South 

Fork. Perhaps I did not sample enough South Fork sites during 1989-1990, 

particularly upstream and in unforested areas, to observe sites with finer 

substrata. 

Second, depth provided only slight segregation of rheo- and limnophiles 

(Figure 3b). Although rheophiles were generally shallower than limnophiles, 2 

rheophiles (EBL and RAT) used uncharacteristically deep habitats, whereas most 

limnophiles were sometimes abundant in shallow habitats. All fish species 

averaged within 10-300 cm in depth (the range for the limnophilic shiner LCO), 
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2 non-minnow rheophiles (EFL and CBA) were < 60 cm, rheophilic minnows were below 

85 em, most smaller limnophiles were < 110 cm, and large-bodied limnophiles 

sunfishes were < 160 cm. These results do not support mine very well, as many 

rheo- and limnophiles were respectively deeper and shallower than expected (see 

Figure 2a). This suggests that depth availability and/or fish habitat selection 

may be different enough among rivers to prevent general habitat-use patterns from 

emerging, although my calculation of separate means for different life stages of 

fish also broadened the depth ranges of both superguilds. 

Other URR data were more congruent with mine. Helfrich et al. (1991) found 

the sunfish LAU in moderately deep habitats (average 49 cm) during spawning in 

the South Fork, similar to my own URR values for non-spawning seasons (see Figure 

2a). Although Douglas and Matthews (1992) did not quantify depth use, they did 

note that most URR rheophiles were shallow-oriented, whereas limnophilic minnows 

were in deeper waters, so the strong depth segregation of URR superguilds in my 

data set appears to be robust. On the other hand, Douglas and Matthews (1992) 

found 1 rheophilic sucker (MCE) to be in much deeper water (> 75 cm) than I 

found. 

Third, average velocity provided only slight segregation of rheo- and 

limnophiles (Figure 3c), as with depth. Although rheophiles were generally in 

faster currents than limnophiles, several species from both superguilds used a 

wide array of velocities. Moreover, 2 limnophiles (MDO and HNI) used faster 

velocities than in my data set, which supports the mesohabitat analyses in 

designating these species as pool/run and fast-generalized species, respectively 

(see Tables 7 and 8). In sum, rheophiles (including HNI) averaged below 85 cm/s, 

non-cover limnophiles and the bass MDO were below 50 cm/s, and pool-cover species 

besides MDO and HNI were below 40 cm/s. These results suggest that velocity 
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availability may be different enough among rivers to prevent general habitat-use 

patterns from emerging, although my calculation of separate means for different 

life stages of fish also broadened the velocity ranges of both superguilds. 

Other URR data were more congruent with mine. (1) Matthews et al.’s (1982) 

riffle/run darters in URR (EFL and EPO) showed slower velocities (61 and 63 cm/s, 

respectively) than did the fast-riffle darter PRO (82 cm/s), as with my data set, 

but these values were much higher than mine (see Figure 2b). This was probably 

because Matthews et al. (1982) only sampled darters in erosional habitats. (2) 

Surat et al.’s (1982) means for pool/run shiners (LAL, LAR, and LCE), namely 23, 

21, and 19 cm/s, respectively, were similar to my results. (3) Helfrich et al. 

(1991) found that a limnophilic sunfish (LAU) averaged 3 cm/s during nesting 

activities in the South Fork, somewhat slower than my own values. 

Data were more limited for other microhabitat variables. First, there were 

percent-silt data for 2 riffle/run species (Greenberg, 1991; Greenberg and 

Stiles, 1993). A darter (EBL, 0-3%) and sculpin (CBA, 2-9%) used silt levels 

below 10% as with my own URR fines data for rheophiles, but CBA used lesser fines 

in URR (see Figure 1b). 

Second, there were demersal-velocity data for 7 species. (1) In his 

laboratory experiments with adult darters from URR, Matthews (1985a) found that 

a fast-riffle species (PRO) withstood a higher maximum velocity than did a 

riffle/run species (EFL), namely 30 vs. 24 cm/s, respectively. However, my means 

were usually higher than the lab-determined maxima (see Figure 2c), probably 

because darters use velocity refuges provided by cobbles and boulders (Lee, 1977) 

that were not available in Matthews’ (1985a) smooth-glass test apparatus. (2) 

For a limnophilic bass (MDO), Rankin (1986) found demersal velocities of 6 to 17 

cm/s, Groshens and Orth (1993) obtained values of 6 to 11 cm/s, and Simonson and 
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Swenson (1990) found that laboratory values < 15 cm/s caused least displacement 

and best growth of fry. These velocities for MDO are somewhat higher than mine. 

(3) Leidy (1992) found a pool-cover darter (ENI) to use velocities near zero (0.2 

cm/s). (4) Lukas and Orth (1993) found a pool-cover sunfish (LAU) to use 

velocities near 1 cm/s during spawning, somewhat slower than my URR non-spawning 

values. (5) Kwak and Skelly (1992) obtained velocities of 15 cm/s for a 

limnophilic sucker (MER) during the spawning season. (6) For a riffle/run 

sculpin (CBA), Facey and Grossman (1992) found bottom velocities of 2 to 5 cm/s, 

whereas Trail et al. (1992) obtained monthly values below 2 to 18.5 cm/s for most 

(80%) of their fish. These ranges are much lower than mine, perhaps because 

these researchers measured velocity at the substratum level rather than 4.5 cm 

above bottom as I did (see Table 1). 

And third, a few researchers quantitatively measured cover use by stream 

fishes. (1) Helfrich et al. (1991) found the pool-cover sunfish LAU to nest in 

cover of organic (cf. Davis, 1971) and inorganic composition across several 

Virginia streams (30% on average, range 0 to 65%), the South Fork mean (17%) 

being similar to mine (see Figure la). (2) Pajak and Neves’ (1987) obtained 

means of 15 to 17% cover (unspecified materials) for a pool-cover bass (ARU), 

which was also similar to mine. (3) Johnson et al. (1992) found a shallow- 

rheophilic dace (RAT) to use 13% cover, which they considered "low" use. 

However, this value was higher than cover use for most of my URR rheophiles, 

perhaps because Johnson et al. (1992) considered cobbles and larger rocks to be 

"cover". (4) Greenberg (Greenberg, 1991; Greenberg and Stiles, 1993) found that 

2 riffle/run species used cover (mostly Podostemum riverweed), the sculpin CBA 

and young EBL darters both using < 11% and adult EBL using 48% cover. 

Other researchers have also found fast-water, rheophilic species to use 
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cover extensively. This includes the sculpin CBA in algal beds (Matheson and 

Brooks, 1983), the darter EBL in Podostemum (Winn, 1958; McCormick and Aspinwall, 

1983; White and Aspinwall, 1984), and the darters PRO and EPO (the latter species 

named after riverweed) in URR Podostemum a century ago (Jordan, 1888). As 

riverweed was not common during my URR surveys (pers. obs., 1989-1991), it is 

possible that cover use is presently low for URR rheophilic darters because of 

declines in aquatic vegetation in the past century. Clearly, cover use by 

riffle/run and fast-riffle species needs more study, to better define habitat 

needs for fish guilds. 

4. DISCUSSION 

The meso- and micro-habitat analyses of URR and comparisons with literature 

data suggest several conclusions. First, fish species segregated strongly along 

channel-roughness and hydraulic axes in the URR data set. The least 

discriminating variable was % large rocks because substratum use was not 

independent of availability, turbulence variables were generally redundant to 

simple-hydraulic variables, and the best variables appeared to be % cover, % 

fines, depth, and both velocities. 

Second, qualitative mesohabitat-use descriptions often matched more- 

detailed mesohabitat- and microhabitat-use analyses, similar to Matthews’ (1985b) 

findings for midwestern-lotic fishes. But my 7 guilds were not fully discernible 

with only 2 or 3 mesohabitat categories (e.g., pool vs. riffle), because 

depositional and erosional areas showed great variability in depth and velocity 

characteristics (cf. Chapter 1). I thus suggest use of at least 5 hydraulic 

categories, as in my URR analyses, namely medium and shallow pools, runs, and 

fast and slow riffles. Even segregation of fast and slow riffles makes sense, 
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despite the similarity of common and abundant fish species in these 2 mesohabitat 

types (Chapter 4), because these mesohabitat types differed greatly in hydraulic 

conditions (Chapter 1) and some fish species preferred fast over slow riffles 

(fast-riffle guild) or vice versa (shallow-rheophilic guild). Mesohabitat 

classification systems with several categories represent a compromise between 

crude riffle-pool and detailed microhabitat analyses (cf. Hawkins et al., 1993). 

Third, limnophilic species were more omnipresent than rheophilic ones 

across regions and data sets (Tables 7 and 8), probably for 2 reasons. (1) Many 

benthic-rheophilic fishes have limited geographical ranges (Simonson and Neves, 

1992), probably because riffles are tougher habitats to live in (Gelwick, 1990) 

and obligatory riffle existence facilitates local speciation. (2) Habitat 

availability and thus stream type is probably important. For example, the 

midsized, Piedmont stream that Vadas (1992a,b) studied, as well as the downstream 

river segment (UMS) in the present study, showed low abundance of shallow 

rheophiles (RAT and/or POR), probably because the streams were too large for 

these species. Likewise, fast-riffle species such as the longnose dace 

(Rhinichthys cataractae) (Bartnik, 1970; Coon, 1982; Johnson et al., 1992), 

probably were rare in Vadas’ (1992a,b) study because erosional areas lacked 

whitewater and were usually small in size, i.e., mostly runs and slow riffles 

(cf. Vadas, 1992a; Poff et al., 1993). 

Fourth, my results do not support Douglas’ (1987) hypothesis that lotic- 

cyprinid species are more inflexible and specialized in habitat use than riverine 

centrarchids. Rather, the opposite is closer to reality, as several minnow 

species were in generalized guilds (i.e., fast-generalized and pool/run). 

Moreover, minnow species varied greatly in habitat use in the present and other 

studies (see Tables 6 to 8; Figure 3; Douglas and Matthews, 1992). These 
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findings instead support those of Angermeier (1987) and McNeely (1987), in 

classifying sunfishes as being more habitat-specialized than most minnow species. 

Fifth, several minnow and darter species were not limno- and rheophilic, 

respectively. Cyprinids were collectively present in every guild except the 

fast-riffle guild, whereas darters were collectively present in 3 rheophilic and 

2 limnophilic guilds. Hence, the controversy over habitat-use patterns for these 

2 fish families (e.g., Moyle and Li, 1979; Herbold, 1984; Whittier and Miller, 

1986; Bart, 1989; Lobb and Orth, 1991) is moot and partially reflects the 

overwillingness of researchers to equate phylogenetic similarity with ecological 

similarity (cf. Jaksié, 1981). It probably also reflects the overlap of rheo- 

and limnophilic species in speciose, transitional habitats (runs and shallow 

pools), especially when all life stages are considered (see data in Chapter 4). 

As evident from my analyses (see Tables 6 to 8; Figure 3), these 2 superguilds 

were found together in quadrats near mean microhabitat availability, which were 

usually located in shallow pools and runs (cf. Chapter 1). 

Sixth, species- and size-related biases in sampling are common in fish- 

habitat studies of streams (Bovee and Cochnauer, 1977; Vadas and Orth, 1993). 

Hence, lumping all life stages into 1 unit, namely the species level, is 

problematic if some life stages cannot be collected efficiently. Much of the 

variability of guild classifications and habitat-use means in my literature 

survey was a result of life-stage and seasonal differences in habitat use, e.g., 

younger fish used different depths and velocities than older fish (pers. obs.). 

For example, Douglas and Matthews’ (1992) classification of URR species into 

habitat-use guilds, which was based upon depth, velocity, and substratum data, 

differed somewhat from my own (cf. Chapter 4), probably because of sampling 

biases associated with their seining. Their guilds were as follows: (1A) 
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shallow-pool guild of MRH, NLE, and POR; (1B) shallow-pool/rheophilic guild of 

EFL and RAT; (2) rheophilic guild of CAAN, HRO, CBA, PRO, EPO, NGI, and NIN; (3) 

limnophilic guild of LCE, LAL, LAR, and the dace Clinostomus funduloides; and (4) 

deep-rheophilic guild of MCE. First, MRH and NLE were probably not more 

rheophilic because only smaller individuals were collected in Douglas and 

Matthews’ (1992) seine nets, based upon my own habitat-use data for younger fish 

(Vadas and Orth, unpubl. data). Second, HRO and NIN were probably not more 

generalized in habitat use because juvenile hog suckers and adult madtoms were 

not easily seined in pools; e.g., I found NIN to be cover-oriented in deeper 

pools and thus collected it mostly with electroshocking equipment (pers. obs., 

1989-1991). On the other hand, the inability of Douglas and Matthews (1992) to 

segregate fast-riffle, riffle-run, and shallow-rheophilic guilds as I did may be 

a real phenomenon, as habitat use by the URR fish assemblage was somewhat 

continuous (rather than discrete) based upon my multivariate results (see Tables 

3 to 5; Figures 1 and 2). Clearly, researchers need to address sampling biases 

in studies of habitat use by stream-fish assemblages, perhaps by using multiple 

sampling techniques (as I did) or less-biased gears such as electroseines (Vadas 

and Orth, 1993). 

Seventh, comparison of my results with literature data suggests that fish 

habitat use by fish guilds differs across regions, perhaps because of differences 

in habitat availability, particularly for substratum variables. Indeed, my 

comparisons of habitat-suitability histograms for the 7 fish guilds in LSF vs. 

UMS supports this hypothesis, because limnophiles used finer substrata in LSF 

(Chapter 6), which had greater fines and lesser large rocks than did UMS (Chapter 

1). Hence, type-II and density/type-III substratum curves for a given fish 

species or guild are unlikely to be robust across streams. This suggests that 
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consideration of habitat availability, via use of electivity/type-III curves, may 

be necessary, and/or that contemporary substratum variables do not adequately 

assess lotic-fish habitat needs. 

And eighth, URR fishes of different body size and morphology were often in 

the same habitat-use guild (cf. Gatz, 1975, 1979b; Douglas and Matthews, 1992). 

First, rheophiles were either tubular or dorsoventrally flattened in body shape. 

Second, although most pool/run and open-pool species were moderately small and 

streamlined (fusiform), larger fishes such as CCO and MDO (which were 

undersampled as adults) probably belonged in the pool/run guild (see above). 

Third, although only the pool-cover guild contained laterally compressed 

(gibbose) species, the latter guild contained species of various shapes and 

sizes. And fourth, although large-bodied adults (above 100 mm total length) were 

mostly found in the pool-cover and fast-generalized guilds, 1 fast-riffle species 

(MRH) and 1 riffle/run species (CAAN) were also large-bodied. 

In sum, I have defined 7 habitat-use guilds in URR, which will simplify 

prediction of flow changes on habitat availability and fish-assemblage structure 

(Vadas and Orth, unpubl. data; cf. Vadas and Weigmann, 1993). While this number 

of guilds is more than used by most researchers (cf. Chapter 1; Vadas and 

Weigman, 1993), it likely reflects my (1) sampling of the majority of species in 

URR and (2) more detailed resolution of habitat data (i.e., several mesohabitat 

types and quantitative microhabitat data). Other researchers should also find 

it useful to classify fishes and aquatic invertebrates into several guilds (Vadas 

and Weigmann, 1993), whether or not the guilds correspond to the 7 formulated for 

URR. Nevertheless, the URR guilds are likely to be found in streams of similar 

size and habitat availability to URR, particularly in the same region (upland 

areas in mid-Atlantic states), such that other stream researchers may be able to 
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use my results to reduce field work for instream-flow analyses. But such 

transferability of habitat-use data across streams is a tentative hypothesis that 

needs to be thoroughly tested by researchers in other streams (e.g., Bozek and 

Rahel, 1992; Groshens and Orth, 1993). 
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Table 1. The 12 physical variables used in the study. 

Simple-hydraulic variables 

Depth 
Average velocity (0.6 depth) 
Demersal velocity (4.5 cm off the bottom) 

Channel-roughness variables 
Percent fines (mud and sand) 

Percent large rocks (boulders and bedrock) 

Average substratum size (nine categories graded from mud to bedrock) 
Percent cover (anthropogenic and organic) 

Turbulence variables 
Velocity shelter (average velocity - demersal velocity) 
Reynolds number (water-column turbulence) 
Froude number (surface turbulence) 

Boundary Reynolds number (bottom turbulence) 

Average-velocity / depth ratio 
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Table 2. Data sources for depth, velocity, and substratum use that were used to 
generate Figure 3. 

Vadas, 1992a,b) are examined. 

Only Virginia fishes that I sampled (present study; 

Species marked with asterisks (*) were 

sometimes not distinguished from congenerics, whereas species marked 

with 3-letter abbreviations were rare or absent in URR. 

weer ere wn een een een ewe ewe een nw eo 

I. FAST-RIFFLE 

II. RIFFLE/RUN 
Cottus bairdi* 

Etheostoma flabellare 

E. podostemone 

E. blennioides (EBL) 

Campostoma anomalum* 

III. FAST-GENERALIZED 

Moxostoma cervinum 

Nocomis leptocephalus* 

IV. SHALLOW-RHEOPHILIC 
Rhinichythys atratulus 

V. POOL/RUN 
Luxilis cerasinus 

L. albeolus 

L, cornutus 

Lythrurus ardens 

Catostomus commersoni 

  

VI. OPEN-POOL 
Notropis volucellus 

N. buccatus (NBU) 

N. rubellus (NRU) 

  

VII. POOL-COVER 

Pimephales notatus 

Nocomis micropogon (NMI) 

Ambloplites rupestris 

ee i oa a 

Matthews et al. (1982) 

Coon (1982), Matheson & Brooks (1983), Facey & Grossman 

(1990, 1992) Greenberg (1991), Greenberg & Stiles (1993) 

Winn (1958), Seifert (1963), Coon (1982), Matthews et al. 

(1982), Schlosser & Toth (1984), Hlohowskyj & Wissing 

(1986), Wiley et al. (1987) 

Matthews et al. (1982) 
Winn (1958), White & Aspinwall (1984), Hlohowskyj & 

Wissing (1986), Greenberg (1991), Greenberg & Stiles 

(1993) 

Coon (1982), Orth & Maughan (1982), Felley & Hill (1983), 

Gorman (1987), McNeely (1987), Leonard & Orth (1988a), 

Aadland et al. (1991) 

Leonard & Orth (1988a) 

Leonard & Orth (1988a) 

Bartnik (1970), Bain et al. (1982), Coon (1982), Cunjak 

& Power (1986), Bain & Finn (1991), Johnson et al. (1992) 
weerwreerneewrernezneceerneznerecennewzerczeceerwneewreoeeeneznecnwere ene wn een e ween ese wwe 

(1982) 
(1982) 

Surat et al. 

Surat et al. 

Allen (1978) 

Surat et al. (1982), Leonard & Orth (1988a) 

Bain et al. (1982), Aadland et al. (1991) 

Ross et al. (1987) 

Baker & Ross (1981), Ross et al. (1987) 

Felley & Hill (1983), McNeely (1987) 

Felley & Hill (1983), Wiley et al. (1987), Aadland et al. 
(1991) 

Miller (1964) 

Probst et al. (1984), Pajak & Neves (1987), Leonard & 

Orth (1988a) 
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Lepomis auritus Davis (1971), Leonard & Orth (1988a), Helfrich et al. 

(1991), Lukas & Orth (1993) 
L. cyanellus (LCY) Coon (1982), Orth et al. (1982), Ross et al. (1987) 

L. macrochirus (LMA) Ross et al. (1987) 

Micropterus dolomieu Larimore & Duever (1968), Bain et al. (1982), Orth etal. 

(1982), Probst et al. (1984), Rankin (1986), Sechnick et 

al. (1986), Wiley et al. (1987), Leonard & Orth (1988a), 

Todd & Rabeni (1989), Simonson and Swenson (1990), 

Aadland et al. (1991), Groshens & Orth (1993) 

Etheostoma nigrum Winn (1958), Coon (1982), Leidy (1992) 

Hypentelium nigricans Leonard & Orth (1988a), Aadland et al. (1991) 

Moxostoma erythrurum Wiley et al. (1987), Kwak and Skelly (1992) 

Rana pipiens (all ages) Cunjak (1986) 
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Table 3. Multivariate-similarity tables (MSTs) to delineate habitat-use guilds 
of common/abundant fish species at each URR site during 1989, based upon 
mesohabitat classification and varimax-factor analyses of density data. 
The important, sub-important, and minor/unused mesohabitat type(s) used 
by each vertical cluster of fish species are marked by IM, S, and ’.’, 
respectively. ‘Limnophilic’ and ‘'rheophilic’ designations are 

respectively given to fishes most abundant in depositional (pool) versus 
erosional (riffle/run) habitat types, respectively. Species placed 
vertically showed complete similarity, those placed horizontally with 

a bar between them showed partial similarity, whereas unconnected 
species were independent in habitat use. See Chapter 4 for data and 
Table 6 for species abbreviations of 3-4 letters. 
waweewrewrnewnnnewewenwr ere newer eer ere new enw e renew em emote ween w wwe wrwweerewe eee eneween nen wer eawene 

(3A) LSF, site #1 

  

NIN 
NLE 
LAL 

LAR MRH 
LCE EFL 
NHU CAAN EPO POR 
NPR HRO PRO RAT 

Medium pool IM . . . 

Shallow pool S IM . IM 
Run . IM . . 
Slow riffle . . . IM 

Fast riffle . S IM 

Limnophilic Rheophilic 

(3B) LSF, site #2A 

LCE NLE CAAN 
LAR PNO EFL MRH 

LAL NPR LAU MCE EPO NGI PRO NIN 

Medium pool IM IM IM . . . . . 
Shallow pool S&S S IM IM S . . S 
Run S . . . S S IM IM 
Slow riffle . . . . IM S IM S 
Fast riffle . . . . S IM IM S 

Limnophilic Rheophilic 
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(3C) UMS, site #3 
CAAN 
NLE 

NIN 
ARU PRE EFL 
LCE LAL MCE EPO 

NPR LAU PNO LAR NGI PRO 

Medium pool IM IM . S . . 

Shallow pool S IM IM . . S 
Run Ss . . IM . 5 

Slow riffle . . . . S IM 
Fast riffle . . . . IM S 

Limnophilic Rheophilic 

(3D) UMS, site #4A 

CAAN 
LCE 

NPR NLE 
NVO NIN EPO 
CYAN MCE EFL 

PNO LAR LAU LAL PRE PRO 

Medium pool IM IM . 
Shallow pool S S IM . 
Run Ss Ss . Ss 5 

Slow riffle S . . . IM 

Fast riffle . . . IM S 

Limnophilic Rheophilic 

ewretreenrewnezneeenewneeeeseeernw newer ez ew ewe eee ew ewe ewer w ew eee ewe wwe we wee wee ew ewe ewww wwe ew enw ewww oe 
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Table 4. MSTs to delineate habitat-use guilds of common/abundant fish species at 
each URR site during 1990, based upon mesohabitat classification and 

See Chapter 4 for data and varimax-factor analyses of density data. 
Table 3 for format. 

wee we ee ewe w mew wm wee ew ew ew we mew ww ww em ww ee wwe we ewe FP wee wm we wm BP we wm wD Hem ew we wm ew wee ewe wee wee www ee ee ee ee 

(4A) LSF, site #1 

  

NLE 
CBA EFL cco NVO 

NGI POR HRO LAL 
EPO CAAN MCE NPR 
PRO MRH NIN LCE LAU LAR 

Medium pool S IM IM IM 

Shallow pool . . Ss Ss IM 
Run S S IM S 

Slow riffle IM IM S 

Fast riffle IM S 

Rheophilic Limnophilic 

(4B) LSF, site $#2A & 2B 

LAL CBA 
LCE NLE NIN MCE 

LAU LAR cco EFL EPO PRO NGI 

Medium pool IM . IM 
Shallow pool Ss IM IM . . . 

Run . S IM Ss IM IM : 

Slow riffle IM IM IM IM S 
Fast riffle S S IM IM 

Limnophilic Ambi- Rheophilic 
guous 

254



(4C) UMS, site #3 

EFL 

NGI LAL 
EPO LCE CYAN LAU 

PRO NIN NLE MCE ARU LAR PRE 

Medium pool . S S . S IM IM 

Shallow pool . S IM IM IM . 
Run S IM IM S . IM 

Slow riffle IM IM S 
Fast riffle IM IM S 

Rheophilic Ambi - Limnophilic 
guous 

(4D) UMS, site #4A & 4B 

EPO 
EFL MDO 
CAAN PRO LAL 

LCE NIN CYAN LAR ARU 
NLE NGI MCE RANA PNO LAU NVO 

Medium pool . . . S IM IM IM 
Shallow pool S . S IM . S . 
Run S . IM N) . S S 

Slow riffle IM S S . . . . 
Fast riffle . IM S . . . S 

Rheophilic Limnophilic 
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Table 5. MST to delineate habitat-use guilds of moderately rare fish species 
from several URR site during 1989-1990, based upon mesohabitat 
classification and varimax-factor analyses of percent-abundance data. 
MOXJ = unidentified Moxostoma redhorse juveniles and HYPJ = unidentified 

Hypentelium juveniles. See Appendix 1 for data and Table 3 for format. 
wee een eer enw ewer wr eww wnweweneewnwr wwe mn eer eownwrewnwrecenewrerenwneznewreneew en eezec een erence ew ewe ewen ewe eww en 

ANE 
NHU 
HNT 

MAN 
MAR NPR CYAN 
MER NvO RAT CAAN 

MDO PNO POR MRH 
ENI HYPJ ARU MOXJ HRO PRE cco CBA 

Medium pool IM IM IM S . . 
Shallow pool IM S S IM . Ss Ss . 

Run . . IM S IM IM . S 
Slow riffle . . . S Ss . IM Ss 
Fast riffle . . . . S IM . IM 

Limnophilic Rheophilic 
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Table 6. Summary of habitat-use guild classifications of common/abundant and 
moderately rare fish species in URR during 1989-1990, based upon the 

mesohabitat results of Tables 3 to 5 and the microhabitat results of 
Figures 1 and 2. The mesohabitat type(s) most-used by each fish species 
are indicated as IM (important) or S (sub-important). FR = fast-riffle, 

RR = riffle/run, FG = fast-generalized, SR = shallow-rheophilic, PR = 

pool/run, SP = shallow-pool, PL = pool, OP = open-pool, and PC = 
pool-cover. Scientific names follow Robins et al. (1991). Final guild 
designations are shown as boldfaced headings. 

Species name Mesohabitat type Guild designation 

(scientific, common,   

& abbreviated) Medium Shallow Run Slow Fast Meso- Micro- 

pool pool riffle riffle habitat habitat 
womnwexexexeeenznecewnw ween eeceeneon cen erenezreneeer eee eewn en enene eee en een ewer wr een wren nw ewer eww ewe ee ewe 

I. FAST-RIFFLE 

Noturus gilberti --- --- S IM IM FR 

(orangefin madtom, NGI) 

Moxostoma rhothoecum --- --- S IM IM FR FR 

(torrent sucker, MRH) 

Percina roanoka --- S IM IM IM RR FR 
(Roanoke darter, PRO) 

wwreowwrnewnrner een rznezreceen ene ewe een eee ween enn tc wee ewreonreeww ewer eznecnw ew wee ee ee wee ewe ee we ewe ew wee wwe 

Il. RIFFLE/RUN 
Cottus bairdi --- --- S IM IM 

(mottled sculpin, CBA) 

(fantail darter, EFL) 

E. podostemone --- S IM IM IM 

(riverweed darter, EPO) 

FR RR 

Etheostoma flabellare zee Ss S IM IM RR RR 

RR RR 

RR RR Campostoma anomalum --- IM IM IM IM 

(central stoneroller, CAAN) 

III. FAST-GENERALIZED 

Hypentelium roanokense® IM IM IM i) Ss PR FG 
(Roanoke hog sucker, HRO) 

Noturus insignis IM S IM IM IM FG FG 

(Margined madtom, NIN) 

Percina rex IM S IM S IM FG FG 
(Roanoke logperch, PRE) 

Moxostoma cervinum S IM IM S IM FG FG 

(black jumprock, MCE) 

Nocomis leptocephalus IM IM IM IM S FG FG 

(bluehead chub, NLE) 
errr reer ese eee Vote wm wm mem ee wee wwe ewe ewe ewe we enw wee ewe ewe we wee wee weer ewww ween ew eee ww eww 

IV. SHALLOW-RHEOPHILIC 

Phoxinus oreas --- IM IM IM --- SR SR 

(mountain redbelly dace, POR) 

Rhinichthys atratulus --- IM --- IM --- SR --- 
(blacknose dace, RAT) 

wer rr ee wer ewww meow em e ete wm ewe eee eee wm ww ewe e ere wre eer eee ween een wwe wee eww eee ewww = 
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V. POOL/RUN 
Luxilis cerasinus IM IM S IM S PR PR 

(crescent shiner, LCE) 

L. albeolus IM IM IM S --- PR PR 

(white shiner, LAL) 

Lythrurus ardens IM IM IM --- “7 PR PR 

(rosefin shiner, LAR) 

Cyprinella analostana --- IM IM IM S SR PR 

(satinfin shiner, CYAN) 

Catostomus commersoni IM IM IM IM --- FG PR 

  

(white sucker, CCQ) 
weenererennvawrnenenenenewnennzrenenneenn ene nnn eee wr ewe ener wree2 ewer were weer wewnwzrenewnwn were wnw ener en ern ewreo ere wreenwe 

VI. OPEN- POOL 

Notropis volucellus IM IM S S S SP OP 

(mimic shiner, NVO) 

N. procne IM IM S 

(swallowtail shiner, NPR) 

VII. POOL-COVER 

Pimephales notatus IM IM S S --- SP PC 

(bluntnose minnow, PNO) 

Notropis hudsonius IM S IM --- --- PL PC 

(spottail shiner, NHU) 

Ambloplites rupestris IM IM IM --- S PR PC 

(rock bass, ARU) 

Lepomis auritus IM IM S --- --- PL PC 

(redbreast sunfish, LAU) 

Micropterus dolomieu IM IM IM --- --- PR --- 

(smallmouth bass, MDO) 

Etheostoma nigrum IM IM oe --- --- PL --- 

(johnny darter, ENI) 

Hypentelium nigricans® IM s IM --- --- PR --- 
(northern hog sucker, HNI) 

Ameirurus nebulosus IM S IM --- --- PR --- 

(brown bullhead, ANE) 

Moxostoma anisurum IM IM IM S --- PR --- 

(silver redhorse, MAN) 

M._erythrurum> IM IM IM_ § --- PR --- 
(golden redhorse, MER) 

M, ariommnum IM Ss IM --- --- PR --- 

(bigeye jumprock, MAR) 
Rana spp. S IM S --- --- SP --- 

(tadpole larvae, RANA) 

*Hypentelium juveniles are included in the microhabitat-use guild 
classification. 

bMoxostoma redhorse juveniles are included in the microhabitat-use guild 
classification. 
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Table 7. Important mesohabitat types for Virginia fish species, based upon 

literature data for streams in Virginia, West Virginia, and Maryland 
(see the text for references). DP = deep pool, MP = medium pool, SP = 

shallow pool, PL = pool, OP = open-pool, C = cover, PR = pool/run, RN 

= run, SR = slow riffle, FR = fast riffle, RF = riffle, RR = riffle/run, 

and ALL indicates species important in pools, runs, and riffles. 
Included are 3 studies of the upper Roanoke River (Mason Creek, various 

URR sites, and Pigg River; RR1 to RR3, respectively) and 3 other studies 
in the Virginia area (various Virginia rivers, New River, and Goose 

Creek; VAl to VA3, respectively). Habitat-use data marked with 

asterisks (*) were for > 1 fish species in the genus. 
wee wn werner enwn eww ese ezrew ew ener ewe eww eee ene ween wewnwreren eee ezr eww ewer ewr newer teow eee ecwrenrnwenwr nwo nw ero e we « 

I. FAST-RIFFLE 
Noturus gilberti --- RR --- --- --- --- 
Moxostoma rhothoecum RF SP/RF_ --- RF --- --- 
Percina roanoka .RR  RR/C RF SP/RR SP/RF_ --- 

II. RIFFLE/RUN 
Cottus bairdi --- RR oc 

Etheostoma flabellare RR RF 

E. podostemone RR RR/C RF - 
E. blennioides --- --- --- --- SP/RF RR 

(greenside darter) 

Campostoma anomalum ALL SP/RR RF RR/C SP/RF --- 
wee ere renew rernwn ere enw er ewe wee eee ewe wren we een eee wee ween ewww enw wew wen een wwe wwe nee wen eer enn ane woe w eo 

III. FAST-GENERALIZED 

Hypentelium roanokense --- RR PL/RF --- --- --- 

Noturus insignis ALL SP/RR/C PL/RF RR -e- --- 

Percina rex --- ALL 
Moxostoma cervinum RR ALL PL/RF RR/C --- --- 

Nocomis leptocephalus ALL SP/RF PL/RF SP/RN/C* --- --- 

IV. SHALLOW-RHEOPHILIC 

Phoxinus oreas PR SP/RF PL/RF RR --- --- 

Rhinichythys atratulus PR SP/RR --- PL/RF --- --- 

V. POOL/RUN 
Luxilis cerasinus PR MP/RN PL/RF --- -+- --- 

L. albeolus PR MP/RN PL/RF --- PL/C_ --- 
L. cornutus (common shiner) --- --- --- RR --- PR 
Lythrurus ardens PL PL PL/RF RN --- ~-- 

Cyprinella analostana PL --- RF PL --- --- 

C. spiloptera --- --- --- --- PL/C PR 

(spotfin shiner) 

Catostomus commersoni PL PL PL PL/RF_ --- --- 

VI. OPEN- POOL 

Notropis volucellus --- --- -~-- --- SP --- 

N. procne PL --- --- PR --- OP 
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N, buccatus --- 
(silverjaw minnow) 

N. rubellus (rosyface shiner) --- 

Etheostoma olmstedi --- 

(tessellated darter) 
wav seeentr ewe nrnwnewn ene rere ewen ween nw e eww enn enw wrewr wer ere een eee ew ewe eee wren were wn een ee rere rw ewer ce 

POOL- COVER 

Pimephales notatus 

Notropis hudsonius 

Exoglossum maxillingua 

VII. 

(cutlips minnow) 

Notemigonus crysoleucas wee 

(golden shiner) 
Nocomis micropogon --- 

(river chub) 

Ambloplites rupestris 

Lepomis auritus 

PL 
PL/RF 

PL 

PL/RF/C 
PR 

PL/C 

PL/RF/C 
PR/C 

PL/C 
PL/C 

PL/G 
PL/C 

L. cyanellus 

(green sunfish) 

L. macrochirus 

(bluegill) 

Micropterus dolomieu 

Etheostoma nigrum 

Ameirurus nebulosus 
A. natalis --- --- --- 

(yellow bullhead) 

Hypentelium nigricans zoe 

Moxostoma ariommum 

M. erythrurum 

Erimyzon oblongus 

(creek chubsucker) 

Fundulus diaphanus --- --- --- 

(banded killifish) 

Rana spp. (tadpole larvae) --- --- --- --- --- 

@jJenkins & Freeman (1972). 
byordan (1888), Hambrick (1973), Surat et al. (1982), Matthews (1990), Douglas 

& Matthews (1992), Moser (1992), and Simonson & Neves (1992). 

James (1979). 

djordan (1888), Raney (1950), Hobson (1979), Leonard & Orth (1988a,b), Killgore 

et al. (1989), Helfrich et al. (1991), and Groshens & Orth (1993). 

fLobb & Orth (1991). 

fyadas (1992a,b). 

PL PL/C PL/C 

-——= 

PL/RF PL 
ALL/C PL/RF/C PL/C 

PL/C --- 
PL/C 

  

PL/RF PL/RF PL/FR/C PR 

PL/C PL/C --- 

PL/C --- PL/C 
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Table 8. Important mesohabitat types for Virginia fish species, based upon 
literature data for other streams in eastern North America. This 

includes 6 studies not in the Virginia area: several north-central 
states and provinces (US1), several southeastern states (US2), a few 

northeastern states (US3), Illinois (US4), several other midwestern 

states (US5), and Pennsylvania (US6). See Table 7 for format. 
eee ween enn wee ere een ewe ewe eee eee ewe wwe eee ewe ew wee ewe ee twee ee www eww wwe we ew wwe mw eww ee HP ew ee ewe 

usl12 us2> us3°¢ usa? usse use6f 
wmeeen eee wren we wer were ewe ene ewe ewe we ewe eee eee ee wm wee ewe ew www wee ew mere eww ween wee eee eee een eee ene ae 

II. RIFFLE/RUN 

Cottus bairdi --- RF --- --- ALL*¥ --- 

Etheostoma flabellare SP/RR RF_ --- RF RR --- 
E. blennioides SP/RR RF --- RF ALL-C --- 
Campostoma anomalum RF/C ALL* PR PL/RF ALL* --- 

III. FAST-GENERALIZED 

Noturus insignis --- ALL --- --- --- SP 

Nocomis leptocephalus 7-- ALL --- "oe 77° 7-- 

IV. SHALLOW-RHEOPHILIC 
Rhinichythys atratulus ALL --- SP/RF_ --- RR SP/RR 

V. POOL/RUN 
Luxilis cornutus PR/SR/C --- PR RR PR RR 

Lythrurus ardens --- --- --- --- PR --- 

Cyprinella analostana --- ce --- --- ~-- SP/RR 

C. spiloptera PL/SR --- --- RN PR SP/RR 
Catostomus commersoni PL/SR/C PL PR PR PR DP/RR 

VI. OPEN-POOL 

Notropis volucellus SP/SR PR SP --- PL --- 

N, procne --- --- --- --- --- SP/RR 
N. buccatus --- SP --- PL PL --- 

N. rubellus RN ALL RF --- --- --- 
Etheostoma olmstedi --- MP/RN SP/RR_ --- --- SP/RR 

VII. POOL-COVER 

Pimephales notatus PR/SR/C --- --- ALL PL SP/C 

Notropis hudsonius SP --- --- -+- PL SP 

Exoglossum maxillingua --- --- PR --- --- RR 
Notemigonus crysoleucas SP PL/C --- --- PL/C SP/C 

Nocomis micropogon ALL* --- PR --- --- --- 

Ambloplites rupestris PL PL PL/C ALL PR/C_ ODP 
Lepomis auritus --- ALL/C --- --- o-- DP 
L. cyanellus SP PL/C --- PL PR/C SP/C 
L, macrochirus PL PR/C SP PR PL/C PL/C 

Micropterus dolomieu ALL/C ALL PL/C PL/RF ALL/C DP 

Etheostoma nigrum ALL --- --- PR PL/C --- 

Ameirurus nebulosus --- PL/C --- --- --- DP/C 
A. natalis --- PL/C --- PL PR/C DP 
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Hypentelium nigricans ALL ALL SP/RR ALL RN --- 

Moxostoma anisurum DP/MP/SR --- --- mo PL/C --- 

M, erythrurum PR/SR- = PL DP PR PL 

Erimyzon oblongus --- MP/RF --- PR --- --- 

Fundulus diaphanus --- --- --- --- --- SP 

4Gibbons & Gee (1972), Mendelson (1975), Smart & Gee (1979), Coon (1982), Englert 

& Seghers (1983), Mahon & Portt (1985), Aadland et al. (1989, 1991), and 

Hubert & Rahel (1989). 

beaker & Ross (1981), Grossman & Freeman (1987), Ross et al. (1987), Meffe & 

Sheldon (1988), and Knight et al. (1991). 

CRaney & Lachner (1946), Miller (1964), George & Hadley (1979), Finger (1982), 

and Bain et al. (1988). 

dschlosser (1982, 1987), Angermeier (1987), and Kwak and Skelly (1992). 

fNash (1950), Winn (1958), Minckley (1963), Felley & Hill (1983), Hlohowskyj & 

White (1983), McCormick & Aspinwall (1983), Probst et al. (1984), White & 

Aspinwall (1984), Dowling (1987), Gorman (1987), Matthews et al. (1987), 

McNeely (1987), Bart (1989), Todd & Rabeni (1989), Gelwick (1990), 

Greenberg (1991), Greenberg & Stiles (1993), and Taylor et al. (1993). 

fcasterlin & Reynolds (1978), RMC (1991), and Johnson et al. (1992). 
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(1A) PERCENT COVER (2) 

  

ween eeeee PRE-------- 
woe eeeee NIN------ Fast- 

wee ee eee eee eee eee eee MCE--------------------- generalized 
ween ee eeeee NLE---------- 
---HRO--- 

---POR--- Shallow-rheophilic 

---EPO--- 
---EFL--- Riffle/run 

CBA ---CAAN- - 

NGI | Fast-riffle 
MRH ---PRO--- 

|—|—| | | | | | 
0 1 2 S*AKKRE] 5 10 12.5 15 17.5 20 22.5 

---LAR--- --CCO-- 
cotter ceee CYAN--------- Pool/run 

~---- eee ee eee LAL-------------- 

-o-------- LCE---------- 

eect ccc ccc e- NVO---------- Open-pool 

---NPR--- 

--NHU-- ---------- ARU---------- 
Pool-cover --MDO-- = =----- LAU------ 

wee eee nen ee eee PNO- ----------------- 
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(1B) PERCENT FINES (2) 

  

  

---NLE--- 

---MCE--- Fast-generalized 

- PRE 
-NIN -HRO 

-POR Shallow-rheophilic 

EFL -EFL 
EPO -EPO | Riffle/run 

CBA CAAN 

NGI | Fast-riffle 

MRH -PRO 

| —| |—|—|—| // 
Q*K] KAAASHAKE]L OHH 20 25 30 35 40 

------ LCE----- 
CYAN -CCO Pool/run 
woe e eee eee eee LAR------------- 

-a-----e LAL-------- 

weer ccc eee- NVO---------- | Open-pool 
wee ceeee NPR-------- 

Pool- ,; ------ ARU------ 

cover |) ----+----+-------- PNO--------------- 

60 65 

warmer ener rernenezerzrenennwn een eee ew ew ene ee ee er ew ener eenrzrenezenr eer ew eer ewww ew ew ew ew wee ewww eww we eww ew 
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(1C) PERCENT LARGE ROCKS (2) 

  

tec ceeee MCE--------- 
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generalized | = = =  — #seeeeere-- PRE------------- 
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-POR-- Shallow-rheophilic 
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ween een - eee LCE------------ -----+----CYAN------- 
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(1D) AVERAGE SUBSTRATUM SIZE (code 1-9) 

----MCE---- 

Fast-generalized ----HRO---- --------- NLE----------- 

Shallow-rheophilic ----POR---- 

----EFL---- 
Riffle/run | ------ EPO------ 

----CBA---- 

Fast-riffle ----MRH---- 

----NGI---- 

3.5 4.0 4.5 5. QHKKHHKKKKS | SHKKKKKEKKH .0*6.2 6.5 
  

weer rrr tree renee NVO------ 22-2 - reer ene e- | Open-pool 

----ARU---- 

----MDO---- Pool-cover 

Figure 1. Range of microhabitat-use means for common/abundant fish species at 
1989-1990 sites in URR for channel-roughness variables (maximum of 4 
sites x 2 years = 8 means). Minimum and maximum habitat-use means are 
respectively rounded down and up to the nearest number on the graph. 

Rheophilic and limnophilic guilds are respectively depicted above and 

below the graph line. Values encompassing habitat-availability means 
are connected with asterisks (*). 
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(2A) DEPTH (cm) 

were eee MCE------- 

crc rece-e NLE---------- ----PRE---- Fast-generalized 

rotceee NIN------- -HRO- 
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weer cence NPR---------- 

Pool-cover | we rte cere eee ree PNO- -------------- 

-MDO- -ARU- ------- LAU------- ~NHU- 
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(2B) AVERAGE VELOCITY (cm/s) 
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wore NPR----- 

-MDO -ARU 

- LAU Pool-cover 

wer rnre eee ee ee et we em we ww ee em we we ewe Be wee wwe eee ww www eet we ewe ew Owe eee DO we ew ew wee eww ew ewe wow a 

268



(2C) DEMERSAL VELOCITY (cm/s) 

  

w---- NLE----- 

Fast-generalized | --------- MCE-------- 
~-------- PRE-------- 

ctctere NIN---- --HRO- 

Shallow-rheophilic --POR- 

- -CBA- 
----- CAAN- --- 

Riffle/run [| j= — erer+---- EFL-------- 
wrt e cece rece EPO----------- 

wee ee eee ee eee eee MRH--------------- 

Fast-riffle | -------+------ PRO----------- 

were eeeee NGI-------- 

0 5 10 L5*XXAK2Z0RKEKKIS 30 35 40 45 50 

coceee LCE- --- 
- -CCco- 
toore CYAN- --- Pool /run 
----- LAR----- 
----+--e- LAL-------- 

seer ecene NVO-------- | Open-pool 
o---- NPR----- 

- -ARU- 

- - LAU- Pool-cover 
--NHU- --MDO- 
neces PNO----- 

Figure 2. Range of microhabitat-use means for common/abundant fish species at 
1989-1990 sites in URR for simple-hydraulic variables. See Figure 1 
for format. 
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(3A) AVERAGE SUBSTRATUM SIZE (code 1-9) 
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(3B) DEPTH (cm) 
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(3C) AVERAGE VELOCITY (cm/s) 

cecreeee NLE-------- - -MCE-- Fast-generalized 
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Figure 3. Range of microhabitat-use means for Virginia fish species, based upon 
literature data summarized in Table 2. The upper end of the depth 
graph (in 3B) has been truncated. See Table 6 for species 
abbreviations and Figure 1 for format. 
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Appendix 1. The percent abundances of moderately rare fish species (overall 

density < 0.0050 fish/m@ and percent < 1.0%) in the 5 hydraulic 
mesohabitat types during 1989-1990 in URR sites. Only sites for 
which these species were not common/abundant were tabulated, and 

percent abundance was calculated only for these species. 
< 1.0% is indicated as +, whereas JUV = juveniles. 

m~“_eeeraenenwnwernwrenwenernenze ewww ereernwnwrenececwnenzneecee een ezec eee ee eee ewe we nme ew eee emer n weer ere w ewer ewne ewe we 
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CHAPTER 6 

Formulation of Habitat-Suitability Models for Stream-Fish Guilds: Do the 

Standard Methods Work? 

ABSTRACT 

Habitat-suitability-index (HSI) models for 7 fish guilds in 2 segments of 

a southwestern Virginia river were formulated with 5 habitat variables: depth, 

average and demersal velocities, average substratum size, and percent cover. 

These variables were considered separately and as composites. Composite HSI 

models were built from linear (simple and multiple) regression equations, in 

which observed guild density in quadrats was regressed against physical- 

microhabitat variables or predicted fish densities (HSIs). There were 5 major 

findings. First, fish guilds appeared to select habitat variables independently, 

as statistical interactions were weak and inconsistent for regression models 

against physical variables. Although polynomial terms were stronger than 

interaction terms, linear terms accounted for most of the variation in guild 

densities among quadrats. Second, guild densities were just as accurately 

predicted by multiplying HSIs for individual microhabitat variables together, 

because of the lack of strong statistical interactions. Third, this product 

(joint-suitability-factor) approach was superior to other methods for developing 

composite HSIs from individual HSIs, because it was consistently accurate across 

fish guilds and involved use of only 1 regression-slope coefficient. Fourth, 

observed guild densities for 1 river segment were well-correlated with guild 

densities predicted by the product equation with HSI data from the other river 

segment, thus cross-validating my HSI models. Fifth, maximum guild densities for 

habitat variables stratified into few or several categories provided useful 

indices of the habitat variables most important to fish guilds. In sum, the URR 

274



results suggest that fish-habitat statistical interactions may not be strong 

enough to invalidate the product method traditionally used by fish researchers 

to build composite HSI models. 

1. INTRODUCTION 

Habitat-suitability-index (HSI) models have often been used to characterize 

habitat availability for salmonids and other freshwater fishes (Terrell, 1984; 

Bovee, 1986). Although many of these models are for macrohabitat scales 

(Terrell, 1984), microhabitat HSI models have been interfaced with habitat data 

collected at different flows, to predict changes in fish habitat availability 

resulting from flow changes (Bovee, 1986). The latter technique has been called 

the instream-flow-incremental methodology (IFIM), and is one of the most widely 

used and accepted methods for examining fish-habitat-flow relations (Reiser et 

al., 1989; Vadas and Weigmann, 1993). 

HSI models typically are built in 1 of 3 ways (Bovee, 1986). First, type-I 

models are based upon literature reviews and/or surveys of experienced fish 

biologists, the latter often via the Delphi technique to achieve consensus. 

Second, type-II models are based upon the relative numbers of fish collected in 

different habitat conditions. Third, type-III models require estimates of fish 

density or electivity (the latter calculated via division of fish numbers by 

habitat availability), to generate less-biased estimates of fish habitat 

preferences than fish numbers used in type-II models (Chapter 5). 

Researchers using these 3 types of models usually characterize habitat 

suitability (HSI) on a scale from 0 (not used) to 1 (optimal), by dividing fish 

abundance (or electivity) by the maximum value achieved in a given stream section 

(Bovee, 1986). These fractions can be considered probabilities in a relative 
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sense (Gore and Nestler, 1988), in that HSIs closer to unity imply a higher 

probability that fish will be found there. An alternative to this fractional 

approach is to use average or median densities of fish in different habitat 

conditions, i.e., to not divide (standardize) by maximum density. This approach 

is more direct, and avoids statistical problems created by use of ratios (cf. 

Sokal and Rohlf, 1981). That is, the maximum-density information would be 

absorbed into the regression-slope coefficient. 

Although HSI models are usually separately created for different habitat 

variables (e.g., depth, velocity, substratum size, and cover), these HSIs need 

to be coalesced if fish biologists are to predict changes in habitat availability 

at different flow levels (Terrell, 1984; Bovee, 1986; Statzner et al., 1988). 

Most researchers multiply the HSIs for individual habitat variables together 

(‘product equation’) to obtain a composite HSI (Bovee, 1986), a model also 

referred to as the incremental or joint-suitability-factor method (e.g., Morin 

et al., 1986; Jowett and Richardson, 1990). But this method is based upon the 

assumption that fish select habitat variables independently of other habitat 

variables (Stalnaker, 1978; Bain et al., 1982; Mathur et al., 1985; Bovee, 1986; 

Scott and Shirvell, 1987), because multiplication of individual HSIs is analogous 

to multiplying probabilities together (Remington and Schork, 1985). 

There are several alternative aggregative indices for habitat variables 

showing different assumptions, which can lead to different estimates of habitat 

availability and flows needed to protect stream fishes (Gan and McMahon, 1990). 

(1) The mean HST of the individual HSIs as the composite HSI, which assumes that 

good habitat conditions on 1 axis (e.g., cover) can compensate for bad conditions 

on another axis (e.g., depth) (Terrell, 1984; Bovee, 1986). (2) The product 

equation for x habitat variables is reduced in dimensionality by taking the xth 
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root, e.g., the fourth root for 4 variables. This is the geometric-mean 

approach, which also implies some compensation, i.e., interdependent selection 

of habitat variables (Gan and McMahon, 1990). (3) The lowest individual HSI as 

the composite HSI, which assumes that the worst habitat axis solely determines 

fish abundance (Terrell, 1984; Bovee, 1986). (4) Multiple-regression equations 

to calculate composite HSIs, the predictor variables being physical-habitat 

variables. Polynomial and/or interaction terms can be included if aquatic 

animals select habitat variables nonlinearly or interdependently (Gore and Judy, 

1981; Orth and Maughan, 1982, 1983; Morin et al., 1986; Jowett and Richardson, 

1990; Jowett et al., 1991). (5) Regression terms for the densities of 

invertebrate foods, conspecific fish, and other fish species can also be added 

to these physical-habitat equations to improve predictions of density, growth, 

and other population indices (McClendon and Rabeni, 1987; Emlen et al., 1992), 

which Emlen et al. (1992) have termed the interaction-assessment model. (6) 

Stratification of 1 habitat variable to generate separate HSI curves for another 

habitat variable, if the 2 variables interdependently affect fish habitat use 

(Bovee, 1986). This method is an interactive approach to building composite 

HSIs. (6) Turbulence variables such as Froude, Reynolds, and boundary Reynolds 

numbers. These complex-hydraulic variables include depth, velocity, and/or 

substratum variables in combination, thus reducing analytical problems from 

statistical interactions among simple variables (Statzner et al., 1988; Davis and 

Barmuta, 1989; Heede and Rinne, 1990; Wetmore et al., 1990). 

In essence, these aggregative equations are verification rather than 

validation techniques (sensu Terrell and Nickum 1984), in that single data sets 

are used to assess the robustness of composite-HSI models. But these equations 

can be cross-validated for robustness by using them to predict fish density or 
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relative abundance at other sites or times. Whereas some stream researchers have 

found good correspondence (transferability) of HSI curves among streams, at least 

for relative abundance (Stalnaker, 1979; McClendon and Rabeni, 1987; Morin and 

Peters, 1988; Jowett, 1992), others have found (1) poor cross validations across 

space and time (Layher and Maughan, 1984; Bozek and Rahel, 1992; Waite and 

Barnhart, 1992) or (2) good correspondence only for some habitat variables 

(Wetmore et al., 1990; Groshens and Orth, 1993) 

Finally, although most HSI models are built for individual fish species, 

it is also possible to build models for fish habitat-use guilds. The latter, 

larger-scale approach has several advantages: (1) HSI curves should be less 

variable via larger sample sizes; (2) more of the available fish assemblage is 

considered, to better protect stream ecosystems; (3) use of guilds reduces the 

number of HSI models that have to be interfaced with habitat-flow data, and (4) 

individual species may fluctuate more via biotic and abiotic factors than whole 

guilds, making predictions of fish density more difficult in the face of habitat 

changes (cf. Chapters 4 and 5). 

This paper addresses these issues in a small, coolwater river in 

southwestern Virginia, the upper Roanoke River (URR), with particular emphasis 

upon the degree to which fish select habitat variables interdependently. I build 

individual and composite HSIs for fish guilds, based upon HSI histograms (of 

observed guild density vs. habitat condition) and regression equations. 

Predictor variables for the regressions against observed guild densities include 

physical-microhabitat conditions or unstandardized HSIs (guild densities) for 

individual habitat variables. Simple- and multiple-regression equations are 

compared for their ability to predict guild abundance in a given quadrat or 

mesohabitat type (i.e., sets of quadrats with similar physical conditions). 
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Finally, the product equation for the 2 river segments studied are cross- 

validated with each other. The interested reader should consult previous 

chapters, which contain justification and descriptions of the physical-habitat 

variables (Chapters 1 and 2) and the 7 habitat-use guilds of fishes (Chapters 4 

and 5). 

2. METHODOLOGY 

2.1. Field Methods 

Methods for collecting fishes and sampling habitat, as well as sample-site 

descriptions, are presented elsewhere (Chapter 1; Vadas and Orth, 1993). 

Briefly, several sites were sampled in the summers of 1989 and 1990, in both the 

lower South Fork (LSF) and upper mainstem (UMS) of URR (Montgomery and Roanoke 

Counties). This involved seining and electroshocking operations to collect 

fishes in quadrats, and measurement of habitat variables within these quadrats. 

The latter included measurement of depth, average velocity, demersal velocity 

(4.5 cm off the bottom), and average substratum size (coded 1 to 9, from mud to 

bedrock) at 3 points in each quadrat, and percent cover (organic/anthropogenic) 

relative to the benthic area of each quadrat. Quadrats were typically 20 to 50 

2 in size: small enough to be relatively homogeneous in habitat characteristics m 

(Chapter 2), but large enough to yield several fish species and usually 5 to 25 

total fish specimens. A total of 262 and 353 quadrats were sampled in LSF and 

UMS, respectively. 

2.2. Statistical Methods 

2.2.1. Unpooled-Quadrat (Microhabitat) Analyses 

The HSI models for individual microhabitat variables were formulated by 
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plotting average densities of fish guilds (developed in Chapter 5) vs. the 

habitat categories. Analyses were done separately for LSF and UMS, but data for 

the 2 years were pooled to increase sample sizes. The HSI histograms with few 

habitat categories had the advantage of being smooth rather than jagged, whereas 

the HSI histograms with several habitat categories offered more precise 

resolution of fish habitat preferences (see Figures 1 and 2). I preferred mean 

over median values (Moyle and Lound, 1960), because the latter were often zero 

(see Appendices 4 and 5) as a result of guilds being absent from quadrats with 

optimal conditions for the habitat variables measured (pers. obs.; cf. Chapter 

6). Although some investigators generate HSI curves by enveloping the data 

points for fish abundance vs. habitat scatter plots (Bovee, 1986; Morhardt, 1986; 

Johnson, 1989; Jowett et al., 1991), I avoided this approach because of: (1) the 

plethora of zeroes (absent guilds); (2) the presence of > 1 quadrat with 

extremely high (outlying) densities for each guild; and (3) the greater precision 

in measuring average rather than maximum density. 

Four linear, multiple-regression models (Draper and Smith, 1981; SAS, 1985) 

were built to predict guild densities in specific quadrats (unpooled data) from 

several physical-microhabitat variables (Table 1) that were independent of each 

other (Chapter 2). Separate analyses were done for the 2 river segments (LSF and 

UMS), and for average vs. demersal velocity, to examine the robustness of the 

regression models. The models included coefficients for linear terms (P1), 

linear and polynomial terms (P2), linear and interaction terms (P3), and all 3 

sets of terms (P4). Intercepts were assumed to be zero because fish should be 

absent from dry, bare quadrats (with habitat conditions = 0), and because the 

predictive value of the equations were generally lower when intercepts were 

included (pers. obs.). I evaluated and compared these equations by examining 
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adjusted R2 values, i.e., the percentages of variation explained by regression 

equations after correction for the number of predictor variables in the models 

(SAS, 1985). In addition, tolerance values (SAS, 1985) were examined to 

determine the degree of multicollinearity (interdependence) among predictor 

variables. 

I did not transform the guild-density data, not even via logarithms or 

ranks, because there were too many quadrats lacking a given guild (or fish 

species) for Gaussian ("normal") distributions to be generated by any means 

(pers. obs.). Although this probably affected the significance levels obtained 

in the regression equations, I was more interested in R2 values, which should be 

more robust to statistical violations. More importantly, the regressions were 

rerun on mean values for different mesohabitat types, to eliminate the influence 

of outliers (see below for pooled-quadrat analyses). 

I performed similar regression analyses with the product equation (Dl of 

Table 2), i.e., observed guild densities in specific quadrats (unpooled data) 

were predicted for each river segment. The predictor variables were 

unstandardized HSIs (guild densities) for individual microhabitat variables, 

i.e., average densities developed for different habitat conditions (see Figures 

l and 2). The product regressions were separately analyzed via few- and several- 

class HSI data sets (see Table 3 and Figures 1 and 2). These class criteria were 

based upon physical values that best segregated fish habitat-use guilds (Chapter 

5), which often yielded unequally sized categories for a given habitat variable. 

Hence, there were 2 to 3 classes for the few-category analyses, yielding sample 

sizes ranging from 37 to 249 quadrats for each habitat category (see Appendices 

l to 3). Likewise, there were 5 to 8 classes for the several-category analyses, 

with sample sizes ranging from 13 to 214 quadrats per habitat category 
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(Appendices 4 and 5). Intercepts were excluded from the model because fish 

should be absent when density for each microhabitat variable is predicted to be 

zero (Orth and Maughan, 1983), and because R2 values were generally lower when 

intercepts were included (pers. obs.). This analysis was of microhabitat 

resolution (sensu Chapter 4), since guild densities were predicted for individual 

(unpooled) quadrats. 

2.2.2. Pooled-Quadrat (Mesohabitat) Analyses 

Several simple- and multiple-regression analyses were also done with 

pooled-quadrat data (sensu Chapter 4), i.e., with mean guild densities for 

quadrats of the same mesohabitat type (see Table 2; Appendices 1 and 2). Each 

habitat type had a unique set of physical conditions, based upon the few-category 

classification system of Table 3. I used these analyses to predict the mean 

density of guilds in specific mesohabitat types (composite HSI) from guild 

densities for individual physical variables (individual HSIs). That is, these 

regressions were of mesohabitat resolution. These equations included the (1) 

product equation (Dl), which assumes that fish select habitat variables 

independently (see above); (2) geometric-mean (D2) and sum equations for one (D3) 

and multiple slopes (D4), which all assume that good conditions along 1 habitat 

axis compensate for bad conditions along another; (3) high-low equation (D5), 

which assumes that fish are most affected by the best and/or worst habitat axis; 

and (4) guild equation (D6) to predict a guild’s density from HSIs (densities) 

of all other guilds. The latter equation was similar to Emlen et al.’s (1992) 

interaction-assessment model, but without terms for physical-habitat variables 

or invertebrate foods. I evaluated these various models by examining adjusted 

R2 values and the significance of individual slopes in the multiple-regression 
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equations. Intercepts were again excluded from the models, for theoretical and 

empirical reasons (see above). 

These 6 regressions were only done with few habitat categories (see 

Appendices 1 and 2 for the data), as sample sizes were too small when several 

categories were used. That is, the few-category analysis yielded 2x 3x 3x 3 

= 54 possible habitat types, a significant fraction of the total number of 

quadrats available in LSF and UMS, namely 262 and 353, respectively. Somewhat 

fewer mesohabitat types, however, were actually observed in LSF and UMS (e.g., 

Appendices 1 and 2), probably because of (1) continuity constraints (of mass 

balance) for water and sediment flows (Chapter 2) and/or (2) limited numbers of 

quadrats. 

Although density data for fish guilds were non-Gaussian (see Appendices 4 

and 5), these 6 regressions were more robust than those with unpooled-quadrat 

data for 3 reasons. First, the use of average densities in habitat types 

effectively enlargened the spatial scale to the mesohabitat level, which probably 

increased normality via the central limit theorem (Remington and Schork, 1985; 

Sokal and Rohlf, 1981). Second, I used the WEIGHT statement in SAS (1985) on 

quadrat numbers to decrease the influence of undersampled habitat types, without 

causing pseudoreplication via sample-size enlargement (cf. Hurlbert, 1984). That 

is, these regression equations had smaller sample sizes than those using 

unpooled-quadrat data, because of the pooling of data. Third, I re-ran the 

product equation (Dl) without habitat types having N= 1 (i.e., average density 

based merely upon 1 quadrat), to see if outlying guild densities were adversely 

affecting the regression equations. 

I cross-validated the product equation (Dl) by using individual HSIs 

generated from one river segment to predict composite HSIs in the other river 
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segment, i.e., 2 cross validations (LSF-UMS and UMS-LSF). R2 values would be 

expected to remain high if fish guilds had HSI curves of similar shape in the 2 

river segments, even if absolute densities were higher in one river segment. 

3. RESULTS AND DISCUSSION 

3.1. HSI Plots for Individual Habitat Variables 

HSI plots with few and several categories for cover, substratum size, 

depth, and average velocity are shown in Figures 1 and 2, for the 2 river 

sepments separately. The few-category plots show that the fast-generalist, 

pool/run, and pool-cover guilds used relatively higher cover levels (histograms 

shifted right) than the other guilds (Figure 1). All 4 rheophilic (riffle- 

oriented) guilds preferred midsized substrata and shallow water, whereas the 3 

limnophilic guilds selected finer substrata and medium or deep depths. Whereas 

the fast-riffle guild was most abundant in the fastest microhabitats, the other 

rheophilic guilds usually preferred medium velocities. In contrast, the pool/run 

and open-pool guild selected medium or slow microhabitats, whereas the pool-cover 

guild was most abundant in slow water. 

The several-category HSI plots were more jagged, but generally showed 

similar (unimodal) trends (Figure 2). There were some differences, however. 

First, the fast-generalized, pool/run, and open-pool were abundant at most cover 

levels, whereas the pool-cover guild preferred higher-cover habitats. Second, 

the fast-generalized, pool/run, and pool-cover guilds were abundant at most 

substratum sizes, particularly in LSF for the fast-generalized guild and in UMS 

for the 2 limnophilic guilds. All 3 limnophilic guilds selected coarser 

substrata in UMS, in association with the greater availability of large rocks 

there (cf. Chapters 1, 2, and 5). Moreover, the pool-cover guild showed a 
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bimodal distribution because of its association with large rocks when other 

"cover" was not available (pers. obs., 1989-1991). Third, the fast-generalized 

and 3 limnophilic guilds selected various depths, although the fast-generalized 

and pool/run guilds preferred shallower microhabitats in UMS than in LSF. The 

riffle/run and shallow-rheophilic guilds had the shallowest habitat preferences. 

And fourth, the pool/run and open-pool guilds were more generalized in velocity 

use in UMS than in LSF, opposite to the trend for the fast-generalized guild. 

These results suggest several conclusions. First, individual guilds of 

fishes used habitat similarly in the 2 river segments, although some guilds 

showed minor shifts in their HSI plots. Second, the 7 guilds were reasonably 

distinct from each other (see also below), and were thus more accurate 

representations of fish habitat use than traditional classification of fish as 

‘pool’, ‘run’, or ‘riffle’ species (cf. Chapters 4 and 5; Vadas, 1992a). Third, 

although robust HSI models are often harder to build for habitat-generalized 

fishes at macrohabitat scales (Terrell, 1984; Layher and Maughan, 1987), broader- 

niched guilds such as the fast-generalized and pool/run guilds (see Chapter 5 and 

below) yielded reasonably similar micro-HSI plots in the 2 river segments studied 

in URR. And fourth, the bimodal distribution for the pool-cover guild suggests 

that substratum and cover characteristics were interdependent. Similarly, 

several researchers have collectively found that various fishes, including 3 of 

my pool-cover species (Micropterus dolomieu, Hypentelium nigricans, and 

Pimephales_ notatus), 1 pool/run species (Catostomus commersoni), and 1 fast 

generalist (Moxostoma cervinum) had bimodal substratum distributions because of 

preferences for large boulders and/or bedrock (Leonard et al., 1986; Todd and 

Rabeni, 1989; Aadland et al., 1991; Groshens and Orth, 1993). 
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3.2. Formulation of Composite HSIs from Unpooled-Quadrat (Microhabitat) Data 

Multiple-regression results to predict guild densities (composite HSIs) in 

specific quadrats clearly show that densities of the 3 abundant rheophilic guilds 

were more accurately predicted (R* = 30 to 60%) than those of limnophilic guilds 

(Table 4). Guilds that were least abundant, namely the shallow-rheophilic and 

open-pool guilds, were less accurately predicted for equations with microhabitat 

variables as predictor variables (equations Pl to P4; R2 < 15%) than the pool/run 

and pool-cover guilds (R? = 15 to 45%). In contrast, the product equation (D1) 

yielded more similar R2 values for the latter 4 guilds (collective range = 10 to 

40%). Table 4 also shows that linear HSI models (Pl) provided nearly as good 

prediction as when polynomial and/or interaction terms were added (equations P2 

to P4). Although these latter terms increased model R* values, polynomial terms 

clearly were more influential than interaction terms. 

Other investigations have obtained similar results. In Quebec streams, 

Morin (Morin et al., 1986; Morin and Peters, 1988) found R? values of only 16-55% 

and 19-64% for polynomial regressions on individual and several microhabitat 

(rock-scale) variables, respectively, for several rheophilic blackfly species 

(median R? = 26.5%). The R* values for the product equation (Dl) were somewhat 

lower (20 to 41%). The habitat variables in these equations included depth, 

velocity, distance from lake outlet, chlorophyll abundance, and/or periphyton 

density, and some of the regression models were not statistically significant. 

Interestingly, polynomial-regression equations with most of these variables and 

other parameters of food availiability performed better in estimating overall 

blackfly abundance (R* = 10 to 58%, median 42%), than for individual simuliid 

species, suggesting that equations for habitat-use guilds are more robust than 

HSIs for individual species. 
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For an Oklahoma stream, Orth and Maughan (1983) found that second-order 

polynomial regressions on individual hydraulic variables (depth, velocity, or 

Froude number) significantly predicted species diversity and the abundance of 

Macroinvertebrate taxa (mostly rheophilic), although no R? value exceeded 30%. 

Substratum size was more rarely significant for these animals, R2 values never 

exceeding 10%. These researchers obtained better predictive power for their 

product equation (Dl), as R2 values were within 11 to 61% (median 24%). On the 

other hand, Orth and Maughan (1982) found that polynomial and interaction terms 

explained more variation than did linear terms for regression equations to 

predict fish densities, for 2 rheophilic fishes in the same stream. R2 values 

for these equations ranged from 22 to 71%, higher values being seen in summer 

(when habitat was probably more limiting) than in spring. 

For New Zealand rivers, Jowett et al.’s (1991) study of the rheophilic 

mayfly Deleatidium yielded R2 values (most were Statistically significant) of 

only 0-33%, 1-35%, and 2-47% respectively for (1) polynomial regressions on 

simple habitat variables (depth, velocity or substratum size), (2) polynomial 

regressions on turbulence variables (Froude or Reynolds numbers), and (3) 3-way 

product equations (Dl) for these variables. A more intensive study of this 

mayfly on 1 of these streams (Jowett and Richardson, 1990) similarly yielded 

moderately low R2 values (most were statistically significant) for linear 

regressions on individual habitat variables (8 to 33%), polynomial regressions 

on individual habitat variables (3 to 24%), polynomial regressions on several 

habitat variables (11 to 31%), and product equations (21 to 39%). 

In sum, these literature results and my own suggest 2 major conclusions. 

First, use of polynomial or interaction terms for microhabitat variables did not 

greatly improve predictive value over that of the product equation (D1) 
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traditionally used by instream-flow researchers. Hence, the presence of 

significant statistical interactions between fish density and habitat variables 

does not necessarily invalidate formulation of composite HSIs via multiplication 

of HSIs for individual microhabitat variables (see also below). At least in my 

URR data set, it is valid to select the product equation over more complicated, 

multiple-regression equations because Dl is a more parsimonious descriptor of 

fish habitat use. Indeed, my multiple-regression equations (Pl to P4) often 

suffered from multicollinearity (low tolerance), i.e., the predictor variables 

were not independent of each other (pers. obs.). Hence, the slope coefficients 

may have been biased, making comparisons between different data sets problematic 

(cf. Draper and Smith, 1981). 

Second, densities of lotic taxa in specific quadrats can be predicted with 

only moderate levels of accuracy with regression equations. This undoubtedly is 

a result of the wide scatter of animal densities seen even in apparently optimal 

habitat conditions (Jowett and Richardson, 1990; Jowett et al., 1991; present 

study). Perhaps stream fish and invertebrates do not exploit all optimal 

microhabitats because they are kept below habitat carrying capacity by abiotic 

disturbances (Stanford and Covich 1988, Poff and Ward 1989, Yount and Niemi 1990) 

or biotic factors such as predation, or else these animals are responding to 

other, unmeasured abiotic and/or trophic (food) variables (Stalnaker 1978; Mathur 

et al., 1983, 1985; Irvine et al., 1987; Orth, 1987; Scott and Shirvell, 1987). 

Fortunately, this inaccuracy can be reduced when quadrats are pooled into 

mesohabitat types, to increase the spatial scale (see below). 

3.3. Important Habitat Variables in the Unpooled-Quadrat Analyses 

As evident from Table 5, fish habitat-use guilds differed in their lists 
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of important habitat variables. For the regressions with only linear habitat 

variables (Pl), depth and velocity were consistently significant for the fast- 

riffle guild, depth and substratum size for the riffle/run and shallow-rheophilic 

guilds, only substratum size for fast generalists, no variables for the pool/run 

guild, depth for the open-pool guild, and cover and velocity for the pool-cover 

guild. For the polynomial regressions (P2), fewer guilds showed consistently 

significant variables, because of the reduced degrees of freedom in the 

statistical analyses. The only consistently significant variables for the 

riffle/run guild were the first- and second-order terms for depth and substratum 

size, whereas only velocity qualified for the fast-generalized guild. Depth, 

substratum size, and the third-order cover term were important for shallow 

rheophiles, whereas first- and second-order velocity terms qualified for the 

pool-cover guild. For regressions with interaction terms (P3), only some guilds 

showed consistently significant predictor variables. These included substratum 

size for the riffle/run and shallow-rheophilic guilds, substratum size and the 

substratum x depth interaction for fast generalists, and depth for the open-pool 

guild. Only the pool-cover guild showed consistently strong interaction terms, 

namely one 2-way (substratum x depth) and one 3-way (cover x depth x substratum) 

term. And finally, only the riffle/run guild had consistently significant 

predictor variables, namely first-, second-, and third-order depth terms, for the 

all-inclusive equation (P4). In sum, these results support the R2 results of 

Table 4 in demonstrating the greater usefulness of polynomial than interaction 

terms for most fish guilds. But interaction terms were at least sometimes 

significant for all guilds except the fast-riffle and shallow-rheophilic guilds. 

Several published studies clearly indicate statistical interactions among 

habitat variables for pool-cover fish species. First, Casterlin and Reynolds 
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(1978) showed that juvenile bluegills (Lepomis macrochirus) preferred deeper 

water unless cover (vegetation) was present in_ shallower laboratory 

microhabitats, presumably because deeper water is itself a form of "cover" 

against terrestrial predators (cf. Power, 1987). Second, Angermeier (1992) found 

that rock bass (Ambloplites rupestris) ate more fish prey in deeper water in the 

laboratory, particularly if cover was absent, but rock bass were also successful 

predators in shallow water when cover was present. This suggests that rock bass 

will select shallower microhabitats if cover is present. Third, Haines and 

Butler (1969) found that smallmouth bass (Micropterus dolomieu) chose cover in 

the laboratory that provided shelter from high velocity, as well as from bright 

light. Fourth, Groshens and Orth (1993) found that depth affected velocity use 

of smallmouth bass in 1 of 2 Virginia streams studied. Midsized and larger bass 

respectively preferred low vs. moderately high velocities in deeper microhabitats 

of the North Anna River, but showed no velocity preferences in shallow areas. 

In contrast, moderate velocities were preferred by bass regardless of depth in 

Craig Creek. And fifth, Gibson (Gibson and Power, 1975; Gibson, 1978) found that 

brook trout (Salvelinus fontinalis) showed greater laboratory preference for 

shade cover in shallower water, although such was also true for a rheophile, 

namely juvenile Atlantic salmon (Salmo salar). 

Statistical interactions among habitat variables have been demonstrated for 

other rheophilic fishes and insects. First, Orth and Maughan (1982) found depth 

x velocity interactions to be important for 3 rheophilic fish species in an 

Oklahoma stream. Freckled madtoms (Noturus nocturnus) in deeper water often had 

higher velocity preferences, whereas common stonerollers (Campostoma anomalum) 

(a component of my riffle/run guild) showed extensive interactions among depth, 

velocity, and substratum variables during summer. Second, Gore and Judy (1981) 
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found 5 rheophilic insects to have significant depth x velocity interactions in 

western U.S. streams. For example, the caddisfly Nectopsyche lahontonensis 

selected higher velocities in deeper habitats. And third, Jowett and Richardson 

(1990) found that the rheophilic mayfly Deleatidium selected higher velocities 

when coarser subtrata were present in a New Zealand river. 

These literature results collectively suggest that cover x depth and cover 

x velocity interactions should be common for pool-cover fishes, whereas depth x 

velocity, substratum size x depth, and substratum size x velocity interactions 

should be important for rheophilic animals. These results contrast with my own 

from URR, however, although interactions among channel-roughness and depth 

variables were apparent for my pool-cover guild. 

Nevertheless, the cover x depth x substratum interaction may have been 

consistently significant for the pool-cover guild in URR because of deficiencies 

in my "cover" classification. Namely, the cover and large-rocks variables should 

have been combined to provide a better "cover" variable, given that sunfishes 

often use anthropogenic debris, logs, root wads, boulders, rocky ledges, undercut 

banks, and aquatic vegetation in URR (pers. obs., 1989-1991) and other U.S. 

streams (Probst et al., 1984; McClendon et al., 1987; Todd and Rabeni, 1989; 

Aadland et al., 1991; Helfrich et al., 1991; Groshens and Orth, 1993). This 

aggregated-cover variable might have reduced statistical interactions between 

cover and substratum size, as well as bimodal substratum HSIs, although 

reanalysis was impossible because I measured the cover and large-rock variables 

differently (Chapter 1). I urge other researchers to combine cover categories 

into 1 variable, even if sunfishes, trout, and other fishes do not select all 

cover types equally (e.g., Hamilton and Bergersen, 1984; Probst et al., 1984; 

Bovee, 1986; Leonard et al., 1986; Todd and Rabeni, 1989; Aadland et al., 1991; 
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Groshens and Orth, 1993), because statistical interactions may negate any gains 

from splitting if product-composite HSIs are to be used. Indeed, Probst et al. 

(1984) found that rock bass and smallmouth bass had significantly different depth 

and velocity preferences in Missouri rivers, depending upon the type of cover 

used by fish (i.e., root wads, suspended logs, or log complexes). 

Although progress has been made to measure cover more simply and generally 

(e.g., Kinsolving and Bain, 1990; present study), these efforts cannot rid all 

statistical interactions between hydraulic and channel-roughness variables. For 

example, turbulence or deep water might provide benthic and water-column fishes 

refuge from terrestrial piscivores, or cobble substrata may provide refuge for 

darters as do boulders for larger species such as sunfishes and trout (Scalet, 

1974; Lee, 1977; Casterlin and Reynolds, 1978; Gibson, 1978; Hamilton and 

Bergersen, 1984; Bovee, 1986; Bryant, 1990; Heede and Rinne, 1990). Hence, it 

is unlikely that all fish species and life stages regard microhabitat conditions 

equally as potential "cover" (Wesche, 1976; Hamilton and Bergersen, 1984). 

Perhaps qualitative, rather than quantitative, assessments of cover (e.g., 

Chapter 2), or else a more general channel-roughness variable that includes 

inorganic, organic, and anthropogenic materials (e.g., French, 1985) will be 

necessary to improve habitat measurement. Certainly, boundary Reynolds number 

is a potentially valuable complex variable, as it is a combination of simple- 

hydraulic and substratum variables, although this turbulence factor was 

problematic in URR because substratum use by limnophiles depended upon habitat 

availability (see Chapter 5 and below). Hence, the search for the "Holy Grail" 

of holistic habitat variables has yet to be successful. Clearly, further 

research should focus on establishing what habitat variables are redundant, to 

eliminate the potential for statistical interactions in fish habitat selection 
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(cf. Chapter 2). In contrast, coalescing habitat data into turbulence variables 

may merely complicate analyses without providing any new information (Chapter 2). 

3.4. Formulation of Composite HSIs from Pooled-Quadrat (Mesohabitat) Data 

3.4.1. Product Equation 

I further tested the usefulness of the product equation by pooling quadrats 

of similar microhabitat characteristics into mesohabitat categories (see 

Appendices 1 to 5). This eliminated noise in the data set, reduced violation of 

statistical assumptions, and thus enhanced predictive power for developing 

composite HSIs (guild densities in specific habitat types) from HSIs for 

individual habitat variables. Table 6 shows that the 6 multiple-regression 

equations were most successful for abundant rheophilic guilds and least 

successful for the rare (shallow-rheophilic and open-pool) guilds, as with the 

analyses on unpooled-quadrat data (see above). Morin and Peters (1988) 

analogously obtained greater predictive power for mesohabitat-level (riffle) than 

for microhabitat-level (rock) polynomial equations on multiple habitat variables, 

in their attempts to predict overall blackfly abundance in Quebec streams; 

respective R2 values were 62-71% vs. 55%. 

The product equation (Dl) was a consistently good predictor of mean guild 

densities (Table 6), despite the presence of fish-habitat statistical 

interactions (see above). It was the best equation for predicting densities of 

rare guilds, among the best for the pool/run and abundant rheophilic guilds, and 

only somewhat inferior to the multiple-slope sum equation (D4) for predicting 

densities of the pool-cover guild. The geometric-mean (D2) and single-slope sum 

equations (D3) rarely and never performed as well as Dl, respectively, and the 

guild equation (D6) was clearly inferior to the others for predicting the 
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densities of 2 limnophilic guilds (i.e., open-pool and pool-cover). 

Further analysis of the product equation (D1) corroborated the usefulness 

of this model. First, R2 values for the product equation were increased only 

slightly by removal of undersampled habitat types (Table 6), with little change 

in slope coefficients (pers. obs.). Second, R2 values were similar for analyses 

with average and demersal velocity as the velocity variable; the variability of 

R2 values in Table 6 were usually a result of better predictive power in 1 of the 

river segments (cf. Table 4). Third, the product equation performed well in 

cross validation (LSF vs. UMS data sets and vice versa). The pool-cover and 

abundant rheophilic guilds were best predicted in cross validation, the pool/run 

guild was moderately successful, and the 2 rare guilds (i.e., shallow-rheophilic 

and open-pool) performed worst (Table 6). Morin and Peters (1988) analogously 

found R2 values to be similar for the original (’estimation’) and cross-validated 

data sets, for polynomial equations (on several habitat variables) to predict 

overall blackfly abundance in Quebec streams. 

Moreover, I examined the slope coefficients for the product equation (Bp) 

using unpooled-quadrat data (see Table 4). As By values were similar to analysis 

with pooled-quadrat data and few habitat categories (pers. obs.), these slopes 

were robust. As shown in Table 8, By values were generally smaller for guilds 

of greater abundance, and for analyses with fewer numbers of habitat categories. 

The latter is intuitive because use of fewer habitat categories meant greater 

averaging of data and thus lower maximum fish densities. 

3.4.2. Multiple-Regression Equations 

Further examination of the 3 multiple-regression equations (D4 to D6) 

yielded few consistently significant slope coefficients (Table 7). First, the 
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individual HSI of lowest value generally performed better than the individual HSI 

of highest value, in the high-low equation (D5), suggesting that fish guild 

densities were influenced more by the worst than best habitat axis. Second, for 

the multiple-slope sum equation (D4), only 4 of the 6 guilds analyzed in both 

river segments showed consistently significant slope coefficients. These 

included (1) the fast-riffle guild because of its consistent preference for 

shallow and fast microhabitats; (2) the riffle/run guild because of its 

consistent preference for shallow microhabitats; (3) the open-pool guild because 

of its consistent preference for finer substrata; and (4) the pool-cover guild 

because of its consistent preference for cover and slow velocities (cf. Table 5 

and Figures 1 and 2). 

Third, the guild-association equation (D6) generally verified the 

distinctiveness of the 7 URR guilds (Table 7), as did the analyses with habitat 

variables as predictor variables (Table 5). The only strongly significant 

coefficient for rheophiles was that for fast-riffle vs. riffle/run guild 

densities. That is, these 2 guilds were generally both important in fast and 

slow riffles, even though the 2 guilds were most abundant in fast and moderate 

velocities, respectively (see above and Chapter 5). Likewise, the shallow- 

rheophilic vs. riffle/run coefficients were moderately significant in LSF; both 

guilds were abundant in slow riffles, although shallow rheophiles were also 

abundant in slower water (shallow pools). The 2 habitat-generalized guilds, 

namely the fast-generalized and pool/run guilds, showed moderate covariation; 

both were abundant in runs and pools, even though fast generalists were more 

abundant in riffles. The pool/run guild also showed high and moderate 

covariation with the open-pool and pool-cover guilds, respectively; the 3 guilds 

were all abundant in pools, even though the pool-run guild was often found in 
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faster water. In sum, these results and those in Chapter 5 highlight the 

distinctiveness of my 7 guilds, despite their partial overlap in certain habitat 

types. 

3.4.3. Selection of the Best Equation 

In sum, the pooled-quadrat results suggest that aggregative-HSI indices 

were similar in predictive power, despite their differing assumptions. Hence, 

aggregation of HSIs for the above physical variables may be satisfactorily 

accomplished via multiplication of the 4 individual HSIs, as has _ been 

traditionally done to predict fish densities, relative abundance, and/or species 

diversity in streams (Orth and Maughan, 1983; Bovee, 1986; Gore et al., 1992). 

That is, the product equation (D1) may provide as much predictive power for fish 

and insect densities as more complicated, multiple-regression equations that 

account for animal-habitat interactions, despite the suggestions of some critics 

(e.g., Stalnaker 1978; Bain et al., 1982; Mathur et al., 1985; Scott and 

Shirvell, 1987). Perhaps interdependencies among animal densities and habitat 

conditions are more common in streams with greater covariation among habitat 

variables than I found in URR, although my review of the literature suggests that 

depth, velocity, substratum-size, and cover variables are independent 

microhabitat axes in streams (Chapter 2). 

Because the product equation is a simple, linear-regression model, it has 

2 major advantages over multiple-regression equations, particularly those with 

polynomial and/or interaction terms. First, there are fewer parameters to 

estimate (parsimony). Second, multiple-regression equations are more likely to 

require site-specific, empirical estimation of slope coefficients because of 

multicollinearity problems (Draper and Smith, 1981). Nevertheless, interaction- 
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assessment equations for fishes and other animals show evidence of quantitative 

consistency over time, albeit not for every habitat or biotic variable (Emlen et 

al., 1992). I agree with Peters (1991) that development of less-complex 

regression equations with predictive power and testability should improve basic- 

and applied-ecological analyses; such are needed for determining instream-flow 

needs of lotic organisms. 

3.5. Habitat Specialization and Important Habitat Variables 

The data in Table 8 also reveal that maximum densities were higher for 

habitat variables that were most narrowly used by fish guilds (see Tables 5 and 

7; Figures 1 and 2). This is an intuitive result, because averaging of data into 

habitat categories would greatly attenuate maximum densities unless fish guilds 

were especially abundant in a minority of habitat types. The fast-riffle guild 

specialized especially on the velocity axis, and to a lesser extent on the depth 

axis, with cover being the least-selected variable. The riffle-run and shallow- 

rheophilic guilds were most specialized along the depth axis, cover levels being 

least-selected by the former guild. The fast-generalized and pool/run guilds 

showed similar maximum densities for all habitat variables, evidence for their 

generalized use along several habitat axes, although the latter guild showed 

least specialization along the cover axis. The open-pool guild specialized 

especially on the substratum axis, and to a lesser extent on the velocity axis, 

with cover being the least-selected variable. Finally, the pool-cover guild was 

most specialized along the cover axis, with substratum size and depth being the 

least-selected variables. These results reaffirm the distinctiveness of the 7 

habitat-use guilds, and provide a simple, quantitative method for determining 

which habitat variables are critical for habitat selection. In fact, I prefer 
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this method to the above statistical analyses (see Tables 5 and 7), because: (1) 

the statistical analyses required more calculations and effort to interpret; and 

(2) statistical significance was greatly affected by data distribution (violation 

of statistical assumptions), number of variables, and sample sizes of quadrats. 

3.6. Coda 

Given that different aggregative HSI indices, HSI curves for different 

sites, different HSI standardizations (e.g., type-II vs. type-III), and different 

sampling methods (e.g., point vs. quadrat) can yield different estimates of 

habitat availability and thus optimal flows for fishes (Bain et al., 1982; Gan 

and McMahon, 1990; Waite and Barnhart, 1992), further comparisons of HSI indices 

and cross validations are needed to resolve the conflicts concerning the 

usefulness of the IFIM for managing instream flows (cf. Scott and Shirvell, 1987; 

Vadas and Weigmann, 1993). I plan to analyze the URR data in 2 ways to test the 

precision and robustness of IFIM predictions of optimal flow needs for fish 

guilds (Vadas and Orth, unpubl. data). First, I will interface habitat-flow data 

for a given river segment with the counterpart HSI histograms for fish guilds 

(i.e., LSF-UMS and UMS-LSF analyses), as well as the standard analyses using 

site-specific data (i.e., LSF-LSF and UMS-UMS analyses). 

Second, I will interface both the few- and several-category HSIs with 

habitat-flow data. Although the site-specific and several-category analyses 

should provide more accurate flow estimates, comparisons with cross-validated and 

few-category results will help determine if independent HSI data sets and simple 

mesohabitat classification systems can be effectively used in instream-flow 

analyses. 
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Table 1. Four multiple-regression equations to predict the density (fish/100 

m) of each fish habitat-use guild (G;) ina given quadrat. The 

predictor variables for formulating these composite habitat-suitability 

(HSI) models were physical-microhabitat (P) variables. xX, Y, and Z 

represent habitat variables: D = depth (cm), V = average or demersal 

velocity (cm/s), C = % cover, S = average substratum size (code 1 to 9), 

and B, = slope coefficient. Intercepts were excluded from the models. 

(P1) Gy = B,(C) + Bg(S) + Bg(D) + By(V) = > [B,(X)] = linear terms 

(P2) Gy = » [By(X)] + [By (X*) ] + } [B,(X?)] = linear + polynomial terms 

(P3) G; = > [By(X)] + > [By(X¥)] + } [Bo(X¥Z)] + [B3(CSVD)] = linear + 
interaction terms 

(P4) G; = linear + polynomial + interaction terms 
a a 

Table 2. Five linear- or multiple-regression equations to predict the density (D) 
of each fish habitat-use guild (G;) in a given quadrat (equation Dl) or 
habitat type (equations Dl to D6). The predictor variables were mean 

guild densities: (1) G, variables (G,, G,, Gg, and G,) were the 

expected (mean) densities of a given guild under given microhabitat 
conditions; (2) HI and LO were the 2 G, variables showing the highest 
and lowest densities, respectively; and (3) G, variables were the 

expected (mean) densities of other guilds under given habitat 
conditions. That is, equations Dl to D5 allowed composite HSI models 

to be formulated from HSIs for individual habitat variables, for a given 
guild. In contrast, equation D6 predicted density (HSI) of a given 
guild from densities (HSIs) of the other guilds to formulate composite 
HSI models. Intercepts were excluded from the models. 
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Table 3. Categories for microhabitat variables in the few-class (F) and 
several-class (S) analyses for fish habitat-use guilds. 

  

Habitat Analysis Category } 
variable 

1 2 3 4 5 6 7 8 

% Cover F <5 >5 --- --- --- --- --- --- 

S <2 2-4 5-9 10-14 >15 --- --- --- 

Depth (cm) F <30 30-64 >65 --- --- --- --- --- 

S <15 15-29 30-44 45-64 65-84 >85 --- --- 

Demersal velocity F <15 15-39 >40 --- --- --- --- --- 

(cm/s) S <5 5-9 10-14 15-19 20-24 25-39 40-49 >50 

Ave. velocity F <20 20-59 >60 --- --- --- --- --- 

(cm/s) Ss <10 10-19 20-29 30-49 50-69 370 --- --- 

Ave. substratum F <5.0 5.0-5.9 36.0 --- --- --- --- --- 

size (code 1-9) S <3.5 3.5-4.4 4.5-5.4 5.5-5.9 6.0-6.4 >6.5 --- --- 
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Table 4. Minimum and maximum values of adjusted RZ, for each regression equation 
to predict fish guild densities in given (unpooled) quadrats (see Tables 
1 and 2 for the equations). Analyses were done by velocity variable 
(average vs. demersal) and river segment (LSF vs. UMS) for equations 

Pl to P4, and by velocity variable for equation Dl. The predictor 
variables were (a) physical-microhabitat variables (equations Pl to P4) 

or (b) HSIs (guild densities) formulated with few or several habitat 

categories (equation Dl). All regressions were *** in significance (p 
< 0.001), unless otherwise indicated: ns = not significant, * indicates 

p < 0.05, and ** indicates p < 0.01. Respective sample sizes for LSF 
and UMS were 262 vs. 353 quadrats. 

eee nwnwnnwn een ewnewnenernenezre ere erneew eee eee eee ee ee we we ewww eee eo wee wee ww eee ween ew ew ewww werner een ec oc 

  

Guild Habitat predictor variables Product 
equation (D1) 

Linear Polynomial Interaction All terms ——————————— 
(P1) (P2) (P3) (P4) LSF UMS 

Fast-riffle 35-40 37-44 37-50 37-51 30-43 42-51 

Riffle/run 35-39 51-53 40-49 54.5-56 41-55 52-57 

Fast- 34-50 37-57 35-54 36-57 37-45 53-60 
generalized 

Shallow- 5-6 11-12 8 9-10 10-24 --- 
rheophilic4»> ** wk [RIK 

Pool/run© 17-19 20-23 18-19 18-22 17-25 23-28 

Open-poo1b 4-5 8-11 4-8 6-10 19-40 11-31 
wk kek ns /*** * /kkK 

Pool-cover 14-28 17-39 17-38 18-42 26-35 14-15 
weer r ret ee eee eee ew ww we eee wwe we ee ee we wm wm wm eo mee meme www ewww we wee wee wr were ew ewe www eweecnwae 

“This guild was only tested in the upstream river segment (LSF). 
These 2 guilds were considered ‘rare’, whereas the rest were considered 

abundant. 

The 3 limnophilic guilds are underlined, in contrast to the 4 rheophilic guilds 
defined in Chapter 5. 
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Table 5. Minimum and maximum significance levels for slope coefficients of 
multiple-regression equations to predict densities of fish guilds from 
physical-microhabitat variables. FR = fast-riffle, RR = riffle/run, FG 

= fast-generalized, SR = shallow-rheophilic, PR = pool/run, OP = open- 

pool, and PC = pool-cover guilds. Dashes (--) indicate untested 
variables. See Tables 1 and 4 for format and related results. 

    

Guild & Linear terms Polynomial terms 
equation 

c D V S ce pt v2 g2 css 3 

FR Pl ns xKk* kkk ns /*** -- -- -- -- -- -- -- -- 

P2 ns ns/* ns ns ns ns/** ns/* ns ns ns/** ns/* ns 
P30 ns ns ns/** ns -- -- -- -- -- -- -- -- 

P4 ns ns ns /* ns ns ns ns ns ns ns ns ns 

RR Pl ns kK ns/kKkKk Kkk -- -- -- -- -- -- -- -- 

P2 ns/** *** ns/**kk kkk ns /** * /eeK ns /** & /keRK ns/** ns /*** ns/* ns/*** 

P3 ns ns ns/** %*x* -- -- -- -- -- -- -- -- 
P4 ns kk ons /** ns /* ns/*k x*x** ns /*** ns ns/* **/*** ns/*** ns 

FG Pl ns ns/*** ns/*** *#xk -- -- -- -- -- -- -- -- 
P2 ns/*** ns */*** ns ns/** ns/** ns/** ns ns/* ns/** ns/** ns 
P3. sons ns ns *** -- -- -- -- -- -- -- =e 
P4 ss ns ns ns ns ns ns/* ns/*** ns ns ns/* ns/*x** ns 

SR Pl ns ak ns **/*ke + - -- -- -- -- -- -- ee 
P2 ns */*¥* ns */** ns ns ns ns * ns ns ns 
P3 ns ns ns **/x*k*k*k -- -- -- -- -- -- -- -- 

P4 ns ns/* ns ns ns ns ns ns ns ns ns ns 

PR Pl ns ns/*** ns/* ns/*¥** = -- -- -- -- -- -- -- -- 

P2 ns ns/** ns/* ns ns ns/* ns/* ns ns ns ns/* ns 

P3 =ns ns/*** ns ns/*** -- -- -- -- -- -- -- -- 
P& ns ns/*** ns ns ns ns/** ns/* ns ns ns/* ns/* ns 

OP Pl ns */** ns ns -- -- -- -- -- -- -- -- 
P2 ns/* ns ns ns/* ns ns ns ns/* ns ns ns ns/* 
P3 ns ** ns ns -- -- -- -- -- -- -- -- 

P4 ns ns ns ns/** ns ns ns ns/** ns ns ns ns /* 

PC Pl */*k* ns/kkk ee NS /kRK  -- -- -- -- -- -- -- ee 
P2 ns/** = ns *kk 6ns/** ns ns */** ns/* ns ns ns/** ns 

P3 ns/** ns/*** ns ns/*** -- -- -- -- -- -- -- -- 

P4 ns/** ns ns ns ns/** ns ns/* ns ns /* ns ns ns 
wer rrr eee wee er we eww wen wr nw wwe ew wm mew ewe we ecw ee wm ewe ween wwrerwenwre ene eeewn wen weeewn enn wn wen ewe wwe wee we 
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Guild & Interaction terms 

equation   

P2 -- -- -- -- -- -- -- -- -- -- -- 

P3 ns ns ns ns ns ns ns ns ns ns ns 

P4 ns ns ns ns ns ns ns ns ns ns ns 

weenwrwnnneenn eee sewn en ern ewnnweewnwemrerereewn enw en eeewee2reeoereeezr ewe eernr ern e ew eee wnewe ener enn eer en een eee ee 

P2 -- -- -- -- -- -- -- 7: 7 -- -- 
P3 ns/* ns/* ns ns ns ns ns ns ns ns ns 

P& ns/** ns/** ns ns ns ns/* ns ns ns ns/* ns 
ween wner een ener er ewn wen ewn ewe wen enewewn ewer een eee reese ew ee ew wee www enw eer wewerewwm were wr ern ewe ree er new e we wen = 

P2 -- -- -- -- -- -- -- 7 -- -- -- 

P3 * ns ns/*** ns ns ns ns/* ns/x** ns ns ns/* 

P4 ns ns ns/** ns ns ns ns ns/** ns ns ns /* 

SR Pl -“- -- -- -- -- -- -- -- -- -- 7? 

P2 -- -- -- -- -- -- -- -- -- -- -- 

P3 ns ns ns ns ns ns ns ns ns ns ns 

P4 ns ns ns ns ns ns ns ns ns ns ns 
seer wznewvwenwvwenznernnecn2neewnvceaonvneownernoweenewe ener earzrenwennentrwrenececen ewe nee ewe we ewe enw een ewe enw e ewe www = 

P2 -- -- -- -- -- -- -- -- -- -- -- 
P3 = ns/* ns/* ns ns ns ns ns ns ns ns ns 
P& ons/* ns ns ns ns ns ns ns ns ns ns 

wewerewzren ern enrn eer ewr ewer ewzneewn een eee wnwen ewer were eee zr ew wee w er eneren ere e en ene eee een eee ewe ewe ee ewvw an 

P2 -- -- -- -- -- -- -- -- -- -- -- 

P3 ns/* ns ns ns ns ns ns ns ns ns ns 

P4 ns ns ns ns ns ns ns ns ns ns ns 
weervrree nw tweet ew ew ewww ewe eee eee eww eee enw e wre ww enw eee rents ww wren www er ene enew enw ene we www ewww oo 

P2 -- -- -- -- -- -- -- -- -- -- -- 
P3 **/*kk ns/** ns ns/* ns/* ns ns ns */** ns/** ns 
P4 ns ns ns ns ns ns ns ns ns/* ns ns 
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Table 6. Minimum and maximum values of adjusted RZ, for each regression equation 

wee ewww 

to predict fish guild densities in given habitat types from pooled- 
density data (see Table 2 for the equations and Appendices 1 to 2 for 

the data set with average velocity as the velocity variable). Analyses 
were done by velocity variable (average vs. demersal) and river segment 

(LSF vs. UMS). The predictor variables were few-category (a) HSIs 

(guild densities) for individual microhabitat variables (equations Dl 

to D5) or (b) densities of other guilds in the same habitat types 

(equation D6). All regressions were *** in significance (p < 0.001), 
unless otherwise indicated (see Table 4 for format). Respective sample 

sizes for LSF and UMS were 45-46 vs. 41-44 mesohabitat types. 
weer ewreortren wre enn ewe wwe een nee eee ewe wm wwe were ew weer ww weer ene een ere wn were eerewn ewe we wee ee ee wow 

    

Product (D1) Geome- Sum High-low Guild- 

tric (D5) assoc. 

All N N > 24 Cross-> mean l-slope Multi-slope (D6) 

validated (D2) (D3) (D4) 

64-84 70-85 60-83 61-71 60-67 71-78.5 59-75 67-83 

66-92 84-93 68-84 60-75 56-66 67-86 63-89 68-88 

75-80 80-95 56-74 70-75 68-75 69-80 69-74 58-87 

30-34 34-72 11-35 23-29 18-23 22-28 29-34 23-24 
wk [eK kk 

50-78 50-88 32-42 52-70 51-69 55-69 55-70 61-75 

44-83 44-83 5-39 31-43 31-35 35-41 36-63 22-34 
* / kek 

56-62 56-62 47-65 59-63 58-61 65-72 52-70 32-42 
ek [eek 

“Excluding habitat types represented by only one quadrat. 
LSF vs. UMS data sets and vice versa. 

©See Table 5 for guild abbreviations. 
is guild was only tested in the upstream river segment (LSF), except for the 

cross validations. 
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Table 7. Minimum and maximum significance levels for slope coefficients of 

multiple-regression equations to predict densities of fish guilds from 
pooled-quadrat data. All coefficients were positive in value except 
those indicated by (-), whereas dashes (--) indicate untested variables. 

See Tables 2 and 6 for format and related results. 

  

Guild High-low Multi-slope Guild-association (D6) 
(D5) sum (D4) (densities of other guilds) 

High Low Go. Gy Gy, Gg FR RR FG SR PR OP PC 

Fast-riffle ns/ ns/ ns/ ns *** *** -- ***k ns/ ns ns ns_ ns 
(FR) * kK wk * 

Riffle/run ns %*** ns/ ns/ ns/ *** *kk -- ns/ */ ns ns ns 
(RR) Kee Ok kK KKK wk 

Fast-generalized ns ns/ ns ns ns/ ns/ ns/ ns/ -- ns */ ns/ ns 
(FG) aK Kk OkKK x kee kkk *(-) 

Shallow- ns ** ns ns ns ** ns */ ns -- ns ns_ ns 

rheophilic (SR) ** 

Pool /run ns ns/ ns/ ns_ ns/ ns/ ns ns */ ns -- **/ */ 
(PR) aK * x kk eK eK kk 

Open-pool ns/ ns/ ns ** ns/ ns ns ns ns/ ns **/ -- ns 
(OP) * kkk * *(-) wee 

Pool-cover ns ns/ *k* ns **/ ns/ ns ns ns ns */ ns -- 
(PC) eK KkKK O* ak 

“er nrerrrreeer er eer re ee wwe oe eww wee tween new ewer ee eee e cere ener ewe e wwe ee wwe ewe wwe enw ewe ewe 
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Table 8. Maximum guild densities (Gy p) for 5 physical-habitat variables and 

regression slopes (B,) for the product equation (D1), using unpooled- 
quadrat data (see Tables 2 and 6 for the equation and related results). 

Data were stratified by velocity variable (average = V,; demersal = Vq), 

river segment (LSF or UMS), and the number of mesohabitat categories 

used (few = F; several = S; see Table 3). 

Guild River FH Maximum guild , By 

segment classes density (#/100 m 2) 
  

LSF F 9 11 #15 #17 22 1.39E-3 1.13E-3 
s 9 14 #15 19 22 1.41E-3 1.17E-3 

Fast-riffle -----------0--- rrr rrr rrr rrr rrr nnn rrr terse rs en- 
UMS F 5 6 8 10 12 1.04E-2 8.76E-3 

S 5 7 9 11 12 8.08E-3 7.43E-3 

LSF F 46 66 99 50 68 L.01E-5 8.50E-6 
S 60 88 186 51 79 7.65E-6 5.58E-6 

Riffle/run = --------- ner nrc rrr rrr rr rr reer ree ee 

UMS F 22 31 44 28 34 9.81E-5 8.86E-5 
S 24 29 53 34 37 8.88E-5 8.48E-5 

LSF F 18 18 18 17 18 3.24E-4 3.175E-4 
S 24 18 21 18 20 3.035E-4 3.075E-4 

FaSt-gen@-  --- renter rr rrr nr re ee ee eee ee ee- 

ralized UMS F 18 20 29 23 24 1.73E-4 1.63E-4 
i) 18 25 32 30 25 1.48E-4 1.465E-4 

Shallow- LSF F 3 5 7 3 4 3.70E-2 3.22E-2 
rheophilic Ss 9 «6 12 6 6 1.76E-2 1.75E-2 

LSF F 32 41 47 Gl 41 3.65E-5 3.56E-5 
Ss 39 66 58 60 54 2.69E-5 2.50E-5 

Pool/run +e or nr rn rrr rn nr nr nn nn nnn nn nn ne eee eee eee ee 

UMS F 18 20 20 19 17 3.26E-4 3.12E-4 
S 21 20 22 24 26 3.36E-4 3.25E-4 

LSF F 3 7 3 6 5 5.67E-2 6.69E-2 
S 3 13 6 8 12 3.22E-2 2.32E-2 

Open-pool —-- - ren er rr re nn er nn rr ne en nn ee een ee ne nen ne ee ee ee eee eee 
UMS F 2 5 2 2 2 1.57E-1 2.63E-1 

s 2 6 3 3. 4 2.03E-1 2.15E-1 

LSF F 13 11 8 12 11 2.20E-3 2.27E-3 
S 21 #15 12 18 #18 1.30E-3 1.27E-3 

Pool-cover = ----- + ---- tn rn nnn nn ne nn eee ee eee eee 

UMS F 144 #11 =#7 12 #11 2.05E-3 2.19E-3 
S 16 12 8 15 16 1.69E-3 1.59E-3 

~sweenewenrenreeeewn err eee ere ze ween ereeneeceewr en ew zteecnecen ewe ewe ew mene www eee we eee ewe ew eww wee ee we ww
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Figure 1. Habitat-suitability (HSI) histograms for fishes in the 2 river segments 
(LSF vs. UMS) during 1989-1990, using few mesohabitat categories for 

4 physical variables. The y- and x-axes are fish guild density 
(fish/100 m2) vs. habitat category (see Table 3), respectively. FR = 
fast-riffle, RR = riffle/run, FG = fast-generalized, SR = 
shallow-rheophilic, PR = pool/run, OP = open-pool, and PC = pool-cover 
guilds. See Appendix 3 for density data in different demersal-velocity 
categories. 
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Figure 2. HSI histograms for fishes in LSF and UMS during 1989-1990, using 

several mesohabitat categories for 4 physical variables (see Table 3). 
See Figure 1 for guild abbreviations and Appendices 4 and 5 for density 

data for all 5 physical variables. 
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Appendix 1. Average densities (fish/100 m2) for fish habitat-use guilds in the 
lower South Fork (LSF) during 1989-1990 in different habitat types. 
The appendix is based upon few habitat categories: 2 for cover (C) 
and 3 each for substratum size (S), average velocity (V), and depth 

(D) (see Table 3). A plus sign (+) indicates density < 0.5 fish/100 
m“. Total N = 262 quadrats. 
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p
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Rheophilic guilds Limnophilic guilds N (# of 

  quadrats) 

Fast- Riffle/ Fast- Shallow- Pool/ Open- Pool- 
riffle run genera- rheophi- run pool cover 

lized lic 

8 57 8 3 41 9 23 6 
1 3 15 1 83 26 11 13 
0 0 1 0 4 0 1 4 

25 135 14 7 6 0 0 2 
3 5 13 + 43 5 3 6 
0 0 1 0 31 7 1 7 

21 100 7 0 0 0 0 1 
15 15 0 0 0 0 0 1 
5 5 15 0 5 0 5 1 

16 131 20 26 14 0 2 7 
0 2 7 1 109 2 10 5 
0 0 0 0 0 0 0 1 

14 130 16 8 9 0 + 26 
4 12 17 1 29 + 1 15 
1 5 24 4 136 5 3 6 

27 118 16 2 6 1 0 9 
18 48 16 1 6 0 0 11 

3 91 18 0 12 0 0 1 
+ 20 14 + 7 0 4 5 
0 0 1 0 12 0 1 4 

7 63 21 0 5 0 + 12 
3 12 14 0 ll 1 1 22 
0 1 3 0 55 2 0 5 

24 50 5 0 0 0 0 5 
14 29 9 0 4 0 + 14 
14 8 24 0 3 0 7 2 

0 2 24 4 28 0 21 5 
0 1 3 0 16 3 13 14 
0 0 5 0 98 5 37 5 N

N
 N

h 

a
 

h
e
e
 

W
h
e
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2121 3 105 60 110 25 5 0 1 

212 2 4 9 31 0 48 0 9 6 

212 3 3 4 9 0 11 0 0 2 

2211 12 173 119 0 8 0 0 1 

2212 0 1 15 0 49 2 18 4 

2213 0 0 20 0 2.5 0 22.5 1 

2221 19 60 24 9 10 0 1 6 

222 2 7 12 30 1 18 0 16 6 

222 3 3 5 9 0 6 0 7 2 

2232 4 0 3 0 0 0 4 2 

2312 0 10 20 0 20 0 5 1 

2313 4 0 23 0 4 0 19 1 

2321 62 527 38 15 12 0 0 1 

232 2 2 10 21 0 69 3 11 5 

23 2 3 + 1 10 0 52 0 19 5 

2331 11 22 8 0 5 0 0 2 

2332 0 32 32 0 5 0 0 1 

Average 7 39 15 3 27 2 5 --- 

density 
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Appendix 2. Average densities (fish/100 m?) for fish habitat-use guilds in the 

upper mainstem (UMS) during 1989-1990 in different habitat types. 

The appendix is based upon few habitat categories, as in Appendix 1. 

Total N = 353 quadrats. 

we mew we wwe ee ewe we ee ee wm me twee ee ewww ee ee ee tet teers 

  

Habitat Rheophilic guilds Limnophilic guilds N (# of 

category quadrats) 

———  Fast- Riffle/ Fast- Shallow- Pool/ Open- Pool- 

CS VD riffle run genera- rheophi- run pool cover 

lized lic 

1111 0 14 16 0 3 0 1 2 

1112 0 0 2 0 20 0 9 4 

1113 0 0 0 0 16 1 2 4 

1121 0 0 0 0 4 7 0 1 

1122 0 0 4 0 26 22 2 5 

112 3 0 0 2 0 27 14 4 4 

1133 0 0 0 0 7 0 0 2 

1211 4 35 17 + 5 1 4 15 

1212 3 2 2 0 24 1 4 4 

1213 0 0 1 0 12 5 6 9 

1221 12 70 31 0 5 1 1 24 

1222 3 8 20 0 19 4 2 19 

1223 1 0 2 0 1 0 0 4 

1231 11 40 26 0 5 0 0 2 
1232 16 23 26 0 19 1 0 7 

1311 3 17 14 + 8 1 20 19 
1312 0 2 5 0 15 1 6 11 
131 3 0 0 1 0 1 0 1 8 

1321 14 60 41 0 13 1 2 27 
13 22 2 8 14 0 29 1 1 35 

13 2 3 0 + 5 0 18 + 2 14 

1331 23 57 24 0 4 4 0 4 
1332 8 13 19 0 2 + + 24 
1333 0 0 0 0 5 0 0 1 

2111 1 10 20 0 16 1 12 10 
2112 1 1 7 0 27 3 24 7 
211 3 0 0 1 0 5 2 20 9 

2121 12 60 179 0 143 0 12 1 
2122 0 0 2 0 35 7 7 1 
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2211 8 56 26 0 28 2 11 7 

2212 1 3 8 0 19 6 34 9 

2213 0 0 1 0 4 1 16 4 

2221 7 61 33 0 10 1 5 8 

222 2 7 15 17 0 7 2 11 2 

222 3 0 0 4 0 12 14 10 1 

2231 4 33 58 0 4 0 0 1 

2311 1 28 24 0 16 1 4 7 

2312 0 2 11 0 28 0 13 7 

2313 0 0 4 0 6 1 14 11 

2321 5 33 38 0 24 0 3 8 

2322 + 6 16 0 2/7 1 12 6 

232 3 1 0 8 0 20 0 8 2 

2332 0 0 10 0 8 0 0 2 

2333 0 3 53 0 0 0 12 1 

Average 4 20 17 + 15 2 6 -+- 

density 
ewewenaecrenzruenwnzrenene ene enn we ewe een wer enwn wren en ewer ene ewer ere ere ewe ere we enwe nen enwen ween ee were ere ere e eee ee 

Appendix 3. Average guild densities (fish/100 m2) in different demersal-velocity 

categories (few classes) for the 2 URR river segments. The category 
numbers (1 to 3) represent velocity ranges provided in Table 3. See 
Appendix 1 for format. 

werner ewrereernrn stew eewnwtwrenzreceerenecerweoen z= eeewe eee teen enweoenwereouneesneeew ee een nznewewnwnen enw etzreowreaerececnerene2eecanne 

Guild LSF UMS 

1 2 3 Ll 2 3 

Fast-riffle 2 6 22 1 6 12 
Riffle/run 13 49 68 8 29 34 
Fast-generalized 12 18 13 11 23 24 
Shallow-rheophilic 2 4 1 + + 0 

Pool/run Al 25 5 15 17 5 
Open-pool 5 1 + 1 2 + 

Pool-cover 11 2 1 11 2 1 

N (# of quadrats) 96 116 50 164 152 37 
weer tzteerwrezrew eee wer ew een ewww ewn eee wen ere ere ew eee ener e eer weer ew wee wee ewr wren eewe eee ee we wwe wee ewe



Appendix 4. Average guild densities (fish/100 m2) in different mesohabitat 
categories (several classes) for LSF, for each of the 5 physical 
variables (see Figure 2 for plots of the data). The 25th and 75th 

percentiles (quartile range) are given in parentheses; --- indicates 

that both (as well as the median) are zero. 

represent physical-habitat ranges provided in Table 3. 

1 for format. 

The category numbers 

See Appendix 

Rheophilic guilds 
  

N (# of 
quadrats) 

163 

28 

28 

16 

27 

27 

25 

70 

54 

58 

28 

Habitat Limnophilic guilds 
category 

Fast- Riffle/ Fast- Shallow- Pool/ Open- Pool- 

riffle run genera- rheophi- run pool cover 
lized lic 

Z COVER 

1 8 44 13 2 23 3 2 
(0-12) (0-51) (3-17) --- (0-18) --- --- 

2 9 60 15 9 37 1 4 
(0-5) (3-52) (4-18) --- (0-30) --- (0-2) 

3 4 30 12 5 39 1 9 
o-- (0-12) (0-17) --- (0-32) --- (0-14) 

4 9 23 24 0 30 2 8 
(0-5) (0-28) (4-28) --- (0-13) --- (0-10) 

5 3 10 21 3 25 2 21 
(0-5) (0-7) (6-24) --- (0-29) --- (3-35) 

AVERAGE SUBSTRATUM SIZE 

1 1 2 12 1 66 6 15 
--- --- (0-15) --- (0-79) (0-8) (2-16) 

2 1 3 7 + 32 13 12 
--- (0-2) (0-7) --- (0-48) (0-12) (0-16) 

3 8 40 18 4 35 1 5 

(0-10) (2-70) (3-22) 9 --- (0-28) --- (0-7) 
4 14 88 18 6 12 + 2 

(0-21) (11-115) (5-19) (0-2) (0-14) --- --- 

5 8 36 14 + 17 + 2 
(0-11) (3-35) (4-21) --- (0-12) --- --- 

6 4 16 12 0 14 + 4 
(0-5) (0-29) (5-20) --- (0-17) --- (0-3) 
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weer eee wren we ene ener ewe wre wrennwnvw werner wn rene ene eee eee ere een wwe eown wr wow en wwe wneznZzecwwrennrneernneeeenrene ewan 

DEPTH 

1 15 186 12 

(0-23) (87-261) (0-16) 

2 15 72 21 

(0-17) (14-104) (6-23) 

3 8 20 15 

(0-12) (3-27) (4-19) 

4 2 8 14 

(0-3) (0-8) (2-20) 

5 2 2 12 

--- --- (0-18) 

6 + 1 3 
--- (0-1) (0-4) 

1 + 5 12 

--- (0-4) (0-19) 

2 5 44 13 

--- (0-17) (0-14) 

3 3 40 14 

(0-4) (0-57) (3-20) 

4 6 46 18 

(0-6) (0-42) (4-22) 

5 14 51 17 

(0-20) (6-59) (6-21) 

6 19 49 11 

(7-21) (14-96) (4-10) 

1 + 3 10 

--- (0-4) (0-18) 

2 1 14 9 

--- (0-6) (2-9) 
3 6 25 16 

(0-2) (0-24) (5-22) 

4 1 30 20 

--- (0-16) (3-15) 

5 5 35 16 

(0-6) (3-21) (4-18) 

6 9 65 18 

(0-12) (11-80) (6-24) 

7 22 60 17 

(6-30) (6-78) (6-22) 

8 22 79 7 

(8-30) (14-115) (0-10) 
wre rwrnerenrerzr cere eran wee wmeeree eee eee ewe ew ewe we ewe ew wee we we ewe wm eww mew ew mew eww wre ewer e ewe wee eee 

12 
(0-11) 

6 
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30 

16 
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34 

45 

62 

47 

30 

42 

25 

29 

29 

29 

58 
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Appendix 5. Average guild densities (fish/100 m2) in different mesohabitat 
categories (several classes) for UMS, for each of the 5 physical 

variables (see Figure 2 for plots of the data). See Appendix 4 for 

  

format. 

Habitat Rheophilic guilds Limnophilic guilds N (# of 

category quadrats) 
Fast- Riffle/ Fast- Shallow- Pool/ Open- Pool- 

riffle run genera- rheophi- run pool cover 

lized lic 

Z COVER 

1 5 21 18 + 13 2 3 214 
(0-8) (0-32) (3-27) --- (0-12.5) --- (0-2) 

2 5 24 13 + 13 + 3 35 
(0-11) (0-41) (0-20) --- (0-11) --- (0-5) 

3 3 21 17 0 21 2 11 39 
(0-4) (0-21) (1-29) --- (0-16) --- (0-2) 

4 2 11 17 0 12 1 16 16 
(0-15) (0-20) (2-34) --- (0-25) --- (0-21) 

5 1 13 18 0 17 1 15 49 
--- (0-11) (0-26) --- (0-14) --- (4-19) 

AVERAGE SUBSTRATUM SIZE 

1 0 0 2 0 14 4 12 14 
7+? --- (0-2.5) --- (0-29) (0-6) (5-19) 

2 + 7 10 0 13 6 11 15 
--- (0-3) (0-16) --- (0-13) --- (0-26) 

3 5 28 19 + 20 5 8 62 
(0-10) (0-40) (2-29) --- (0-13) (0-7) (0-10) 

4 5 26 19 0 10 1 6 75 
(0-8) (0-39) (2-32) --- (0-14) --- (0-7) 

5 7 29 25 + 16 1 3 88 
(0-11) (0-39) (5-33) --- (0-12) --- (0-2) 

6 2 8 12 0 14 1 8 99 
--- (0-5) (2-16) --- (0-14) --- (0-6) 

cferrrrrr er wow wee em te ee ew em we wwe ewe we ew wwe wm eww wwe mrwe wwe weer wwe eee nw w ener weer enwew awe weer eee we wows 
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L 5 53 22 + 4 1 3 45 

(0-8) (13-72) (8-31) --- (0-6) --- (0-3) 

2 9 40 32 0 16 1 8 91 
(0-13) (6-50) (10-43) --- (0-15) --- (0-4) 

3 5 13 18 0 17 3 5 68 

(0-8) (0-17) (5-28) --- (0-18) --- (0-6) 
4 2 2 10 0 22 2 7 75 

(0-2) (0-3) (2-15) --- (0-19) --- (0-6) 

5 + + 4 0 10 3 8 48 
--- --- (0-4) --- (O-11) --- (0-11) 

6 0) 0 1 0 10 1 7 26 

-7- “7° (0-1) “7 (0-5) --- (0-7) 
jee ee wm ewe eww ewww eee ee ewe ewe we we we wm wwe eww em ew ee em mee ee we we ww we ee Ow ew wwe Bw ewe we ee wee ee ee 

1 1 7 8 0 14 2 15 94 
--- (0-4) (0-10) - (0-12) --- (0-14) 

2 3 19 13 + 11 1 8 53 
(0-4) (0-30) (0-19) --- (0-9) --- (0-11) 

3 3 34 30 0 24 2 5 52 
(0-4) (0-48) (4.5-44)  --- (1-44) --- (0-7) 

4 6 23 20 0 15 3 1 83 
(0-11) (0-32) (5-32) --- (0-16) --- --- 

5 9 28 21 0 13 + 1 47 
(0-12) (0-37) (8-30) --- (0-12) --- (0-2) 

6 11 18 20 0 4 1 0 24 
(0-14) (0-23) (8-29)  --- (0-5) ---  --- 

1 + 2 5 0 13 2 16 87 

--- (0-2) (0-4) --- (0-12) --- (0-14) 
2 2 13 14 0 13 + 6 46 

--- (0-19) (1-17) --- (0-7) --- (0-9) 
3 3 19 21 + 26 1 8 31 

(0-5) (0-32) (2-37) --- (0-45) --- (0-10) 
4 4 28 25 + 23 4 4 44 

(0-7) (0-48) (4-31) -+- (0-32) --- (0-6) 
5 4 26 23 0 12 2 3 37 

(0-4) (0-33) (7.5-30) --- (0-15) --- (0-2) 
6 8 31 21 0 15 2 1 71 

(0-11) (0-45) (9-32) --- (0-13) ---  --- 
7 12 37 24 0 7 + + 24 

(1-14) (4-45) (8-38) --- (0-11) --- --- 
8 11 29 23 0 2 1 1 13 

(5-17) (9-38) (10-38) --- (0-5) --- wee 
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CONCLUSIONS 

The present dissertation has been a description of the various tools needed 

to simplify instream-flow analyses for fishes and possibly other aquatic 

organisms. First, mesohabitat classification was attempted visually, a 

relatively quick and efficient approach to habitat assessment. Indeed, the 5 

mesohabitat types were significantly different in hydraulic features that were 

important for segregating fish species, such that classification of fishes into 

7 habitat-use guilds was possible based upon these mesohabitat categories 

(Chapters 4 and 5). Second, interrelations among habitat variables at micro-, 

meso-, and macrohabitat scales were assessed. Although patterns differed 

somewhat across spatial scales, the results indicated that there were 4 

independent axes at the microhabitat scales relevant to instream-flow analyses: 

velocity-turbulence, depth, substratum size, and cover. These 4 axes (variables) 

were thus used to develop habitat-suitability models for fish guilds (Chapter 6). 

Third, the differences in habitat use among fish guilds were used to develop a 

mesohabitat classification system more relevant to fishes, since the visual 

assessment of Chapter 1 was based upon my previous experience (Vadas, 1992) 

rather than upon data specific to the upper Roanoke River (URR). My fish-based, 

mesohabitat system was useful for examining differences in geomorphology and 

hydraulic geometry among habitat types. 

Together, the above tools provide a framework for predicting habitat 

changes at different flows. That is, the hydraulic-geometry equations of Chapter 

3 and the habitat-guild models of Chapter 6 can be interfaced to predict changes 

in the availability and diversity of habitat types and fishes for different flow 

regimens. Hence, necessary minimum and maximum flow criteria to protect the URR 

fish assemblage and recreational interests can be specified. These endeavors 
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will be undertaken in future publications, based upon the methodology outlined 

by Vadas and Weigmann (1993). 

In addition, because fish sizes were measured or estimated for the URR 

collections (Vadas and Orth, 1993), I will formulate habitat-use guilds based 

upon size classes within fish species. The present emphasis upon fish species 

simplifies the instream-flow analysis, but might only protect habitat for the 

dominant size classes collected, rather than habitat for all available size 

classes (see Chapter 5); a fish species will only persist if it can survive and 

grow well across its entire life cycle and reproduce successfully. 

Finally, because I assessed fish habitat use in URR side channels before 

and after experimental flow diversions during the summer of 1991, I plan to test 

the robustness of the habitat-guild models that I developed during 1989-1990 (see 

Chapter 6). That is, predictions can be made and tested about changes in 

abundance of fish guilds, based upon changes in habitat availability and 

diversity resulting from flow reductions in the side channels. Indeed, one of 

the major assumptions of instream-flow analyses is that habitat is limiting for 

stream fishes, such that reduction in flow and habitat availability should cause 

decreases in the abundance of fish species (Stalnaker, 1978; Morhardt, 1986; 

Jowett, 1992; Vadas and Weigmann, 1993). 

In sum, the central theme of this dissertation is that classification of 

(1) habitat units into mesohabitat types and (2) fish species into habitat-use 

guilds can simplify instream-flow analyses without sacrificing critical detail. 

Indeed, biological models can often be improved in predictive power by 

simplifying them, even if the new model captures less detail of the original data 

set, because much of the postdictive detail may be noise rather than of 

biological significance (Jefferys and Berger, 1992; Gauch, 1993). Moreover, use 
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of simplified models to predict anthropogenic impacts often allows better testing 

of model predictions, because less computer time is needed, the predictions are 

  

less complicated, and there is less opportunity to do ad hoc fudging (Walters and 

Efford, 1972; Jefferys and Berger, 1992). For example, Walters and Efford (1972) 

aggregated species into trophic compartments to predict the effects of human 

disturbance and predation upon a lake ecosystem. Similarly, my predictions of 

changes in the availability and diversity of habitat and fish guilds across flows 

should be straightforward enough so that other researchers can test my 

predictions at several ecological scales, should water withdrawals on URR be 

increased. These scales of resolution include guild densities (fish/unit area), 

relative abundances (numerical percentages), presence/absence, and biodiversity 

(cf. Rahel, 1990; Vadas, 1992). Only time will tell if human population 

increases in southwestern Virginia (Roth et al., 1988) can occur without 

seriously harming the region's natural resources and ecosystems. 
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