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Abstract 

The focus of this research was the mechanistic relationship between fluid flow, 

spatial density, distribution, and metabolism of stream-dwelling insect larvae of the 

caddisfly genus Glossosoma (Glossosomatidae: Trichoptera).  Glossosoma are 

ecologically important for many reasons, including that they are dominant grazers in lotic 

food webs, are capable of suppressing stream periphyton, and act as an indicator of 

stream health.  A description is herein presented of fluid flow and stream bathymetry 

environments where Glossosoma are often present.  Predictive relationships for 

Glossosoma spatial density are proposed from local fluid flow and channel bathymetry 

variables.  The research was conducted through a series of four separate studies.  First, 

habitat was quantified for larval Glossosoma in three coastal mountain streams in 

northern California.  Applying dimensional analysis, a functional relationship was 

developed for predicting larval abundance.  Variogram analysis of Glossosoma spatial 

density and bed topography revealed overlap in the separation distance above which point 

measurements were statistically independent.  Second, field measurements were 

conducted in Valley Creek, Minnesota and data were compared with the measurements in 

the coastal mountain streams.  Third, a computational model was employed to estimate 

high resolution fluid flow variables along a riffle in Valley Creek.  Simulation results 

were verified and implemented in a predictive model for Glossosoma abundance.  Fourth, 

a laboratory study of Glossosoma metabolism under varying flow conditions revealed 

generally increasing oxygen consumption with increasing fluid flow velocities.  The 
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proposed research will be instrumental for predicting not only how Glossosoma respond 

to changes in fluid flow and stream bathymetry conditions, but also how these variables 

influence larval spatial density, distribution, and behavior in lotic environments. 
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Chapter 1 Introduction 

1.1 Research Significance 

Benthic macroinvertebrates in lotic systems inhabit an environment constantly 

stressed by the interaction of moving fluid with the substrate.  Patterns of 

macroinvertebrate spatial distribution in this complex environment are governed by a 

host of hydraulic, biological, geomorphological, and chemical variables acting both 

independently and in combination (Statzner et al. 1988, Nikora 2010).  Among these 

variables, open-channel hydraulic conditions represent a major physical gradient along 

which the benthic macroinvertebrate community is organized (Rempel 2000).  Rheophilic 

macroinvertebrates exhibit adaptations that enable them to balance competing survival 

needs such as energy conservation, nutrient acquisition, and protection from predation.  

Among these adaptations are body shape and behavior (Merritt and Cummins 1996).  At 

high flow rates, large drag forces acting on organisms may be detrimental while delivery 

of nutrients and efflux of wastes is favorable, whereas the opposite applies for low flow 

rates (Nikora 2010).   Hence, the upper boundary of the environmental fluid flow range 

for a particular species could be determined by physical interactions, whereas the lower 

boundary is determined by critical nutrient delivery.  Many variables and variable 

combinations have been used to quantify macroinvertebrate habitat suitability (e.g. 

Statzner et al. 1988, Quinn and Hickey 1994; Dolédec et al. 2007, Mérigoux et al. 2009). 
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Insect order Trichoptera includes genera with aquatic larval stages that 

commonly construct cases of unique architecture, each suited to a particular ecological 

role (Wiggins 2004).  Caddisfly larvae have earned the moniker ‘underwater architects’ 

through their case construction and other uses of their silk such as filtration nets (Wiggins 

2004).  Case morphology varies greatly between genera and in at least one species, 

Dichosmechus gilvipes, has been shown to provide functional advantage as larvae mature 

through different instars (Limm and Power 2011).  It has been noted by multiple studies 

that constructing and repairing cases is energetically expensive (Kwong et al. 2011, 

Statzner and Doledec 2011).   

Members of the genus Glossosoma are well-adapted for life in fast moving fluid.  

Glossosoma nigrior (Banks) construct cases by fastening small rock grains together with 

silk.  This rock armor may contribute to G. nigrior success, enabling them to outcompete 

other, more vulnerable soft-bodied macroinvertebrates that would utilize the same 

resources but that do not build cases (McNeely et al. 2007).  Glossosomatid larvae forage 

preferentially for certain diatoms (Oemke 1984, Poff and Ward 1992).   Additionally, 

Glossosoma spp. larvae and adults are included in the diet of stream trout (Newman 

1987, Duffield et al. 1994, Fochetti et al. 2003).  Therefore, G. nigrior can have a large 

impact on energy and nutrient flow through aquatic ecosystems (Kohler and Wiley 1992, 

1997).  Larval Glossosoma indicate water quality, with an average rating of 1.5 on a 

tolerance scale from 0 (sensitive) to 10 (tolerant) (Barbour et al. 1999).   
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1.2 Objectives 

Given their ecological significance, understanding the hydrodynamic variables 

associated with Glossosoma spatial distribution and the underlying mechanisms would be 

valuable.  Before the chapters of this thesis began, it was observed that caddisflies in the 

genus Glossosoma (Trichoptera: Glossosomatidae) were distributed in a patchy 

distribution within riffles in the field.  This research focuses on the interaction of open-

channel hydrodynamics and stream geomorphologic conditions with the spatial density of 

Glossosoma larvae on the stream bed.  The overall approach can be summarized by two 

general objectives: 

1. Determine the fluid flow and stream geomorphic variables that are most 

correlated with Glossosoma spatial distribution. 

2. Investigate functional relationships between Glossosoma abundance and 

mediating variables. 

3. Propose mechanistic models for predicting Glossosoma abundance based 

on generally available abiotic stream variables. 

The first objective requires definition of the appropriate spatial scale for the 

measurement and description of ecologically relevant natural fluid flow variables and 

larval spatial density.  Variogram analysis was employed to define the extent over which 

governing dimensional variables were spatially averaged (Chapters 2, 3).  Spatial 

averaging was applied to hydrodynamic variables for conceptual consistency with 

variables that were inherently per area, such as Glossosoma density and stream bed 
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roughness metrics (Chapters 3, 4).  A three-dimensional computational simulation of a 

study riffle was completed (Chapter 4) through collaboration with another research group 

at the St Anthony Falls Laboratory for increased resolution, relative to ADV 

measurements, of the fluid flow variables in order to better determine their near-bed 

variability, and to provide additional direction for the pursuit of Objective 2.  Through 

dimensional analysis, predictive functional relationships were developed for Glossosoma 

spatial density from local fluid flow and channel bathymetry variables (Objective 2; 

Chapters 2 – 4).  Physically meaningful dimensionless terms included in the predictive 

models point to physical mechanisms mediating larval abundance and location on the 

stream bed (Objective 3).  Dissolved oxygen availability was investigated (Chapter 5) as 

a possible nutrient-related mechanism explaining larval spatial distribution and behavior 

(Objective 3). 

  

1.3 Chapter overviews 

The second chapter explores a method for developing a scaling relationship 

between macroinvertebrate density and local hydraulic variables.  As an example of this 

method habitat is quantified for larval stone-cased caddisflies, Glossosoma califica 

(Denning) and Glossosoma penitum (Banks) in three coastal mountain streams in 

northern California over two years.  Dimensional analysis is applied to develop a 

functional relationship from a power law based on dimensionless local hydraulic and 

larval density variables that was applicable to areas where Glossosoma were present.  
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Glossosoma densities were negatively correlated with streambed relative roughness and 

positively correlated with the ratio of inertial to gravitational forces in the stream.  The 

proposed functional relationship described 41% of the variance in the spatial distribution 

of glossosomatid larvae.  This expression could predict how density and constraints on 

effects of these important grazers would change under variable hydraulic conditions.  

Variogram analysis of Glossosoma spatial density and relative roughness revealed 

overlap in the variogram range, the separation distance above which point measurements 

were statistically independent.  The analysis resulted in an average variogram range of 

0.39 m for Glossosoma density and 0.26 m for roughness height.  Abiotic variables are 

increasingly available from laser altimetry, so even where field sampling is limited the 

proposed scaling relationship facilitates prediction of larval biomass over a range of 

scales in lotic ecosystems. 

Complex topography of many stream beds often makes it impossible to predict 

near-bed velocities using simple formulae such as the log-linear relationship between 

velocity and height above the bed (Nowell and Jumars 1984).  Chapter 3 incorporates the 

double-averaging approach (spatial and temporal) for hydraulic variables to create a more 

realistic decimeter scale quantitative fluid flow representation.  Spatially averaged 

velocity distributions, turbulence characteristics, and stream bed roughness elevations 

were collected in two streams with rough-bed substrate.  Variogram analysis of substrate 

roughness height yielded characteristic length scales of the stream bed over which bed 

elevations were correlated from 0.14 m to 0.41 m.  Temporally and spatially averaged 
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(double-averaged) vertical velocity profiles followed a composite distribution consisting 

of a linear distribution below the roughness crest height and a power or wake law above 

the crest.  Double-averaged velocity data demonstrated the applicability of both the wake 

law and power law to open-channel flow for which a low ratio of flow depth to roughness 

height does not support the development of the universal logarithmic velocity law.  A 

power-law scaling relationship between spatially averaged Glossosoma density, stream 

bed roughness characteristics, and double-averaged fluid flow conditions was developed.  

The density of Glossosoma scaled directly with substrate crest elevation, normalized 

spatial fluctuation of longitudinal velocity in the proximity of the bed, and inversely with 

the standard deviation of the crest elevation.  The proposed dimensionless scaling 

relationships explain 84% of the Glossosoma variability, an improvement from the 

predictive expression of the previous chapter. 

Given the predictive expressions based on relatively coarse ADV data presented 

in the previous two chapters, increasing spatial resolution of the hydraulic data seemed 

like a good first step in determining variables important for larval distribution.  

Therefore, Chapter 4 is an investigation of the influence of high resolution physical 

variables described by fluid flow and stream-bed topography on macroinvertebrate spatial 

distribution.  Furthermore, with a strong predictive expression based on hydraulic 

variables and stream bed topographic characteristics, one looming question relating to the 

utility of such an expression relates to its ability to be incorporated into or interface with 

open-channel flow simulation.  To validate the predictive expression based on spatially 
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averaged flow by exploring the relationship in a geographically separated watershed, and 

to assess the accuracy of a state-of-the-art flow simulation method developed at SAFL, 

the hydraulic environment associated with high Glossosoma abundance is predicted by 

large-eddy simulation of a natural turbulent open-channel flow.  Flow simulation input is 

discussed, and simulation output is spatially averaged over the stream-bed characteristic 

length scale and linked to Glossosoma spatial density.  A scaling relationship between 

Glossosoma spatial distribution and horizontally-averaged streamwise velocity, spatial 

velocity fluctuation, and spanwise vorticity from the computational fluid dynamics 

simulation output explains 58% of the variation in observed Glossosoma spatial density.   

Millimeter-scale fluid flow patterns in the proximity of an individual Glossosoma larval 

case are investigated through particle image velocimetry (PIV) in a laboratory flume.  

Synthesis of computational fluid mechanics with observed biological response in a 

natural, shallow and turbulent open channel flow could be instrumental in stream 

restoration efforts for predicting benthic macroinvertebrate spatial distribution in natural 

streams and rivers. 

Chapter 5 is an investigation of the importance of dissolved oxygen (DO) as a 

mechanism explaining larval spatial distribution, laboratory measurements of DO uptake 

by G. nigrior were conducted in a sealed, recirculating flume under variable fluid flow 

velocities.  Measurements were performed in similar water temperatures, DO 

concentrations, and fluid flow velocities as field conditions in the stream where the larvae 

were obtained.  Total oxygen uptake by both cased larvae and corresponding cases 
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without larvae were quantified.  An increased fluid flow velocity corresponded to an 

increased larval DO uptake rate.  Oxygen uptake by cases alone was not as sensitive to 

changes in the Peclet (Pe) number, the dimensionless ratio of advective to diffusive DO 

transport, as uptake by larvae.  The flux of DO to larvae and their cases was up to seven 

times larger in a moving fluid in comparison to non-moving fluid conditions in the 

proximity of larvae for 0 < Pe < 175.  A functional relationship was developed relating 

fluid flow and DO uptake across a larval case.  According to the proposed quantitative 

relationship, the Pe number alone describes 91% of the variation in the DO flux to the 

larvae under variable fluid flow conditions.  In response to fluid motion, larvae depicted 

two characteristic behavioral responses.  When the ratio of advective DO transport to 

diffusive transport was low (Pe < 87), larvae occasionally abandoned their cases or spent 

more time partially extended from either of the two main case openings.  At Pe > 87, 

larvae typically remained in their cases.  This indicates that oxygen delivery to the larvae 

at low Pe is insufficient to satisfy the respiratory demands of cased larvae. 

    

1.4 Overall conclusions 

Although each of the proposed research chapters is an independent study, the 

theme of quantifying the fluid flow environment experienced by larval Glossosoma is 

consistent throughout.  Another commonality among the following chapters is the use of 

dimensional analysis to connect fluid flow and stream bathymetry variables with a 

biological response.  In terms of dimensional variables it was found that depth-averaged 
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and near-bed longitudinal velocity magnitude, bed roughness height, and spanwise 

vorticity were positively correlated to spatial density of GlossosoEquation Section 1ma 

larvae.  Water depth and temporal velocity fluctuation were negatively correlated to 

larval abundance.  In physically meaningful dimensionless terms, from field 

measurements it is apparent that the Froude number and stream bed relative roughness 

are positively correlated with larval abundance.  Turbulence intensity based on temporal 

fluctuation is negatively correlated while turbulence intensity based on spatial fluctuation 

is positively correlated with larval abundance.   

 Contributions from this work include specification of multiple hydraulic and 

stream geomorphologic variables that are associated with high Glossosoma abundance.  

The approach for quantifying biologically significant open-channel hydrodynamics 

presented in this thesis can be utilized with other target organisms in shallow stream 

reaches generally, and furthers the emerging research area centered on the 

hydrodynamics of aquatic ecosystems highlighted by Nikora (2010).  Abiotic variables 

are often more accessible than biological variables, and technology is steadily improving 

for monitoring (locally and remotely) open-channel fluid flow as well as channel 

bathymetric characteristics.  Hence, even where local measurements are not available the 

proposed predictive expressions may be helpful in predicting Glossosoma abundance.  

The proposed research will be instrumental for predicting larval response, in terms of 

population spatial density as well as individual larval behavior, to changing fluid flow 

and stream bathymetry conditions in lotic environments. 
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Chapter 2 Scaling Glossosoma (Trichoptera) density by abiotic 

variables in mountain streams 

2.1 Introduction 

Water flow has a 1st-order effect on the performance of stream biota and has 

molded traits and spatial distribution of stream-dwelling insects adapted to particular 

ranges of flow conditions (Hynes 1970, Ward 1992, Mérigoux et al. 2009).  Flow affects 

traits and distributions, in part, because Prandtl boundary layers do not fully protect 

benthic macroinvertebrates from the forces of flow (Ambühl 1959, Statzner et al. 1988).  

Correlations between abiotic variables and macroinvertebrate responses have been 

reported in many studies.  For example, grazers (scrapers) are widely distributed in many 

rivers, but they often are found in greater relative abundances in lower-order (<5th) 

streams with turbulent flow habitats than in other habitat types (Vannote et al. 1980). 

Macroinvertebrate abundance and diversity were positively correlated with fluid flow 

descriptors representing flow magnitude and intensity of turbulence in a study by Growns 

and Davis (1994).  Doisy and Rabeni (2001) reported that local current velocity was the 

best indicator of invertebrate community composition in a lowland river.  Current 

velocity alone was correlated with invertebrate distribution and community variables in a 

stream with homogenous substrate, whereas invertebrate communities were better 

predicted by multiple linear regression models incorporating substrate size, depth, and 

mean velocity than by any single hydraulic variable in streams where substrate was 
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heterogeneous (Quinn and Hickey 1994).  However, spatial distribution patterns of some 

macroinvertebrates may resolve only at certain scales, and correlations between insect 

populations and individual independent hydraulic variables can differ at different scales.  

For example, current velocity showed unimodal correlation with Agapetus boulderensis 

(Milne) (Glossosomatidae: Trichoptera) on the cobble scale (0.10–0.30 m) and negative 

correlation on the riffle scale over several meters (Wellnitz et al. 2001). 

Instead of estimating forces on benthic organisms from metrics, such as fluid 

velocity and depth, Statzner and Müller (1989) proposed a method using hemispheres of 

different density to measure near-bed fluid flow directly.  This method, which represents 

multiple hydraulic variables acting near the stream bed with a hemisphere number, has 

been used to define suitable hydraulic habitat for several macroinvertebrate species (e.g., 

Dolédec et al. 2007).  Statzner et al. (1988) suggested that a convenient approach to 

describe hydraulic environments experienced by benthic macroinvertebrates from an 

ecological perspective would be to consider a combination of kinematic viscosity, mean 

velocity, depth, and substratum roughness.  We used dimensional analysis to investigate 

relationships between a combination of these flow variables and invertebrate densities 

and distributions.  Dimensional analysis has the advantages of producing physically 

meaningful, dimension-free terms that can be used to calculate metrics comparable across 

differing scales. 

Benthic macroinvertebrates respond to the physical constraints imposed by their 

local environment, but they also are influenced by biological variables, such as stream 
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periphyton, that vary in time and space (Barnes et al. 2007).  Moreover, our ability to 

detect the effect of biological variables on macroinvertebrate distribution patterns can be 

scale-dependent.  In the Hirose River, northern Japan, Glossosoma spp. larval density 

was negatively correlated with increasing algal biomass and positively correlated with 

current and water depth at riffle (15–30 m) scales, but less correlated at both smaller and 

larger scales (Doi and Katano 2008).  Glossosomatid larvae forage preferentially for 

certain diatoms (Oemke 1984, Poff and Ward 1992), responded to microalgal cues (Doi 

et al. 2006), were negatively correlated to periphyton biomass at the decimeter scale 

(Ruetz et al. 2004), and structured the benthic algal community in a way that reflected 

local (measured ~0.007 m above the substratum with a 0.013-m propeller) current 

velocity (Poff and Ward 1995).  Nevertheless, Poff and Ward (1992) suggested that 

heterogeneous current (represented by local point-velocity measurements) imposed direct 

constraints on patterns of resource use, independent of food distribution and abundance.  

We estimated a characteristic length scale for Glossosoma density and developed 

a scaling relationship that accounted for effects of hydraulic variables on larval density.  

We proposed that the effects of fluid flow variables acting on Glossosoma larvae over 

local (decimeter) scales would be reflected by dimensionless combinations of hydraulic 

variables grouped appropriately with dimensional analysis.  Our goal was to predict how 

these grazers might respond to changes in stream hydraulics as a tool to understand how 

effects of flow on their density or performance might indirectly affect other members of 

the stream food web. 
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2.2 Methods 

2.2.1 Study organisms 

We chose two members of the genus Glossosoma, G. penitum and G. califica 

(Denning) (Glossosomatidae: Trichoptera), as study organisms.  Glossosoma are strong 

interactors (sensu MacArthur 1972, Paine 1980) in stream ecosystems across North 

America.  When Glossosoma were eliminated by a parasitic infection from streams in 

Michigan, profound changes ramified throughout stream food webs as algae that these 

dominant grazers had formerly suppressed was released and then exploited by other 

primary consumers (Kohler and Wiley 1992, 1997).  When Glossosoma penitum were 

experimentally removed from replicate reaches of a headwater (2.6 km2 drainage area) 

stream in northern coastal California, chlorophyll a concentrations doubled, and densities 

of nonarmored primary consumers increased (McNeely et al. 2007). 

2.2.2 Study site 

We conducted our study in the South Fork of the Eel River (Eel R) and two 

tributaries, Fox Creek (Fox) and Elder Creek (Elder), at the Angelo Coast Range Reserve 

in the coastal mountains of northern California (USA) from mid-July through mid-

August 2007 and 2008 (Fig. 2.1).  Streams in the reserve show natural seasonal variation 

in flow and were at baseflow conditions during sampling.  The riparian community is 

dominated by white alder (Alnus rhombifolia), bigleaf maple (Acer macrophyllum), and 
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Fig. 2.1 Map of sampling sites at the Angelo Reserve (star).  The South Fork Eel River flows North.  

Sampling sites are indicated by solid and open circles for 2007 and 2008, respectively.  The most 

downstream site on Elder Creek is 200 m upstream from US Geological Survey gauging station 11475560. 

 

 Oregon ash (Fraxinus latifolia), with stands of coastal redwoods (Sequoia sempervirens) 

along the riverbanks, while the surrounding mixed forest is dominated by old-growth 

Douglas fir (Pseudotsuga menziesii), tan oak (Lithocarpus densiflora), and madrone 

(Arbutus menziesii) (Mast and Clow 1999).  The Eel R and Elder have relatively wide 

channels and sunlit stream beds, low turbidity, and are highly productive during summer 
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base flows (Finlay et al. 1999).  The smallest stream, Fox, is colder and is shaded by 

mixed coniferous and hardwood forest.  Glossosoma larval density (Gdensity) is high in 

areas of all 3 streams.  Glossosoma have oblong hemispherical cases made of sediment 

grains from the surrounding stream bed (Fig. 2.2A, B).  

 

Fig. 2.2 Distribution of Glossosoma cases on cobbles (A) and a largae view of the oblong hemispherical 

cases and their algal food supply (B).  Flow direction is toward the camera. 

 

2.2.3 Sampling scale  

We estimated the distance at each site above which measurements of Gdensity were  

statistically independent from one another by locating the range (aG) of the theoretical 

variogram fit to experimental data (Nikora et al. 1998, Ettema and Wardle 2002, Fortin 

and Dale 2005, Karl and Maurer 2010).  We investigated bilinear, spherical, and 

exponential variograms as possible theoretical models for quantifying spatial variability 

of Gdensity.  We used a minimum point separation distance of 0.1 m to estimate empirical 
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variograms.  For comparison, we also calculated the characteristic length scale for 

roughness height (ak) by variogram analysis.  

2.2.4 Experimental setup 

We collected data from nineteen 1-m2 sampling sites: four in 2007 (two in Elder 

and one in both Fox and Eel R) and 15 in 2008 (five in each stream).  We placed sites in 

areas of the streams where Glossosoma larvae were present.  We situated a frame 

supported by two downstream legs and saw-horse supports on either side above the water 

surface at each site (Fig. 2.3).  We used the frame to obtain data from fixed locations 

above the stream bed without disturbing it, Glossosoma larvae, or the flow field within or 

upstream of each sampling site.  We suspended a grid with 0.1-m × 0.1-m mesh from the  

 

 

Fig. 2.3 Sampling frame with grid. 
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frame and made visual counts of Glossosoma through the grid across the entire area 

under the frame. Within each sampling site, we designated 3 transects.  Transects 

consisted of ten adjacent grid cells perpendicular to flow and were chosen based on 

accessibility.  One transect was selected near the upstream border, one near the middle, 

and one near the downstream border of each sampling site.  

We measured water depth and a vertical velocity profile along each transect. In 

2007, we used a two-dimensional (2D), 10-Hz side-looking SonTek FlowTracker 

acoustic-Doppler velocimeter (ADV; SonTek/YSI Inc., San Diego, California) that had a 

6-mm diameter × 9-mm length cylindrical sampling volume.  In 2008, we made velocity 

measurements with a three-dimensional (3D), 60-Hz side-looking Vectrino ADV (Nortek 

AS, Rud, Norway) that had a 6-mm diameter × 7-mm length cylindrical sampling 

volume.  We placed the center of the ADV sampling volume in each profile 0.005 m 

above the bed, where possible, and recorded time series at locations separated by 

increasing increments up to 0.02 m below the water surface.  We measured vertical 

velocity profiles in this way in each grid cell of designated transects.  Velocity data were 

filtered (Parsheh et al. 2010) and aligned with the mean flow direction using Matlab 

(version 7.7.0.471 [R2008b]; The Mathworks, Natick, Massachusetts).  

Velocity magnitude (U) is the vector sum of longitudinal and transverse local 

velocity components calculated at each ADV reading and averaged over a 30-s sample at 

each depth in each profile.  After calculating time-averaged velocity at each depth, 

velocity was averaged over the profile by dividing the numerical integrand by the total 
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depth covered by the probe.  Velocity fluctuations are represented by the root-mean-

square velocity (urms), which is the spread of velocity magnitude around its mean, or the 

standard deviation of the velocity time series.  Local velocity gradient, or the change of 

velocity magnitude with distance, is represented in terms of fluid flow energy dissipation 

rate per unit fluid mass (ε).  Water depth (H) was measured at the center of each grid cell. 

Substrate roughness height (ks) for a station is the difference between that station’s depth 

and the maximum depth in the encompassing area.  

 We used surface particle image velocimetry (PIV) conducted at each of the 19 

sampling sites to quantify instantaneous spatial velocity distribution at the water surface. 

We filmed round paper confetti at night with a Canon PowerShot A540 digital camera 

while mounted black lights fluoresced the white confetti. An image of the field of view is 

shown in Fig. 2.4A.  We analyzed movies with 30 frames/s to visualize surface 

streamlines (Fig. 2.4B).  We discerned surface flow parameters by extracting and pairing 

consecutive images in Matlab and calculating particle movement distance and direction 

using Insight 3G (version 9.1.0.0; TSI Inc., Shoreview, Minnesota) and Tecplot 360 

(version 2006; Tecplot Inc., Bellevue, Washington) software (Fig. 2.4C). ε was estimated 

by digitally probing the velocity field at each sampling location with 
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Fig. 2.4 Surface particale image velocimetry (PIV) field of view showing fluoresced paper confetti over 1 

m2 (A), averaged frames showing particle flow paths (B), and velocity magnitude estimated from PIV (C). 

 

where ν is the kinematic viscosity of fluid, u is the fluid flow velocity in the x-direction, 

and v is the flow velocity in the y-direction (Luznik et al. 2007).  Physically, ε is the 

transformation of turbulent kinetic energy to heat at the smallest eddies of the energy 

cascade in turbulent fluid flow.  

2.2.5 Dimensional analysis 

The theory of dimensional analysis is presented in fluid mechanics text books 

(Brodkey and Hershey 1988, Streeter et al. 1998).  The purpose of the analysis is to 

establish a basis for similarity between processes described by dimensionless groups on 

different temporal and spatial scales (Barnes et al. 2007).  In the analysis, a set of 

individual independent variables is combined in such a way that their units cancel, 

resulting in a dimension-free set of terms.  Dimensional analysis has been used to 

determine physically meaningful dimensionless groups of variables related to stream flow 

(O’Connor et al. 2006, Warnaars et al. 2007).  

Gdensity was recorded in units of count per streambed area.  For dimensional 
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consistency we converted Gdensity (no./m2) into Gmass (g/m2) with mass-to-length 

regression data collected in 2000 (C. McNeely, Eastern Washington University, 

unpublished data).  The lengths and masses of G. califica were measured at Elder (y = 

188.0[log10x] – 7.8; r2 = 0.75, n = 51) and of G. penitum were measured at Fox (y = 

207.6[log10x] – 7.5; r2 = 0.84, n = 193).  C. McNeely collected larvae, measured case 

lengths, removed larvae from their cases, and dried them at 60°C for ≥48 h before 

weighing.  We measured case lengths for the current study in August 2008, and we 

assumed that relationships from 2000 still applied.  We also assumed that the mass–

length relationship in the Eel R was the same as in Elder because the same species, G. 

califica, was predominant at sampling sites in both streams.  

At the time of our study (late July and early August), larvae appeared to be in the 

1st-, 4th-, or 5th-instar stages or pupated.  We took larval size into account in the 

conversion from number to grams of larvae by classifying individuals as small or large 

with a representative mass (small larvae = 6 × 10–5 g corresponding to 0.002 m length, 

large = 3.9 × 10–4 g corresponding to 0.006 m length) for each size class determined from 

the mass–length regression presented above.  We included pupae in the 4 sites sampled in 

2007 but excluded them from counts in 2008 upon consideration that their position could 

not change in response to flow variation.  The streams were at stable baseflow conditions 

during sampling, but pupal immobility would prevent them from adjusting their position 

in response to unaccounted for changes in local hydraulics.  

Larval Glossosoma have a patchy distribution, so Gmass may depend on a subset of 
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variables (Table 2.1), related by an unknown generic function f 

 ( )mass s rmsG H, k , U, u ,ε,µ,= f g   (1.2) 

where dynamic viscosity (µ; g/ms) is included to balance the dimensions of Gmass (g/m2), 

and g (m/s2) is the gravitational acceleration constant.  Multiple regression could be used 

to establish a relationship to predict the response, but dimensional analysis has the 

advantages of reducing the number of independent variables without exclusion of 

potentially important independent variables and of producing dimension-free terms that 

can be used to calculate metrics comparable across differing scales. 

 Dimensional arguments according to the Pi Theorem of Vaschy and Buckingham 

(Vaschy 1892, Buckingham 1914) and inspection analysis were used to generate five 

dimensionless groups from the functional relationship with eight variables and three 

dimensions (mass [M], length [L], and time [T]). Selecting µ, H, and urms as repeating  

 

Table 2.1 Definitions of variables. L = length, M = mass, T = time. 

Variable Dimension Units Range Description 

Gmass M/L2 kg/m2 0.02 – 0.27 Glossosoma larval mass 

H L m 0.05 – 0.17 Water Depth 

ks L m 0.03 – 0.14 Roughness element height 

U L/T m/s 0.03 – 0.31 Depth-averaged velocity 
magnitude 
 

urms L/T m/s 0.01 – 0.11 Depth-averaged root-mean-
square velocity 
 

ε L2/T3 m2/s3 (0.03 – 5.42) x 10-5 Energy dissipation 
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variables led to the following complete set where no dimensionless group in the set can 

be formed by combination of the other groups (see Brodkey and Hershey 1988).  

 mass rms s rms
3

rms

G u k u εH U

µ H U u H

     =               

dca b

k
g

  (1.3) 

The physical meaning of the first dimensionless group to the right of the equal sign is a 

measure of relative roughness of the stream bed.  The second group involving a ratio of 

velocities is defined as turbulence intensity (Stull 1988). The group including ε appears 

analogous to the inverse of a friction coefficient based on urms because the cube root of 

εH is proportional to shear velocity (u
*
), and by definition, a friction coefficient is the 

ratio of U to u
* (Laufer 1951).  The last dimensionless group on the right is the Froude 

number (Fr), which is a ratio of the inertial force to gravitational force that typically 

controls dynamic similarity in river flows (Sabersky et al. 1989), has been related to 

benthic density of insects (Statzner 1981, Orth and Maughan 1983), can be used as a 

metric to differentiate river habitat between riffles and pools (Jowett 1993), and is 

considered a main variable influencing fish and macroinvertebrate communities in a 

variety of lotic systems (Doisy and Rabeni 2001, Lamouroux and Capra 2002, 

Lamouroux et al. 2004).  The exponents a, b, c, and d and constant k were determined 

from our data as the least-squares trend lines of individually regressed logarithms of 

dimensionless terms on the right side of Eq. 2.3 against the logarithm of the response 

term on the left.  The dimensionless response term has no clear physical meaning, but 

reflects the use of urms and µ as repeating variables.  We used regression analysis on the 



 

23 

 

logarithm of the dimensionless groups to determine which dimensionless groups to 

include in the final expression. 

 Correlation of a dimensionless response ratio with predictive 

dimensionless groups resulting from dimensional analysis can be spurious because of 

repeating variables or correlation between other variables included in the response group 

with those in the predicting group(s) (Benson 1965, Parker et al. 2007).  After a 

dimensionless model is developed, algebraic isolation of the response variable of interest 

prevents passenger correlations among other variables from masking the relationship 

under investigation.  In our study, isolation of the response variable (Gmass) put the model 

back into a dimensional form that can directly reveal the ability of the model to predict 

Gmass. 

 

2.3 Results 

 Glossosoma had a patchy distribution within riffles. Gdensity ranged from 0 to 40 

larvae/0.1 m2 projected streambed area.  We investigated the distribution of Glossosoma 

at different sampling spatial scales with experimental and theoretical variograms.  The 

spherical theoretical model depicted experimental variograms with the overall highest 

goodness of fit (Table 2.2).  Graphical examples of theoretical and experimental 

variograms are shown for three representative sites (Fig. 2.5A–C).  The nugget effect   

was apparent on variograms from each site, a result indicating variability at distances 

smaller than the minimum sampling-point separation distance (Fortin and Dale 2005, 
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Karl and Maurer 2010).  The range of variograms based on Gdensity varied from 0.19 m to  

 

Fig. 2.5 Variograms from the 1st sites on Elder Creek (A), Fox Creek (B), and the South Fork Eel River 

(C). 

 

 

 

Table 2.2 Range (distance to sill = aG) from experimental variograms based on Glossosoma density 

(Gdensity) and a spherical model fit by weighted least-squares regression.  Goodness of fit is indicated by the 

square of the Pearson product–moment correlation coefficient (r2).  The variograms for sites S5 and S6 are 

not listed here because they showed no distinct sill. *indicates sampling in 2007.  E = Elder Creek, F = Fox 

Creek, S = South Fork Eel River. 

Site aG (m) r2 
E1* 0.24 0.76 
E2* 0.57 0.99 
E3 0.28 0.84 
E4 0.70 0.98 
E5 0.41 0.75 
E6 0.25 0.71 
E7 0.23 0.95 
F1* 0.80 0.98 
F2 0.26 0.47 
F3 0.62 0.96 
F4 0.19 0.72 
F5 0.20 0.75 
F6 0.29 0.99 
S1* 0.45 0.99 
S2 0.41 0.86 
S3 0.39 0.82 
S4 0.42 0.88 
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0.8 m with an average of 0.39 m.  Beyond the range, variogram sills indicated constant 

mean (per unit sampling area) and variance of Gdensity regardless of the sampling scale. 

Prior to the estimated range values, the variograms showed that the mean and variance of 

Gdensity were scale dependent.  This analysis suggested that the mean and empirical 

variance of Gdensity changed as a function of sampling-length scale up to 0.8 m.  

Therefore, averaging independent variables and summing the response data over 1 m2 

encompassed the range associated with scale independence of Gdensity mean and variance. 

Depth-averaged U averaged over each site ranged from 0.03 m/s to 0.31 m/s 

(Table 2.3).  Root-mean square velocity ranged from 0.012 m/s to 0.109 m/s.  Because of 

boulders that broke the water surface or other confounding factors, we measured profiles 

at only 493 of the 570 grid cells considered at 19 sites.  We were able to position the 

center axis of the ADV sampling volumes for both probes 0.005 m above the bed in only 

52% of the profiles because of interference from surrounding substrate.  Therefore, we 

used depth-averaged U.  For comparison, site-averaged U estimated from surface PIV 

ranged from 0.02 m/s to 0.26 m/s.  Site-averaged H ranged from 0.05 m to 0.17 m. For 

site-averaged values, fluid flow was turbulent (Re > 500) in a subcritical flow regime (Fr 

< 1) at all sampling sites (Table 2.3). 

Individual abiotic variables considered in our study were not strongly correlated 

with Gmass (Fig. 2.6A–E).  Gmass was more strongly correlated with U than with any other 

predictor variable (r2 = 0.09; Fig. 2.6C).  We carried out multiple linear regression 

analysis in SPSS (IBM SPSS Statistics version 18.0.0; IBM Corporation, Somers, New 
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Table 2.3 Summary of site variables per m2 projected streambed area. Water velocity magnitude (U) and 

root-mean-square water velocity (urms) are depth (H)- and site-averaged. Froude ( )Fr  U gH=  and 

Reynolds ( )Re UH ν=  numbers are based on site-averaged U and H. Sites with * were sampled in 2007 

and the others in 2008.  See Table 1 for definitions of variables.  Gmass = total larval mass, n= total number 

of larvae, ν = kinematic viscosity of fluid, T = temperature, E = Elder Creek, F = Fox Creek, S = South 

Fork Eel River. 

Site Gmass n H  ks  U  urms  ε  T  Re Fr 

 (g/m2) . (m) (m) (m/s) (m/s) (m2/s3) (oC) . . 

E1* 0.11 348 0.15 0.06 0.11 0.04 4.8x-05 15.9 15698 0.09 

E2* 0.27 1298 0.12 0.10 0.17 0.04 1.7x-05 18.3 20549 0.16 

E3 0.14 425 0.07 0.03 0.03 0.01 5.4x-05 16.4 1933 0.03 

E4 0.18 591 0.15 0.07 0.31 0.08 2.4x-05 16.8 47300 0.26 

E5 0.18 573 0.14 0.08 0.20 0.11 1.3x-05 15.5 28196 0.17 

E6 0.09 311 0.17 0.14 0.11 0.05 4.5x-06 14.0 18607 0.09 

E7 0.09 374 0.11 0.07 0.14 0.06 1.2x-05 13.9 15029 0.14 

F1* 0.13 480 0.11 0.06 0.10 0.04 9.1x-07 14.1 11544 0.10 

F2 0.06 203 0.12 0.06 0.15 0.06 2.6x-07 15.0 17444 0.13 

F3 0.07 198 0.10 0.05 0.06 0.03 1.2x-06 15.9 5704 0.06 

F4 0.10 316 0.05 0.04 0.07 0.04 2.8x-06 14.7 3370 0.10 

F5 0.06 169 0.07 0.04 0.10 0.06 2.9x-06 15.6 7158 0.12 

F6 0.11 292 0.10 0.05 0.11 0.06 1.2x-06 15.2 10081 0.11 

S1* 0.06 161 0.13 0.08 0.08 0.04 3.0x-05 19.4 10169 0.07 

S2 0.19 494 0.11 0.03 0.08 0.03 9.3x-06 21.9 8725 0.07 

S3 0.22 578 0.08 0.04 0.10 0.05 9.4x-06 19.8 7376 0.11 

S4 0.02 62 0.12 0.07 0.13 0.06 1.6x-05 21.1 14597 0.12 

S5 0.07 216 0.10 0.05 0.14 0.06 3.4x-05 21.4 13394 0.14 

S6 0.06 162 0.06 0.05 0.11 0.05 1.2x-05 18.4 6664 0.14 
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York) considering all log10(x)-transformed abiotic variables.  The best of all combinations 

consisted of ks, U, and urms, and an indicator variable to account for year as the predictors 

(r2 = 0.32, adjusted r2 = 0.12).  Independent-samples t-tests showed that log10(Gmass) 

differed more strongly between years than did any other variable included in Eq. 2.2 (t = 

2.09, p = 0.052).  One-way analysis of variance (ANOVA) showed that the means of 

log10(U) and log10(ε) differed significantly among streams (U: F2,16 = 5.59, p = 0.014; : 

F2,16 = 23.44, p < 0.001).  

 

 

 

Fig. 2.6 Glossosoma biomass (Gmass) as a function of the individual dimensional variables, water depth (H) 

(A), roughness height (ks) (B), depth-averaged water velocity magnitude (U) (C), depth-averaged root-

mean-square of velocity (urms) (D), and energy dissipation rate per unit fluid mass (ε) (E). 

 



 

28 

 

To determine if any dimensionless groups were relevant to Glossosoma spatial 

distribution, we plotted the groups on the right-hand side of Eq. 2.3 individually and in 

combination against the response group containing Gmass (Fig. 2.7A–D, Table 2.4).  The 

last row in Table 2.4 represents the ability of each group to describe variation in Gmass 

alone after expressing Gmass in dimensional form.  From Table 2.4, it is apparent that Fr 

should be included because it has the highest correlation with Gmass (Fig. 2.7D).  

 

 

Fig. 2.7 Log10(x)-transformed dimensionless Glossosoma biomass (Gmass) as a function of log10(x)-

transformed relative roughness (ks/H) (A), turbulence intensity (urms/U) (B), εH/urms
3 (C), and Froude 

number ( )Fr  U / gH=  (D).  See Table 1 for definitions of variables.  g is the gravitational 

acceleration constant. 
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Table 2.4  The square of the Pearson product–moment correlation coefficient (r2) for log10(Glossosoma 

biomass) (Gmass) against log10(x)-transformed values of individual dimensionless terms on the right side of 

Eq. 3: relative roughness (ks /H), turbulence intensity (urms/U ), εH/urms
3, and Froude number 

( )Fr U gH= .  r2* values reflect the ability of each group to explain the variance in Gmass, whereas r2 

values reflect the ability of each group to explain the variance of dimensionless Gmassurms /µ .  See Table 2.1 

for definitions of variables. g = acceleration constant of gravity, µ = dynamic viscosity. 

 sk

H
 rmsu

U
 3

rms

εH

u
 U

Hg
 

r2 for mass rmsG u µ  0.002 0.107 0.000 0.461 

Slope -0.117 -1.004 0.010 0.894 

Intercept 10-2.4 10-2.7 10-2.3 10-1.5 

r2* for Gmass 0.004 0.065 0.004 0.334 

 

 

After dimensionless terms in Eq. 2.3 were considered individually and in 

combination, the simplest expression with highest r2 value and relevant physical meaning 

was ks/H combined with Fr.  

 

0.970.57
1.50mass rms sG u k U

10
µ H H

−
−

  =        g
  (1.4) 

Fig. 2.8A illustrates how the right and left sides of Eq. 2.4 are related (r2 = 0.51). 

Equation 2.4 is the equation for the least-squares regression line in Fig. 2.8A written in 

linear, rather than logarithmic scale, so 1 and 10–1.50 are the slope and intercept, 

respectively.  Measured variables U, urms, H, ks, and constants µ and g constitute the 

predictors of the proposed power-law scaling.  
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Fig. 2.8 Dimensionless Glossosoma biomass (Gmassurms/µ) as a function of dimensionless combinations of 

relative roughness (ks/H) and Froude number (( )Fr  U H= g  (A), and the equation in dimensional 

form (B).  This expression is applicable for 1700 < Reynolds number < 25000 and 0.03 < Fr < 0.32.  See 

Table 1 for definitions of variables.  µ = dynamic viscosity. 

 

Algebraic isolation of Gmass in Eq. 2.4 (multiplying Eq. 2.4 by µ/urms) yields a 

dimensional equation that directly predicts Gmass as a function of the predictor variables. 

This dimensional equation is shown on the x-axis in Fig. 2.8B.  Plotting the prediction 

(right-hand side of Eq. 2.4 after isolating Gmass) against the response (left-hand side, 
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Gmass) leads to Eq. 2.5 after the coefficients from Eq. 2.4 and from the trend line in Fig. 

2.8B are combined.  

 

0.97–0.57

s
mass

rms

k U
G 0.06 0.09

u H H

 µ  = −       g
  (1.5) 

The % variation explained by the relationship between observed and predicted 

Gmass from Eq. 2.5 (r2 = 0.41, standard error = 0.26) was larger than the % variation of the 

response explained by any of the controlling variables individually.  Furthermore, 

combining dimensionless groups yielded higher correlation with Gmass than Fr or relative 

roughness alone. Equations 2.4 and 2.5 apply when 1700 < Re < 25000 and 0.02 < Fr < 

0.32.  The model suggests that within this range of fluid flow, Gmass is directly 

proportional to the ratio of inertial to gravitational forces in the stream, but inversely 

proportional to urms and ks of the stream bed.  Logarithms of dimensionless Gmass, relative 

roughness, and Fr did not differ statistically between years (dimensionless Gmass had the 

lowest p-value [0.46]).  Comparison of means across the 3 streams with 1-way ANOVA 

indicated no significant difference for the dimensionless terms in Eq. 2.5.  The most 

significant between-stream difference was for log10(Fr) (F2,16 = 2.86, p = 0.09).  

 

2.4 Discussion 

Glossosoma larval density scaled with local hydraulic variables measured in three 

mountain streams over two consecutive years.  Higher correlation with Gmass of the 

predictive expression than of individual independent variables indicates that Glossosoma 
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are responding to multiple abiotic variables acting in concert.  This principle has been 

suggested for benthic fauna by several investigators (Gore 1978, Statzner 1981, Orth and 

Maughan 1983, Statzner et al. 1988).  

Our study included multiple streams, years, and instars. Larval size affected 

model output.  When younger instars were excluded from the analysis, the strength of the 

relationship increased to r2 = 0.43.  However, when only early-instar larvae were 

considered, the strength of the relationship decreased to <0.25.  This result indicates that 

the model is more applicable to large than to small instars.  Nevertheless, all Glossosoma 

larvae were included in our study to maintain general applicability.  We also included 

indicator variables in the regression analysis of the logarithm of the dimensionless terms 

to account for stream effect with insignificant influence on the model (change in adjusted 

r2 < 0.02).  However, when the analysis was done with only 2008 data, effectively 

removing any year effect, the exponents changed to –0.911 for relative roughness and to 

0.914 for Fr.  In dimensionless form, analogous to Eq. 2.4, the analysis with only 2008 

data resulted in a correlation coefficient r2 = 0.41 and standard error = 1.19.  In 

dimensional form, analogous to Eq. 2.5, the analysis with only 2008 data produced a 

correlation coefficient r2 = 0.35 and standard error = 0.24.  Hence, interpretation of the 

ability of the proposed predictive expression to represent the relationship between the 

local hydraulic environment and Gmass should be tempered by considering the influence 

of the sampling year. 

The process of creating a dimensionless model can be streamlined when the 
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Buckingham Pi theorem (also called the Vaschy–Buckingham theorem) is used in 

conjunction with multiple linear regression.  By inspection one notes that many 

dimensionless groups can be created from variables considered in Eq. 2.2, even without 

improvement of the model by including other dimensional variables (e.g., dissolved O2, 

algal biomass, and solar radiation) that are important to the benthic community (Kovalak 

1976, Barnes et al. 2007).  Experience with dimensional analysis and familiarity with 

documented dimensionless terms can guide selection of repeating variables.  

Determination of which variables to include in the analysis and how to combine the 

dimensionless terms can be time-consuming steps in dimensional analysis if approached 

only by inspection or trial and error.  A better approach is to identify first the most 

relevant dimensional variables to include by conducting multiple regression analysis, and 

subsequently to use the Buckingham Pi theorem to form dimensionless groups.  Our 

study confirms the utility of this approach in the selection of urms, U, and ks as predictors 

in the best regression model. 

The proposed functional relationship for Gmass and stream hydraulics (Eq. 2.5) 

implies overlap in characteristic spatial scales between the response and independent 

variables.  In our study, the characteristic length scale for ks ranged from 0.18 m to 0.47 

m with an average value of 0.26 m (Table 2.5).  The characteristic length scale of Gdensity 

ranged from 0.19 m to 0.8 m with an average of 0.39 m (Table 2.2), which overlaps the 

characteristic spatial scale of the stream bed based on ks.  In our study, ks was a metric 

related to constraints of heterogeneity in bed elevation on fluid flow. Nikora et al. (1998)  
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Table 2.5 Range (distance to sill [ak]) from experimental variograms based on roughness height (ks) and a 

spherical model fit by weighted least-squares regression. E = Elder Creek, F = Fox Creek, S = South Fork 

Eel River. Variograms for sites not listed showed no distinct sill or data were not available. 

Site ak (m) r2 
E3 0.19 0.68 

E4 0.28 0.94 

E5 0.18 0.44 
E6 0.31 0.84 
E7 0.23 0.89 
F2 0.35 0.95 
F3 0.28 0.82 
F4 0.18 0.40 
F5 0.18 0.37 
F6 0.26 0.99 
S3 0.25 0.97 
S4 0.47 0.91 
S5 0.19 0.66 
S6 0.24 0.97 

 

used a similar measure of bed elevation to estimate the characteristic length scale of the 

streambed.  In our study, 0.1 m separated point measurements.  Therefore, ks did not 

resolve substrate grain size, embeddedness, or substrate permeability.  

Different velocimeters with different sampling frequencies were used in 2007 and 

2008.  These differences had the potential to obscure the relationship between hydraulic 

and invertebrate variables. urms and turbulence intensity (urms/U) calculated from 10-Hz 

time series were 2.1% and 1.8% larger (n = 1211), respectively, than urms and urms/U 

calculated from the 60-Hz time series.  A velocity sampling time of 30 s was chosen 

because time available to complete field data collection was limited.  This sampling time 

is relatively short compared to the optimal record length (60–90 s) suggested for rivers by  
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Fig. 2.9 Surface velocity magnitude (U) measured by particle image velocimetry (PIV) plotted against U 

measured with an acoustic-Doppler velocimeter (ADV) in 54 grid cells comprising two sites on Elder 

Creek. The line showing y = x is drawn for visual comparison. 

 

Buffin-Bélanger and Roy (2005).  However, the shallowest flow depth in the study by 

Buffin-Bélanger and Roy (2005) was 0.32 m.  In contrast, flow in our study was 

shallower (average depth across all sites = 0.11 m) through rough stream bed.  Our 30-s 

sampling period was adequate for us to fully resolve the velocity spectra with associated 

characteristic scales of eddies for 51% of the total number of velocity time series 

recorded in 2008 (1211 of 2385).  Among these 1211 velocity time series, the integral 

time scale (the time required for large eddies to pass the probe sampling volume) was <2 

s, and the maximum time to stabilization (<0.1% change in 1 s) of the mean U for these 

time series was <15 s. 

The surface PIV approach to velocity measurement is a promising in situ and 
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nonintrusive measuring technique. Values of U estimated from surface PIV and depth-

averaged ADV measurements were in close agreement (r2 = 0.74; Fig. 2.9), where each 

point represents a grid-cell velocity sampling location.  We estimated energy dissipation 

from surface PIV in light of its rich biological significance (Al-Homoud and Hondzo 

2008). ε was consistent with values reported in an open-channel laboratory experiment 

(on the order of 10–6 m2/s3; O’Connor and Hondzo 2008).  Peak dissipation rate in our 

study (2.1 × 10–4 m2/s3) is on the same order of magnitude as the minimum (7.3 × 10–4 

m2/s3) field measurement near a large streambed roughness element in the Eaton North 

River in Quebec, Canada (Lacey et al. 2008).  This difference may have occurred because 

we used PIV to measure velocity away from bed roughness at the water surface.  

Glossosoma larvae clinging to the substrate traversed the stream bed slowly 

enough that they were not difficult to count in 0.1 × 0.1 m grid cells before they moved 

into adjacent cells.  Counting larvae in a single grid cell required ~1 min, and Doi and 

Katano (2008) reported Glossosoma moved on the order of 0.1 m/h.  This slow 

movement rate suggests that larvae experience an integrated hydraulic stimulus and that 

turbulent velocity fluctuations on multiple time scales influence larvae before they 

traverse a particular microhabitat.  It follows that a realistic quantification of the larval 

hydraulic environment should include not only U and ks, but also a representation of 

temporal velocity variability in a turbulent flow, such as urms.  

The proposed functional relationship for Gmass suggests that it scales as Gmass ∝ 

urms
–1, ks

–0.6, U.  The magnitude of urms indicates velocity fluctuations in a turbulent flow. 
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In contrast to the time-averaged U, fluctuations are present in all 3 spatial directions in a 

turbulent flow.  Gmass is negatively proportional to urms, indicating vulnerability to a 

multidirectional velocity field where Glossosoma could be dislodged more readily than in 

a time-averaged unidirectional velocity field.  Lateral extensions built onto cases 

constructed by early-instar Dicosmoecus gilvipes (Hagen) stabilize these larvae, found in 

2 of the streams in our study, in multidirectional flow (M. Limm, University of 

Minnesota, personal communication).  Relative roughness influences the magnitude and 

intermittency of velocity fluctuation experienced by larvae. It acts in accordance with 

urms.  Time-averaged velocity was positively correlated with Gmass, indicating greater 

larval resistance to downstream drag compared to lateral and lift forces.  These scaling 

relationships imply Gmass ∝ (urms/U)–1, i.e. Glossosoma larvae prefer hydraulic conditions 

with low turbulence intensity.  

The functional relationship we propose implies that Fr is positively correlated 

with Gmass.  Several biological reasons could explain this finding. Smith-Cuffney and 

Wallace (1987) found that the rate of food delivery to filter-feeding benthic 

macroinvertebrates was greater in a flow regime characterized by a larger Fr.  This result 

leads to the idea that either Glossosoma or their food could similarly benefit by an 

increased delivery rate of nutrients or materials required for survival as Fr increases.  

Further investigation is needed to determine whether oviposition location affects the 

density of larval Glossosoma, but water surface roughness enables female Hydropsyche 

contubernalis (McLachlan) to dive into the water for oviposition (Becker 1987), and 



 

38 

 

water surface disturbance generally increases with increasing Fr (Milan et al. 2010).  Our 

study and those of others (Bacher and Waringer 1996, Poff et al. 2003) indicate that 

members of the genus Glossosoma appear to be well adapted to habitat with relatively 

high hydraulic stress, and Fr can be a good indicator of hydraulic stress for benthic fauna 

(Mérigoux and Dolédec 2004).  In addition, stream noise is closely related to Fr 

(Newbury 1984) and influences bat predation success (Von Frenckell and Barclay 1987), 

which may regulate Glossosoma survival near the water surface during emergence or 

ovipositioning. 

The proposed dimensionless scaling relationship is instrumental to understanding 

and quantitatively predicting how Gdensity changes with variation in hydraulic variables in 

areas where Glossosoma larvae are known to be present.  Hydraulic and streambed 

variables can be extracted and estimated from high-resolution bathymetry, including 

progressively improving light detection and ranging (LiDAR) measurements.  Therefore, 

this relationship offers an attractive approach for estimating larval biomass and 

distribution even in regions for which limited field sampling is available. 
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Chapter 3 Double-averaged rough-bed open-channel flow with 

high Glossosoma (Trichoptera: Glossosomatidae) abundance 

Nomenclature 

 α exponent in the power law distribution 

β a parameter in the exponential distribution (1/m) 

Cp  parameter for the power law distribution 

Cw  parameter for the wake law distribution 

∆  distance to sill of variogram indicating characteristic length scale of the variable in 

question (m);  subscripts x and y indicates longitudinal and transverse directions, 

respectively 

vol
Fr u / H= g   Froude number 

g  gravitational constant  

Gdensity  Glossosoma spatial density on the stream bed (no./m2) 

Gmass  Glossosoma spatial density, expressed in biomass, on the stream bed (g/m2) 

Η  maximum flow depth (m) from free surface to roughness troughs within the 

boundaries of a window defined for spatial averaging 

u mb c
I u u=
%

%   the spatial velocity fluctuation at the mean-bed elevation normalized by double-

averaged velocity at the crest 

f

o

A

A
φ =   roughness geometry function = area of fluid / total spatial averaging area 

c

t

z

int z
 dzφ = φ∫  (m) 
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lc  “shear length scale characterizing flow dynamics within the roughness layer” (m) 

(Raupach and Thom 1981) 

κ Von Karman’s constant = 0.41 

µ  dynamic viscosity (kg/(ms)) 

ν kinematic viscosity (m2/s) 

Π Coles wake strength parameter 

vol
Q  A u=   bulk discharge (m3/s), where A = cross-sectional area 

vol
Re u H= ν

 
Reynolds number; a ratio of inertial to viscous forces in the flow 

* c *
Re 0.5z u= ν

 
roughness Reynolds number where zc takes the place of substrate grain diameter 

k
z

σ  standard deviation of the roughness heights of each grid cell within a spatial 

averaging window (m) 

vol
U  bulk velocity, i.e. triple averaged velocity magnitude: temporally-, horizontally-, 

then depth-averaged (m/s) 

u, v, w  longitudinal, transverse, and vertical velocity components, respectively (m/s) 

urms  root mean square of the temporal velocity fluctuations (m/s) 

( )
0.252

c

*
u u w v w′ ′ ′ ′=

2

+   shear velocity; the spatially averaged measure of total vertical flux of 

horizontal momentum (see Stull (1988), p.67).  In this study this is evaluated at or 

extrapolated to zc (m/s) 

c
u  spatially averaged velocity at the elevation of zc (m/s) 

mb
u

 
spatially averaged velocity at the elevation of zmb (m/s) 

PIV
u

 
spatially averaged velocity magnitude estimated from surface particle image 

velocimetry (PIV) (m/s) 
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u%  tilde denotes a spatial fluctuation of a time averaged flow variable; in this case it is 

the difference between u  at each point within a spatial-averaging window and 

u , where u  is the time-average of u (m/s) 

z  height above zt (m) 

zc maximum zk within a spatial averaging window (m) 

zk bed roughness height; the distance from the roughness peak to the roughness trough 

within a spatial averaging window grid cell (m) 

t

c

z

mb c z
z z dz= − φ∫  mean bed elevation following Nikora et al. (2001) 

zr upper boundary of the roughness layer 

zt trough elevation, or the minimum roughness elevation within an averaging window 

(m) 

 

3.1 Introduction 

Natural open channel and overland flows are common over hydraulically rough 

beds (Nikora et al. 2007b).  Although the hydrodynamics of rough-bed flows can strongly 

influence the organisms living in streams and have been extensively investigated over the 

last two decades, there are still many issues awaiting clarification.  This is particularly 

true for flows with low water depth to roughness height ratio (low-submergence) where 

the universal logarithmic law of velocity distribution is absent.  In these type of flows, 

many spatial and temporal scales influence flow structure and turbulence characteristics 

due to the roughness elements that extend occasionally to the water surface.  For 

example, flow through a staggered array of vertical cylindrical stems exhibited peaks in 

velocity fluctuations several times larger than were encountered in the absence of stems 
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(Martino et al. 2012).  Near rough beds, the time-averaged flow is highly spatially 

heterogeneous and three-dimensional (Nikora et al. 2007a, Sarkar and Dey 2010).  

Although time averaged measurements can provide detailed information about temporal 

fluctuations, such data often under-represent the surrounding environment because of the 

unknown relationship between temporal and spatial fluctuations Nikora et al. 2001).  

In order to address spatial flow heterogeneity caused by substrate roughness 

elements, the double-averaged (temporally and spatially) Navier-Stokes equations have 

been adapted from terrestrial flow as a theoretical framework for aquatic systems as 

outlined, for example, by (Manes et al. 2007).  The double-averaging methodology 

(DAM) is especially useful in the description of hydraulic habitat below the roughness 

crest (zc, Fig. 3.1), because the heterogeneity of the flow is captured within the 

dimensions of the double-averaging window.  The horizontal extent of the thin-slab 

averaging volume is typically chosen to be much larger than substrate roughness or flow 

geometry scales, but smaller than channel geometric features, such as channel curvature 

and widening or narrowing (Coleman et al. 2007).  Furthermore, double-averaging 

improves the coupling between surface and hyporheic flow, and increases the 

understanding of benthic bio-habitat dynamics by providing insight into the influence of 

macro-roughness elements on mean hydrodynamics near the substrate-water interface 

(Nikora et al. 2007a, Mignot et al. 2009, Nikora 2010, Dey et al. 2011). 
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Fig. 3.1 Spatial averaging schematic.  The origin of the vertical coordinate, z, is at the minimum roughnes 

selevation, zt.  See Notation for other symbol definitions 

 

 

Table 3.1 Summary of flow types and corresponding layers with vertical double-averaged velocity 

distributionsa.  The acronym “NA” stands for ‘not applicable’, and indicates the absence of that layer 

(column) for that flow type (row) due to substrate submergence and flow conditions. 

 

Flow Type Outer Layer Log Layer Roughness Layer 
Form-induced 

Sublayer 
Interfacial 
Sublayer 

I 3.18 3.16 “not yet clear”d  3.8, 3.9 

II 3.15b, 3.18c NA 
“not yet clear”d 

3.15b, 3.18b 
3.8c, 3.9 

III NA NA 
possibly 3.8d 
3.15b, 3.18b 

3.8c, 3.9 

IV NA NA NA 3.8, 3.9 
aNumbers in the table refer to equations in the text. 
bProposed and cverified in this study. 
dStated by (Nikora et al. 2007b). 
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Considering the above arguments, we hypothesize that double-averaged 

descriptors of the hydraulic environment more closely correspond to and predict spatial 

patterns of life on the stream bed compared to time-averaged flow characteristics.  To 

illustrate, two important hydraulic conditions that affect the distribution and ecological 

success of lotic biota are the velocity distribution and near-bed turbulence characteristics 

(Gore et al. 2001).  Different outcomes regarding velocity magnitude result from velocity 

time series spaced millimeters apart in shallow rough-bed flows because of the 

heterogeneous, three-dimensional (3D) hydraulic environment (Hart et al. 1996).   

Definition of a velocity distribution enables prediction of velocity near the bed in 

the proximity of benthic macroinvertebrates based on measurements obtained in the 

water column away from the bed.  Dimensional analysis and similarity arguments cannot 

be used in the conventional development of a universal log law distribution for low-

submergence flows because no scale separation exists between outer and inner flow 

regions, and because shear stress is not constant with distance from the bed (Manes et al. 

2007, Koll 2006, Pokrajac et al. 2006).  For time-averaged velocity distribution above a 

point on the substrate, the upper limit to the region within which the log law is 

theoretically applicable is thought to be 15 to 20% of the flow depth above the roughness 

layer (Nezu and Nakagawa 1993, Koll 2006).  For double-averaged flow over spherical 

bed roughness elements, the lower boundary of the log layer, i.e. the upper boundary of 

the roughness layer, was 1.6 zc regardless of submergence of a substrate made of glass 

spheres (Manes et al. 2007).  Spatial averaging facilitates definition of velocity 
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distributions in flows where roughness element height is comparable to the flow depth, 

which is a common condition for shallow riffle reaches of streams that exhibit patches of 

ideal macroinvertebrate habitat. 

In order to clarify the form of the near-bed longitudinal velocity profile, (Nikora 

et al. 2004) suggested that additional tests, specifically designed for the application of the 

DAM, should be conducted.  Multiple studies have sought to define a range of stream bed 

submergence for presence of a logarithmic region (Nikora et al. 2001, Katul et al. 2002, 

Jimenez 2004, Coleman et al. 2007).  Further research is required to develop the double-

averaged velocity distribution in the form-induced layer immediately above the 

roughness tops (Nikora et al. 2004, Coleman et al. 2006).  For example, immediately 

above zc both logarithmic and non-logarithmic behaviors were observed in wind tunnel 

data (Nikora et al. 2007b).  Additionally, below zc, within the interfacial sublayer, a 

composite of multiple distributions were considered as a description of the double-

averaged vertical velocity profile (Nikora et al. 2007b). 

The objective of this paper is to verify proposed double-averaged velocity 

distributions by field data.  Alternative double-averaged velocity distributions are 

extended to flows and stream-bed conditions that have not previously been reported.  The 

value of double-averaged velocity and turbulence data in relation to biota on the 

streambed is illustrated through correlation with spatially averaged benthic 

macroinvertebrate abundance. 
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3.2 Methods 

3.2.1 Study Organisms 

The caddisfly genus Glossosoma is a member of the incredibly diverse benthic 

macroinvertebrate community in pristine lotic systems.  Glossosoma are often present in 

riffle reaches with low-submergence flow.  These armored grazers dominated the grazer 

guild in watersheds of 2–3 km2 (McNeely and Power 2007).  In streams dominated by 

boulders and cobbles where Glossosoma are commonly found, the flow depth is 

frequently on the same order of magnitude as bed roughness element height ( cH z 1≈ ). 

During the aquatic stage of their life cycle, larval Glossosoma are sensitive to 

water quality impairment (Barbour et al. 1999).  Glossosoma are found world-wide, most 

commonly in cool, clear, flowing waters (Bouchard 2004).  They are ‘strong interactors’ 

(sensu MacArthur 1972, Paine 1980) in aquatic ecosystems, such that their population 

success can powerfully affect stream food webs through their suppression of algae and 

ability to outcompete other more vulnerable grazers (Kohler and Wiley 1992, 1997, 

McNeely and Power 2007).  Qualitatively it appears that Glossosoma aggregate at 

locations on the stream bed with similar hydraulic conditions.  

3.2.2 Field Sites 

Measurements were included from eight measurement sites, two at the Angelo 

Reserve in coastal northern California (CA), and six at the Belwin Conservancy in 

Minnesota (MN).  The streams were Elder Creek, CA with watershed area approximately 

16.9 km2 upstream from our sampling site and mean discharge Q = 0.02 m3/s when 
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velocity was sampled, and Valley Creek, MN with upstream watershed area 20.9 km2 and 

mean discharge Q = 0.23 m3/s  during the sampling period.  Velocity and invertebrate 

measurements in Elder Creek at stable, late summer discharge in July and August 2008.  

Valley Creek data were collected in late November and December, 2010, when the 

majority of incident precipitation remained frozen on the landscape. 

3.2.3 Experimental Setup 

Macroinvertebrate distribution was surveyed visually by breaking the water 

surface with a clear acrylic sheet or snorkel mask and looking through a 0.05 m x 0.05 m 

resolution (Valley Creek) or 0.1 m x 0.1 m resolution (Elder Creek) grid suspended over 

the water surface (Fig. 2.3).  A frame spanning the area of interest supported the 

instruments (and the observer in the case of the insect survey) such that the benthic and 

flow environment remained undisturbed during sampling.  Sampling sites were located 

where Glossosoma larvae were present.   

Depths were measured by probing the stream at the center of each grid cell with a 

graduated 0.005 m diameter rod with a blunt tip.  We used variogram analysis of arrays 

of de-trended stream bed elevations away from the sloping banks to estimate dimensions 

of spatial averaging windows (Fig. 3.2) (Nikora et al. 1998).  To simplify data collection, 

one size of window was chosen for spatial averaging in each stream and applied at 

multiple locations where Glossosoma larvae populated the stream bed.  Spatial averaging 

windows were selected from within the boundaries of each measurement site.  The origin  
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Fig. 3.2 Variogram from Elder Creek showing a characteristic length scale range (distance to sill) of 0.31 m 

calculated from a field of bed elevations. 

 

of the bed-normal axis z within each spatial averaging window was defined as the trough 

elevation (zt). 

3.2.4 Flow Classification   

A schematic of double-averaging and a summary of flow types with 

corresponding velocity distributions are provided in Table 3.1 and Fig. 3.1 patterned after 

(Nikora et al. 2007b, Nikora 2010).  Before the flow type for a certain region of 

streambed can be defined, the spatial extent of the averaging window is necessary and is 

provided by the variogram range.  The variogram range was defined as the separation 

distance at which γ, the mean of the squared differences in zc, reaches 95% of the sill 

variance.  We defined the top of the roughness layer for each averaging window as the 

elevation at which the standard deviation of the time averaged longitudinal velocity was 
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less than 5% of the magnitude of the double-averaged longitudinal velocityu , similar to 

the assessment of the thickness of the roughness layer by Manes et al. (2007).  Note that 

all subsequently mentioned velocity components are time averaged, with the overbar 

omitted for simplicity. 

3.2.5 Velocity Measurements 

A minimum of eight and maximum of 12 velocity profiles were measured within 

each spatial averaging window.  Spacing of the velocity profiles within the dimensions of 

each spatial averaging window differed among sites, but constituted at least a 4 x 2 

matrix of vertical profiles at all sites.  Acoustic-Doppler Velocimeter (ADV) data were 

collected with maximum horizontal separation distance 0.1 m in Valley Creek.  Hence, at 

least three vertical profiles along the length and the width of each spatial averaging 

window were measured, making a minimum of nine vertical profiles per window.  

Angelo velocity data were similarly arranged in an array, but samples had already been 

collected in 2008 previous to variogram analysis, so available ADV sample spacing was 

used for spatial averaging with 0.4 m longitudinally and 0.1 m transverse distance 

between measurements.  Velocity data were obtained with a 3D side-looking Vectrino 

ADV (Nortek AS) that had a 0.006 m diameter 0.007 m length cylindrical sampling 

volume.  The lowest measurement point in each profile was 0.005 m above the bed 

wherever possible given obstructing substrate roughness elements.  Subsequent time 

series in each profile were recorded at positions progressively distant from the bed but 

vertically separated from each other by increasing increments up to a minimum of 0.025 
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m below the water surface.  Velocity was measured for 60 s in Elder Creek (at 60 Hz) 

and Valley Creek (at 200 Hz).  Velocity time series were filtered and aligned with the 

mean downstream direction using Matlab (version 7.7.0.471 [R2008b]; The Mathworks).  

Filtering consisted of removing spikes and replacing the missing data according to 

(Parsheh et al. 2010).  Data were rotated post facto to align the x-axis of the frame of 

reference of each spatial averaging volume with the principle longitudinal fluid flow path 

for that volume, analogous to the rotation performed by (Noss et al. 2010) for velocities 

averaged across a vertical cross section of  a near-natural channels.  Rotation of time 

series is necessary to avoid contamination of one velocity component by the other 

components, which would impact the Reynolds stress and analysis of flow turbulent 

structure (Roy et al. 1996).  In our case, the transformation of the velocity data around the 

vertical axis first and then around the resulting transverse axis was performed according 

to 

 mvol vol
U [T] U= ⋅   (1.6) 

where 
vol

U  and m vol
U  denote the rotated and measured velocity vector, respectively.  

The subscript “vol” in equation (3.1) indicates volume averaging, which means that the 

time averaged velocity components were averaged over the entire vertical distance 

covered by the probe as well as across the horizontal extent of the spatial averaging 

window.  The transformation matrix is   

 

cos cos cos sin sin

[T] sin cos 0

sin cos sin sin cos

β⋅ α β⋅ α β 
 = − α α 
 − β ⋅ α − β⋅ α β 

  (1.7) 
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with angles of rotation, 

 m1 vol

m vol

v
tan

u
−α =   (1.8) 

 m1 vol

2 2

m mvol vol

w
tan

u v

−β =
+

  (1.9) 

α and β, estimated from measured velocities averaged across the entire averaging 

volume.  Despite efforts in the field to align the ADV with the principle longitudinal fluid 

flow direction, data rotation ensured that 
vol vol

v w 0= = .  This alignment enables 

calculation of Reynolds stress profiles within a window because the coordinate system 

for each spatial-averaging plane is parallel with adjacent planes.  Primary and secondary 

currents, as well as hydraulic parameters, are in this way maintained in relation to the 

main direction of the external gravitational force (Noss et al. 2010).  It should be noted 

that if each time series is independently aligned with the mean downstream flow 

direction, the subsequent spatial average is a mean velocity magnitude, or flow speed 

(Roy et al. 1996).  Furthermore, information about secondary currents within the double-

averaging volume is lost if each time series is rotated independently. 

Intrinsic spatial-averaging of hydraulic variables was performed by calculating a 

weighted spatial average across a thin slab parallel to the mean bed similar to Nikora et 

al. 2007a).  The weight of each contributing datum was the volume represented by each 

point measurement, which depended on the horizontal distance to the nearest neighboring 

point measurement locations.  The vertical extent of the averaging volume was the height 
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of the ADV sampling volume (0.006 m).  Therefore, because velocity data was internally 

averaged over the sampling volume height by the ADV, volume-averaging reduced to 

what it would be for a weighted average over a horizontal plane 

 ( )
ff A

1
θ x, y, t θdA

A
= ∫   (1.10) 

where A is the area of the sub-window represented by each occurrence of the generic 

variable θ, and Af is the total area occupied by fluid within the extent of the averaging 

window.  Velocity measurements were not always obtained precisely within the same 

plane parallel to the mean bed within the boundaries of a spatial averaging window.  

Therefore, to ensure that spatial averaging was conducted over a plane parallel to the 

mean bed elevation, velocity was interpolated for depths where points in a profile 

straddled the height of the spatial averaging plane.  However, in an effort to minimize the 

effect of this necessary interpolation, spatially averaged variables were only considered at 

elevations where at least two measured values fell on the averaging plane. 

Due to the difficulty of measurement at the free surface, velocity data are most 

often estimated by the log-wake law in open-channel flow (Nezu and Nakagawa 1993).  

To empirically quantify instantaneous velocity magnitude at the water surface, we used 

surface particle image velocimetry (PIV) conducted at Elder Creek.  The PIV data 

collection and velocity field extraction from which spatially averaged velocity 

magnitudes were calculated is described by Morris et al. (2011).   
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3.2.6 Vertical Velocity Distributions  

3.2.6.1   Linear and Exponential  

Below the roughness crest (z < zc) the longitudinal velocity magnitude, double-

averaged (<.>) over a plane above and parallel to the mean stream bed elevation, may be 

considered a function of the following arguments 

 ( )1 c c *c
u z,z , , u , u ,ν= f l   (1.11) 

where u  is the double-averaged longitudinal velocity magnitude, f1 is an unknown 

function, z is the vertical coordinate, zc is the roughness crest elevation, lc is the shear 

length scale, 
c

u is the spatially averaged velocity evaluated at the elevation zc, *u  is 

the shear velocity, and ν is the kinematic viscosity.  The shear length scale depends on 

the steepness of the velocity gradient at the roughness crest and characterizes flow 

dynamics within the roughness layer (Raupach and Thom 1981).  We computed *u  by 

extrapolating the spatially averaged value of the resultant of the Reynolds stress from the 

region above the roughness elements to zc following (Nikora et al. 2001, Manes et al. 

2007, Nikora et al. 2007b).  Although kinematic viscosity has significant influence on the 

velocity profile in the viscous sublayer, and although the inner scales are influential 

throughout entire wall-bounded flows (Gad-el-hak and Buschmann 2011), the degree of 

significance of ν in natural stream riffle reaches is assumed to necessitate its inclusion 

only immediately adjacent (mm≤ ) to the substrate roughness elements.  In fully rough 



 

54 

 

flow conditions, where roughness elements disrupt the viscous and buffer layers 

(roughness Reynolds number, *Re  70> ), the influence of the viscosity is negligibly 

small and form drag on the roughness elements is the dominant mechanism responsible 

for the momentum deficit in the boundary layer (Cameron et al. 2008, Flack et al. 2012).  

Therefore, kinematic viscosity may reasonably be disregarded for the bulk of the flow 

within the interfacial sublayer in highly turbulent riffle reaches.  By employing the Pi 

theorem of Vaschy (1892) and Buckingham (1914) and choosing z and *u  as repeating 

variables, dimensional analysis leads to the following equation 

 c c c
2

* *

uu z
, ,

u z z u

 
=   

 

l
f   (1.12) 

where f2 is an unknown function.  This velocity distribution could be cast in the form that 

(Nikora et al., 2004) derived from the momentum balance equation and presented as an 

outcome of the simplest case of two-dimensional (2D), steady, uniform, double-averaged 

flow over a rough bed with a flat free surface.   

 c c

* c

u u z z

u

− −
=

l
  (1.13) 

We determined lc empirically by manual adjustment until the theoretical distribution best 

fit the measured data. 

Another possible functional form of double-averaged velocity distribution below 

the roughness crest (z < zc), is derived from the momentum equation by (Raupach and 

Thom 1981)  
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 ( )cβ z z

c

u
e

u
−=   (1.14) 

where β is a parameter with unit inverse of length.  We allowed the data to determine the 

parameter β by fitting a straight line to the linear portion of ( )c
ln u / u versus z-zc.  R. 

Cionco (1978) reported that the attenuation coefficient or canopy flow index β, is not a 

universal constant but changes with roughness properties for wind flow in terrestrial 

canopies.     

3.2.6.2   Power Law 

Above zc, the double-averaged vertical velocity gradient bounded by a rough-bed 

depends on at least the following arguments  

 ( )3 c *

u
z, z ,H, u

z

∂
=

∂
f   (1.15) 

Choosing z and *u  as repeating variables yields 

 4
* c c

uz z H
, .

u z z z

∂  
=  ∂  

f   (1.16) 

Equation (3.11) can be nondimensionalized by 
c

z
z

z+ =  and 
*

u
u

u+
=  and rewritten to 

give 

 5
c

u 1 H
z ,

z z z
+

+
+ +

∂  
=  ∂  

f   (1.17) 
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Assuming that there is an incomplete similarity (see Barenblatt 2003) of the double-

averaged velocity gradient in the dimensionless variable z+ and no similarity in cH z , 

the function f5 is assumed to be a power function of z+   

 c

H
α

z
5

c

H
~ S z

z

 
 
 

+

 
 
 

f   (1.18) 

where S and α are unknown functions of cH z and “~” implies ‘scales as.’  Substituting 

this generic form of f5 from (13) into (12) and integrating yields the power law 

 α
pu C z++

=   (1.19) 

where p

S
C

α
= .  The constant of integration is not written in equation (3.14) as a result of 

the boundary condition at z+ = 0.  Parameters α and Cp are determined empirically for 

each spatial averaging window from the slope and inverse natural log of the intercept of a 

linear regression to the log-log plot of *u / u
 
versus z/zc.  Equation (3.14) may be cast 

in a form similar to (Barenblatt and Prostokishin 1993) by defining a new function 

 ( )6
p

u1
ln ln z .
α C

+
+

 
= =  

 
f   (1.20) 

3.2.6.3   Wake Law 

In the outer region, Nikora et al. (2001) formally extended the overlap approach 

of Izakson (1937) for time-averaged flow to double-averaged velocity for flow type I  
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 r

* r *

uu 1 z
ln

u κ u
δ 

+ 
 δ

=   (1.21) 

where r r tz zδ = − , zr is the lower boundary of the logarithmic layer, and 
r

u
δ

is the 

spatially averaged velocity evaluated at zr.  Additionally, the wake term associated with 

large-scale mixing processes for time-averaged velocity was introduced for the inner 

profile by Coles (1956), and empirically developed by Hinze (1975) to the form  

 2z 2Π πz
w sin
δ κ 2δ

   =   
   

  (1.22) 

where Π is Coles wake parameter, and δ is the boundary layer thickness which is H for 

open channel flow.  Replacing the constant ratio on the right of equation (3.16) by 

equation (3.17) with the addition of integration constant Cw, leads to an alternate 

functional form of f4, a double-averaged wake law.  

 2
w

* c

u 1 z 2Π πz
ln C sin

u κ z κ 2H

   = + +   
  

  (1.23) 

This expression is similar to the ‘log-wake’ formula for spatially averaged velocity 

proposed by Nikora and McLean (2001), albeit with a simplified wake correction term 

that does not secure matching with the velocity profile from the roughness layer.  Note 

that the value of Π changes depending on inertial effects in the outer layer such that Π < 

0 when near-bed velocities are relatively high and Π > 0 when near-surface velocities are 

relatively high (MacVicar and Rennie 2012).  We manually adjusted Π and Cw until 

equation (3.18) fit the velocity measurements above zc. 
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3.2.7 Turbulence characteristics 

Turbulence intensity based on temporal fluctuations and normalized by 

longitudinal velocity magnitude, as defined by Stull (1988), are calculated for each time 

series separately and subsequently spatially averaged.  We related the spatial average of 

this definition of turbulence intensity to Glossosoma larval abundance on the stream bed.  

Additionally, relative form-induced turbulence intensities ( 2

i i *u u u% % where i = 1, 2, or 

3 indicating u, v, and w, respectively) are calculated as well as form-induced stress 

( 2

*uw u% % ). 

3.2.8 Glossosoma distribution 

Although a host of biotic, ecologic, and hydraulic variables over multiple 

temporal and spatial scales act in concert to influence Glossosoma spatial density on the 

stream bed (Gdensity), we focus only on the association of Gdensity with local hydraulic and 

geomorphic conditions.  Gdensity was recorded in the field in units of count per streambed 

area.  For dimensional consistency we converted Gdensity (no./dm2) into Glossosoma 

biomass (Gmass; g/m2) with mass-to-length regression using the same conversion as 

Morris et al. (2011).  Field observations of larval patchy distribution and the proximal 

hydraulic environment indicate that Gmass may depend on a subset of variables (Table 3.2) 

related by an unknown generic function f7 

 ( )
kmass 7 c z rmsG z ,  , u , u ,  u ,  σf ρ= %   (1.24) 
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where 
kzσ is the standard deviation of zc, u%  is the spatial fluctuation of time averaged 

velocity within a double-averaging window, rmsu  incorporates the temporal velocity 

fluctuation, and ρ is water density.  Selecting zc, u , and ρ as repeating variables leads 

to the following set of dimensionless groups 

 kz rmsmass
8

c c

u uG
 

z z u u

     
                

σ
b ca

= f
ρ

%
  (1.25) 

where a, b, and c are unknown constants.  Combining dimensionless groups as a product 

of power functions as in equation (3.20) follows from the Rayliegh method (see Brodkey  

 

Table 3.2  Field data summary of length scales, velocity scales, and other site characteristics.  Sites starting 

with the letter E are in Elder Creek, CA; V signifies Valley Creek, MN. 

Site Flow Type Gmass ∆x ∆y H zc skσ  
vol

u  
c

u  *u  
mb

u%  

 (g/m2) (m) (m) (m) (m) (m) (m/s) (m/s) (m/s) (m/s) 

E1 III 0.36 0.34 0.31 0.35 0.19 0.07 0.08 0.11 0.04 0.03 

E2 III 0.09 0.34 0.31 0.25 0.22 0.06 0.04 0.08 0.02 0.03 

V1 II 0.60 0.19 0.30 0.21 0.09 0.02 0.39 0.30 0.06 0.05 

V2 II 0.36 0.19 0.30 0.12 0.08 0.02 0.50 0.63 0.04 0.03 

V3 III 0.44 0.23 0.41 0.12 0.04 0.01 0.38 0.35 0.07 0.05 

V4 II 0.75 0.20 0.28 0.10 0.04 0.01 0.52 0.57 0.06 0.07 

V5 III 0.47 0.17 0.14 0.07 0.04 0.01 0.36 0.57 0.07 0.08 

V6 II 0.65 0.17 0.14 0.09 0.05 0.01 0.52 0.66 0.10 0.08 
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and Hershey 1988), and is convenient for linear regression of the log-transformed 

dimensionless variables.  The physical meaning of the first dimensionless group to the 

right of the equals sign is the ratio of the substrate elevation fluctuation to the maximum 

substrate elevation, which may be thought of as a metric of substrate roughness intensity.  

The second term is the relative variation of the time-averaged velocity due to bed 

roughness effects, and may be considered form-induced intensity.  The third group 

involving the ratio of the temporal velocity fluctuation to time-averaged velocity is a 

spatially averaged version of the definition of turbulence intensity in Stull (1988).  

Double-averaged velocity and velocity statistics in equation (3.20) were evaluated at 

vertical heights zc (indicated by the subscript “c”), mean bed elevation (indicated by 

subscript “mb”), and depth-averaged over the entire water volume encompassed by the 

spatial-averaging window dimensions (indicated by the subscript “vol”). 

 

3.3 Results 

3.3.1 Stream bed characteristics 

According to flow classification suggested by (Nikora and McLean 2001, Nikora 

et al. 2001, Nikora et al. 2004, Nikora et al. 2007a, Nikora et al. 2007b, Nikora 2010) our 

data encompass flow types II (flow with intermediate relative submergence where flow is 

not deep enough for the log layer to develop in the region above the form-induced 

sublayer) and III (small relative submergence where the water surface is the upper 

boundary of the form-induced sublayer) (Table 3.2).  Roughness element heights in Elder 
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Creek were closer to the water depth in magnitude than in Valley Creek.  Variogram 

analysis led to different spatial averaging window dimensions in each stream.  Four of the 

eight sites exhibited a longer transverse (∆y) than longitudinal characteristic length scale 

(∆x).  Table 2 shows the longitudinal and transverse variogram ranges.  Based on these 

results, the spatial averaging windows were chosen to be 0.2 m x 0.2 m in Valley Creek 

and 0.3 m x 0.4 m in Elder Creek transverse x longitudinal lengths.  The longitudinal 

window dimension in Elder Creek is larger than the calculated ∆x because of the 

minimum sample spacing in the available velocity data.  For spatially averaged values Re 

> 5,000 and Fr < 1, indicating a turbulent, subcritical flow regime.  Fully rough-bed flows 

constitute our sites as indicated by *Re  4000>  at all sites. 

3.3.2 Double-averaged velocity profiles  

Our data support a composite profile consisting of two theoretical distributions: 

the linear distribution for z < zc, and the power law or wake law for z > zc.  Below zc the 

linear distribution described the data (coefficient of determination, r2 = 0.98) better than 

the exponential distribution (r2 = 0.90), and had the advantage of a strong association of 

parameter lc with substrate metrics.  Fig. 3.3 and Fig. 3.4 show the linear and exponential 

distributions, respectively.  For comparison of model suitability, both plots include the 

same 44 data points from all sampling sites except for E2 because of large deviation from 

the rest of the data.  Double-averaged velocities above zc deviated from the linear and 

exponential distributions (not shown in Fig.s 3.3 and 3.4) in agreement with Nikora et al. 
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Fig. 3.3 Linear distribution.  The coefficient of determination around the line y = x is r2 = 0.98.  The linear 

distribution is c c

* c

u u z z

u

− −
=

l
 

 

Fig. 3.4 Exponential distribution for z < zc.  The coefficient of determination around the line y = x is r2 = 

0.90.  The exponential distribution appears ( )
c

β z z

c

u
e

u

−=  
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 (2007b).  A total of 577 point measurements were separated by 0.01 m average and 0.06 

m maximum vertical separation distance within profiles. 

Above zc, the power law (Fig. 3.5) and the wake law (Fig. 3.6) are both good 

descriptors of the double-averaged velocity distributions, with coefficients of 

determination calculated around the 1:1 line r2 = 0.95 and r2 = 1.0, respectively.  The 

same 39 measurement locations are shown in both plots for comparison.  Data were 

included in the determination of the coefficients for these laws that was measured at or 

within 0.005 m below zc except for E2, for which it was necessary to go 0.05 m below zc 

to find the next available double-averaging elevation.  Despite inadequate depth for the 

logarithmic law to be theoretically applicable, our data show that the wake law still fits 

the data fairly well.  Portions of the empirical distributions begin to exhibit wake law 

behavior in relative submergence as low as H/zc ≈ 1.6.     

A typical PIV field of view in flow over a rough bed with low submergence is 

shown in Fig. 3.7.  The path-line field of view depicts a complex flow structure over a 

spatial scale of 1.0 m x 1.0 m at the water surface.  Recirculation effects of channel 

morphology and large individual roughness elements can be observed at the surface. 

Without a universal law to describe the velocity distribution, the parameters for 

the theoretical double-averaged velocity distributions for any given stream reach are not 

known a priori.  However, we found that all of the six parameters involved in the 

previously outlined velocity distributions are correlated with metrics of the stream bed. 



 

64 

 

 

Fig. 3.5 The power law distribution.  Coefficient of determination is r2 = 0.95 around the line y = x.  The 

surface PIV value is indicated by a filled symbol.  The power law equation, 

α

p

* c

u z
C

u z
=

 
 
 

, is plotted 

here in the quasi-universal form of equation (3.15). 
 

 

Fig. 3.6 The wake law distribution.  Coefficient of determination is r2 = 0.998 around the line y = x.  The 

surface PIV value is indicated by a filled symbol.  The wake law equation is 

2

w

* c

u 1 z 2Π πz
ln C sin

u κ z κ 2H
= + +

   
     

. 
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Fig. 3.7  PIV field of view (1 m x 1 m) at sampling location on Elder Creek with rough bed and flow type 

III showing a) one field of view with floating confetti (diameter ~ 0.006 m) and b) an average pathline field 

of 30 consecutive images over one second. 

 

 Specifically, below zc the shear length scale, lc, can be predicted by either the standard 

deviation of the roughness heights (Fig. 3.8a; r2 = 0.85) or the integral of the roughness 

geometry function (Fig. 3.8b; r2 = 0.89), which is the ratio of the area of the spatial  

 

 

Fig. 3.8 Linear distribution parameter (lc) can be substituted by either a) the standard deviation of the 

roughness height (
kzσ ; y = 1.05 x – 0.18; r2 = 0.85), or b) the integral of the roughness geometry function 

from zt to zc (y = 1.20 x - 0.33; r2 = 0.89). 
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averaging window occupied by substrate to the area occupied by fluid.  Above zc, the 

parameters Cw and Π of the wake law are associated with mb yz / ∆ (r2 = 0.49) and 

kmb zz /σ (r2 = 0.61), respectively.  Furthermore, although a slight negative relationship is 

noticeable, no significant trend is apparent in our data for Coles’ parameter (Π) versus 

relative submergence (H/zc).  Also above zc, the power law exponent, α, plotted against  

 

 

Fig. 3.9 Substrate characteristics predict a) the wake law parameter Cw: y = -31.45 x + 10.02, r2 = 0.49, b) 

the wake law correction parameter Π: y = 3.00 x2 + 7.71 x + 4.93, r2 = 0.82 (r2 = 0.72 for linear fit), c) the 

power law exponent α (y = 2.27 x – 1.01; r2 = 0.48) and d) the parameter Cp (y = -0.79 x + 1.00; r2 = 0.51) 

for the power law distribution. 
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mb intz /φ  exhibits a relatively weak correlation (r2 = 0.57), and the parameter Cp regressed 

against the quotient c x yH / (z )∆ ∆  has r2 = 0.53.  Wake and power law parameters 

predicted by substrate metrics are shown in Fig. 3.9. 

3.3.3 Double-averaged turbulent characteristics 

The plots of turbulence intensity and form-induced fluctuations normalized by 

friction velocity agree with the general pattern presented by (Nikora et al. 2001) in that  

the variation around the mean decreases with increasing z (Fig.s 3.10 and 3.11).  

Decreasing spatial and temporal fluctuation with increasing height above zmb reflects 

decreasing influence of substrate roughness elements.  Turbulence intensity collapses 

onto a negative slope with increasing distance from the substrate similar to time-averaged 

profiles for turbulent boundary layers as presented by Kundu and Cohen (2008).  For 

contrast, in the case of 2D uniform time-averaged flow the longitudinal velocity 

component typically exhibits larger turbulence intensity and has a steeper negative slope 

with increasing z than the other velocity components because shear production initially 

feeds energy into u before being distributed into v and w (Kundu and Cohen 2008).  

However, Fig. 3.10 illustrates that in our sampling locations with more complex fluid 

flow, the vertical component exhibits nearly the same intensity as the longitudinal 

component.  This effect may have been compounded by the probe configuration of the 

side-looking ADV that we used.  Form-induced intensities are similar in magnitude to 

their turbulent counterparts.  The form-induced stress, especially for u, is large within the 

interfacial sublayer and decreases above zc more drastically than for temporal  
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Fig. 3.10  Relative turbulence intensities for the a) longitudinal, b) transverse, and c) vertical velocity 

components, and d) the Reynolds stress distribution spatially averaged and normalized by friction velocity. 
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Fig. 3.11 Vertical distributions of spatially averaged, form-induced intensities for the a) longitudinal, b) 

transverse, and c)vertical velocity components, and d) form-induced stress. 
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fluctuations.  For comparison with (Nikora et al. 2001) we also normalized the spatially 

averaged normalized temporal and spatial velocity fluctuations in Fig.s 3.10 and 3.11 by 

*u . 

3.3.4 Spatially averaged Glossosoma scaling model 

Larval Glossosoma inhabited patches of the stream bed in the two streams we 

sampled.  Gdensity ranged from 0 to 47 with an average of 9.5 larvae per grid cell (n = 79, 

where n is the total number of contributing grid cells with on average 10 grid cells at one 

sampling location) projected streambed area.  Qualitatively, larvae were commonly found 

adjacent to, but not directly in, what visually appeared to be the most intense flow 

present.  The Valley Creek spatial distribution appeared to have less well defined patch 

boundaries compared to Elder Creek.  Exception to this was observed in Valley Creek 

where there was a definite boundary between cobbles (Gdensity > 0 ) and sand (Gdensity = 0).   

After dimensionless terms in equation (3.20) were considered individually and in 

combination, the simplest predictive expression with high predictive ability was found to 

be 

 k
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2
zmass mb

c
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c c

5uG
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=   
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ρ
  (1.26) 

with an r2 value indicating that 84 % of the variation in the dimensionless Gmass group can 

be explained by the variation in the dimensionless terms on the right-hand-side.  This 

implies that Gmass scales as 
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where uI %  is the spatial fluctuation of longitudinal velocity normalized by double-

averaged velocity evaluated at the roughness crest elevation.  Establishing relevant 

scaling parameters that govern Glossosoma distribution is instrumental in constructing a 

dimensional prediction model for Glossosoma distribution.  One possible model is 

presented in Fig. 3.12b.  Equations 3.19 - 3.22 apply when 5,000 < Re < 62,000 and 0.03 

< Fr < 0.61.  Larvae aggregate in areas that include larger distances between the tops and 

troughs of roughness elements and large spatial velocity fluctuation evaluated at the mean 

bed elevation. 

 

3.4 Discussion  

Our data indicate that the ratio 
kc zz σ strengthens the correlation between the 

predictors and the response in equation (3.21).  The physical meaning of this 

dimensionless group can be understood by considering the numerator and denominator 

separately.  The elevation of the crest, zc, is the distance between the trough and peak of 

roughness elements within a spatial averaging window, and its standard deviation reflects 

the variance of the substrate-water interface elevation.  Therefore, optimal Glossosoma 

larval habitat is comprised of fields of larger substrate elements with cobble faces near 

but not directly in the brunt of the flow, as will be present with larger distances from zt to 

zc.  Spatial fluctuation of longitudinal velocity magnitude will also be high in these areas, 

perhaps providing micro-refugia and increasing mixing.  Even locations with flow 

reversal near the bed were observed among our sampling sites.  Habitat heterogeneity  
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Fig. 3.12 Dimensionless Glossosoma biomass as a function of dimensionless combinations of substrate 

metrics and turbulence intensity based on spatial fluctuation (r2 = 0.84; y = x), and b) a possible 

dimensional predictive expression (r2 = 0.72; Gmass = 1.7 x - x2) where x includes all terms listed on the x-

axis with zc in m, ρ in g/m3, and bracketed groups dimensionless.  Vertical bars on symbols indicate one 

standard error of Glossosoma biomass at each sampling site.  On average 95 larvae were observed at each 

sampling site.  This expression is applicable for 5300 < Re < 62000 and 0.03 < Fr < 0.56 
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generally fosters greater biodiversity (Garcia et al. 2012), underscoring the utility of 

DAM to realistically describe such a flow environment. 

The double-averaged wake law was observed to collapse portions of velocity 

distributions for low submergences that characterize type II and III flows, not only type I  

as one would expect.  While this is a new observation for type III flow, it agrees for type 

II flow with (Manes et al. 2007), who reported that with the proper choice of *u and zero-

plane displacement the hydraulic structure of the outer layer is preserved as it is for type I 

flow, despite the absence of the log layer.  Nikora and McLean (2001) also suggest that 

their proposed log-wake relationship for flow type I be used as a first approximation to 

describe the velocity distribution in the outer layer for flow type II even though limited 

submergence restricts formation of an overlap region.  The observed agreement, 

furthermore, supports zc as a reasonable elevation for estimation of *u based on Reynolds 

stress. 

The normalizing length scales that we considered for velocity distributions above 

the roughness crest were zc, mean bed elevation, the dimensions of the spatial averaging 

windows (∆x and ∆y), and standard deviation of the roughness height within the spatial 

averaging window.  Among these options, zc was chosen because it quantifies roughness 

element size.  Although zc is strongly influenced by one atypically tall roughness element 

while the standard deviation represents the entire window, support for zc as a 

representative measure of substrate in our sampling locations is given by the fact that it 

can be predicted by 
kzσ (y = 3.02 x+ 0.01, r2 = 0.94; plot not shown).  Furthermore, the 
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momentum balance changes drastically at zc due to the effects of form and viscous drag 

on the substrate roughness elements.  This change is reflected as an inflection point at zc 

in our observed velocity profiles and those reported in the literature (Nikora et al. 2001, 

Nikora et al. 2004).  Because zc may vary significantly among similar averaging domains, 

with fine enough resolution bathymetry one may also consider the mean elevation of 

roughness tops within an averaging window as a measure of zc.   

From our analysis multiple proposed laws can fit the data if the parameters are 

tuned correctly.  Regarding the power and the wake laws, (George 2006) reported that the 

log and power law results seemed virtually indistinguishable for time-averaged velocity 

distributions in zero-pressure-gradient boundary layers.  Other possibilities exist for 

double-averaged velocity profiles than were discussed above.  For example, George and 

Castillo (1997) use what they term the asymptotic invariance principle and near-

asymptotics to derive a new law of the wall that explicitly depends on the Reynolds 

number.  A generalized log law was developed by Buschmann and Gad-el-hak (2003) 

that included higher-order terms involving the von Karman number and the 

dimensionless wall-normal coordinate, and demonstrated its superiority over the classical 

log law or the Reynolds number dependent power law.  More recently, for flow where 

water depth is > 2 orders of magnitude greater than substrate roughness height, (Dey et 

al. 2011) use a polynomial law to describe the flow below the roughness crest.  These 

other distributions may offer valuable insight when converted to double-averaged, low 

submergence flow.  The parameters of the linear, power, and wake law velocity 
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distributions are shown in this study to relate to stream bed morphometry.  This reveals 

the potential for wider applicability of the proposed velocity distributions to other 

sampling locations where bathymetry is known. 

Our motivation for investigating double-averaged velocity distributions above the 

crest included exploration of the link between the flow-field measured at the surface of 

the stream with PIV and near-bed flow.  Often velocity measurements at the surface (e.g. 

surface PIV) or some distance above bed roughness elements are more readily available 

and more accurate than measurements made close to interfering roughness elements or 

benthic macrophytes.  Plots for the power law (equation 3.15, Fig. 3.5) and the wake law 

(equation 3.18, Fig. 3.6), which apply for z  zc, both show a PIV point from averaging 

window E2.  This is an illustration of the possibility of predicting velocities, as well as 

flow descriptors such as *u  and even Gmass, below the water surface in shallow streams 

using relatively easily obtainable PIV data.  In order to predict *u  at zc from a field of 

water surface velocities, ∆x and ∆y are initially needed from variogram analysis of the 

stream bed.  The necessary power and wake law parameters for predicting *u  from 

PIV
u  can be determined from bathymetry, and u%  can be estimated from Fig. 3.11a.  

Therefore, the information needed to predict Gmass with equation (3.21) can be obtained if 

bathymetry and 
PIV

u  are available.  Surface particle image velocimetry is a tool with 

potential to scale flow descriptors at the bed that are relevant to Glossosoma distribution 

with double-averaged surface velocity. 
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The significance of our results of the Gmass predictive expression should be 

considered in light of the fact that abundance-environment relationships for 

macroinvertebrates can vary even within the same stream when sites are close together 

(Lancaster and Downes 2010).  Furthermore, the proposed abundance-environment 

relationship may change over time or location because, as (Lancaster and Downes 2010) 

argue, it is erroneous to assume that a certain macroinvertebrate species has a fixed 

response to ‘optimal habitat’.  Larval habitat was only assessed in areas where larvae 

were present, and that fell within a specific range of Re and Fr.  This precludes 

establishment of the entire larval response to hydraulic variables, which would require 

sampling beyond the upper and lower extremes of larval tolerance.  Nevertheless, trend 

lines in Fig. 3.12 were forced through the origin because larvae were not typically 

observed in stagnant fluid (in agreement with Okano and Kikuchi 2012) or on totally 

smooth, horizontal substrate.  More data collected in the presence and absence of 

Glossosoma larvae are necessary to establish the general applicability of the proposed 

predictive equation (3.21). 

Because macroinvertebrates transfer energy from photosynthesis to secondary 

consumers, understanding habitat suitability in low-order streams is advantageous 

because a direct link to fish communities can be established (Gore et al. 2001).  

Furthermore, Gore et al. (2001) suggest that hydraulic habitat conditions be included as 

part of stream bioassessment.  Our study illustrates the usefulness of the DAM in this 

effort.  The predictive ability of the proposed model illustrates that, at the scale of the 
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roughness elements, double-averaging is an appropriate framework for incorporation of 

velocity characteristics into an ecologically meaningful hydraulic habitat description.  

Since the DAM approach to computationally modeling flow over rough beds is a 

practical and feasible solution for natural gravel-bed rivers (Rameshwaran et al. 2011), 

equation (3.21) or other similar predictive expressions may contribute a valuable 

biological modeling component.  This study supports the use of DAM, emphasized and 

enhanced by Nikora (2010), as a platform for coupling and integrating ecological and 

hydrodynamic processes.  

 

3.5 Conclusions  

Spatially averaged velocity distributions, turbulence characteristics, and stream 

bed roughness elevations were collected in two streams with rough-bed substrate.  The 

spatial averaging window dimensions in this study are based on the characteristic length 

scale of the stream bed topography, defined through variogram analysis as the distance 

above which point measurements are statistically independent from one another.  This 

characteristic length scale, or distance to the variogram sill, ranged from 0.14 m to 0.41 

m.   

We propose that the velocity distribution through the entire stream depth may be 

described by a composite description comprised by the linear distribution below zc and 

the power law or wake law above zc.  Below zc, in the interfacial sublayer among the 

large cobble substrate, the linear distribution more closely matched the observed double-
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averaged velocities compared to the exponential distribution.  Furthermore, the 

normalizing length scale for the linear distribution can be predicted with more certainty 

by bed characteristics than the parameter for the exponential distribution.  Above zc, the 

wake law and the power law both described flow velocities with nearly equal accuracy.  

The power law has the advantage of simplicity, but the wake law parameters exhibit 

stronger correlation with substrate characteristics, and may therefore be the more useful 

tool for describing the velocity distribution above zc in the roughness layer and the outer 

layer.   

A relatively simple power-law scaling relationship between spatially averaged 

Glossosoma density, stream bed roughness characteristics, and double-averaged fluid 

flow conditions was developed.  The density of Glossosoma larvae indirectly scales with 

the ratio of substrate roughness height to substrate variation, and directly with turbulence 

intensity based on spatial velocity fluctuation.  The proposed scaling relationship explains 

84 % of the variation of Glossosoma larval density.  With the ability to estimate the 

components of equation (3.21) from substrate characteristics and double-averaged 

velocity distributions, we propose this equation as a predictive model to link larval 

Glossosoma abundance with local hydrodynamic variables.  At the scale we considered, 

and within the range of flow conditions our data encompass, substrate and spatially 

averaged velocity characteristics explain the majority of the variation in Glossosoma 

larval density on the stream bed.  The observed connection between double-averaged 
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fluid flow and the pattern of Glossosoma abundance on the stream bed underscores the 

importance of considering the hydrodynamics of aquatic ecosystems.  
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Chapter 4 Prediction of Glossosoma biomass spatial 

distribution in Valley Creek by three-dimensional turbulent 

open-channel flow numerical model 

4.1 Introduction 

Benthic macroinvertebrates in lotic systems inhabit an environment stressed by 

the interaction of moving fluid with solid substrate.  The patterns of macroinvertebrate 

spatial distribution are governed by a host of hydraulic, biological, geomorphological, 

and chemical variables acting both independently and in combination (Statzner et al. 

1988, Nikora 2010).  Among these variables, open-channel hydraulic conditions 

represent a major physical gradient along which the benthic macroinvertebrate 

community is organized (Rempel 2000).  Many variables and variable combinations have 

been used to quantify macroinvertebrate habitat suitability (e.g. Quinn and Hickey 1994, 

Dolédec et al. 2007, Mérigoux et al. 2009).   

Similar to other benthic macroinvertebrates, multiple variables acting across 

multiple scales influence the patchy distribution of Glossosoma larvae on the streambed.  

For example, Glossosoma larval density was negatively correlated with increasing algal 

biomass (Ruetz et al. 2004) and water depth, and positively correlated with current 

velocity (Doi and Katano 2008).  From point velocity measurements in the proximity of 

larvae Poff and Ward (1992, 1995) reported patterns of resource use that directly 

reflected the heterogeneous current.  At the riffle and cobble scale Glossosoma exhibit a 
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patchy distribution that is driven, in part, by the Froude number and streambed roughness 

(Morris et al. 2011).  Double averaging (temporal and spatial) hydraulic variables 

improved their correlation with Glossosoma spatial density, and revealed that larvae may 

be responding to spatial velocity fluctuation as well as longitudinal velocity magnitude 

and streambed roughness characteristics (Morris and Hondzo 2013). 

  Glossosoma have been shown to dominate the grazer guild in watersheds of 2–3 

km2 (McNeely and Power 2007).  Glossosomatid larvae forage preferentially for certain 

diatoms (Oemke 1984, Poff and Ward 1992).  Furthermore, their population success can 

drastically affect stream food webs through their ability to outcompete other more 

vulnerable grazers (McNeely and Power 2007).  For example, when the Glossosoma 

population crashed due to a parasitic infestation in a Michigan stream, the 

macroinvertebrate community significantly changed as other primary consumers 

benefitted from the newly available algae that Glossosoma had previously suppressed 

(Kohler and Wiley 1992, 1997).  Glossosoma larvae construct oblong hemispherical 

cases, a configuration that may be advantageous for life in three-dimensional (3D) 

turbulent flow with bursts and eddies incident from multiple directions (Gordon et al. 

2004).  Additionally, Glossosoma spp. larvae and adults are included in the diet of stream 

trout (Newman 1987, Duffield et al. 1994, Fochetti et al. 2003).  

Given the complex nature of the environment experienced by Glossosoma 

larvae, one would need a model incorporating many variables to simulate Glossosoma 

population success and spatial distribution.  While many models have been reported, we 
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are not currently aware of a model to predict Glossosoma spatial density based on 

hydraulic variables output from a rigorous 3D flow simulation in the vicinity of larvae.  

Recently a numerical method for high-resolution fluid flow has been developed that 

successfully predicted turbulent flows in the St. Anthony Falls Outdoor StreamLab 

(OSL), a meandering stream with bathymetric complexities similar to those that 

characterize natural waterways (Kang et al. 2011, Kang and Sotiropoulos 2012).     

The objective of our study is to investigate the influence of high resolution 

physical variables described by fluid flow and stream-bed topography on 

macroinvertebrate spatial distribution in natural turbulent open-channel flow.  A scaling 

relationship between Glossosoma spatial distribution and spatially averaged fluid flow 

variables is developed from the flow simulation output.  The proposed approach could be 

instrumental in stream restoration efforts for predicting benthic macroinvertebrate spatial 

distribution in natural streams and rivers. 

  

4.2 Methods 

4.2.1 Field Measurements 

Field measurements consisting of an aquatic insect survey, water depth, velocity, 

and stream morphometry measurements were conducted in November and December, 

2010 in Valley Creek at the Belwin Conservancy in Minnesota.  This groundwater fed, 

perennial trout stream has a watershed of 161 km2 (Zimmerman and Vondracek 2007) 

with 21 km2 of the watershed contributing to stream drainage upstream of the sampling 
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site.  Land-use upstream of the study site is rural residential and forested.  A non-invasive 

visual survey of the insect community was conducted by overlaying a 2 m x 1 m 

rectangular frame, with 0.05 m x 0.05 m grid cells above the water surface (Fig. 4.1).  

This frame was positioned in six different locations along the study riffle.  In each   

 

Fig. 4.1 Valley Creek bathymetry obtained from ground-based LiDAR.  Black points are larval 

aggregation, and yellow points are ADV measurement locations.  Bathymetry is colored according to 

elevation.  Cross sectional transects are labeled T1 – T5.  Inlayed is a) a photograph of the study site riffle 

visible to the right of the island, and b) a magnified view of the ADV sampling through the field grid. 
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location the corners of the grid were spatially referenced, which provided a coordinate 

system for spatially aligning the insect survey with subsequent velocity and bathymetry 

measurements.  Insects were identified and counted within each grid cell by breaking the 

water surface with an acrylic sheet and visually projecting the grid cell boundaries to the 

stream-bed from a plan view perspective.   

Water depth was also measured within each grid cell with a rod, bed roughness 

height calculated, and variogram analysis of the streambed roughness height conducted 

for each of the frame locations.  The objective of this analysis was to obtain a 

characteristic length scale of the stream-bed by determining the distance to the variogram 

sill, which is the separation distance at which point measurements on the stream-bed 

became statistically independent (Nikora et al. 1998).  Bed roughness height was defined 

as the distance of each grid cell above the minimum elevation within the frame 

boundaries.  We used a spherical theoretical variogram model to depict the data (Morris 

and Hondzo 2013). 

Velocity time series were collected using a 3D side-looking Vectrino acoustic-

Doppler velocimeter (ADV).  The ADV collected velocity time series at 200 Hz for 60 s 

at each measurement location.  Velocity data were filtered according to Parsheh et al. 

(2010) in Matlab (version 7.7.0.471 [R2008b]; The Mathworks).  Five locations were 

selected for velocity cross-section measurements along the riffle, and six 0.2 m x 0.2 m 

sub-areas covering a range of Glossosoma spatial density were chosen for spatial 

averaging of the measured velocity data as summarized in Morris and Hondzo (2013).  At 
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each location where a velocity profile was obtained, measurements were made as close to 

the stream-bed and water surface as possible.  The maximum distance between vertically 

adjacent measurements within a profile was 0.03 m.  A total of 886 individual velocity 

time series were collected that constituted 104 vertical velocity profiles.   

The location for this study was chosen where Valley Creek split around an island 

with macroinvertebrate riffle habitat in the smaller branch (Fig. 4.1a).  Subsequent to a 

survey of the benthic macroinvertebrate community, stream water was temporarily 

diverted away from the study riffle to the other side of the island for LiDAR bathymetry 

measurements.  A ground-based LiDAR unit scanned the stream-bed topography from 

multiple viewpoints to prevent shadowing of substrate roughness elements.  Post-

processing the LiDAR scan with Polyworks and Matlab software enabled creation of a 

0.01 m resolution bathymetric surface which was input into the CFD flow simulation. 

LiDAR bathymetry was obtained from three different viewpoints.  After stitching 

the separate LiDAR scans together and subsequent filtering in Matlab, a 0.01 m 

resolution surface was created.  This surface appeared generally accurate compared to 

manual bathymetric point measurements.  However, error increased near the outer bank 

because of the available LiDAR scanning positions and a vertical, undercut bank.  

Generalizations were made manually and with a surface interpolation model in Matlab to 

fill in locations where remnant puddles of stream water or tall roughness element 

shadows prevented successful LiDAR measurement of the bathymetry. 
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4.2.2 Virtual riffle 

Numerical approaches for 10 m of a shallow, natural waterway require some level of 

statistical approximation as all scales within the flow over the entire stretch cannot be 

modeled, especially at large Reynolds numbers (Kang et al (2011).  Given natural 

waterway bathymetry, we used a similar approach as Kang et al. (2011).  We used a 

computational model based on the large eddy simulation (LES) with a curvilinear 

immersed boundary (CURVIB).  With a large aspect ratio (length to width ratio) shallow 

flow and fine resolution computational grid, a fractional-step solver was employed.  This 

involved using the algebraic multigrid (AMG) method as a preparatory step for the 

Krylov subspace method to solve the Poisson equation for the pressure field.  For LES, 

velocity from the continuity and Navier-Stokes equations are decomposed into resolved 

and unresolved components and integrated over a spatial filter (Kang et al. 2011).  We 

used rigid bed and rigid lid assumptions, in other words a no-slip boundary of arbitrarily 

complex geometry at the bed, and at the water surface a zero-friction fixed lid.  For 

further details of the general approach to the computational model refer to Kang et al. 

(2011) as well as Kang and Sotiropoulos (2012).   

4.2.3 Dimensional Analysis 

From the many possibly important variables acting over multiple temporal and 

spatial scales to influence Glossosoma spatial density on the stream-bed (Gdensity), this 

study focuses on the relationship of Gdensity with local hydraulic and geomorphic 

conditions.  In the field, Gdensity was measured in units of count per streambed area.  For 
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dimensional consistency we converted Gdensity (no./grid cell) into Glossosoma biomass 

(Gmass; kg/m2) with a mass-to-length regression presented in Morris et al. (2011).  With 

increased resolution of flow variables due to the relatively high resolution computational 

grid, the following set of dimensional variables may be related to spatial Glossosoma 

distribution on the stream-bed by the unknown function f 

 ( )rmsmass z i i i iG H ,  , , U ,  U , U ,  σ ω µ%= f ,g   (1.28) 

where H is the average distance from the water surface to the substrate, zσ is the standard 

deviation of z within each averaging window, iω  is time-averaged vorticity vector, iU  

is time-averaged velocity vector,
rmsiU  is the time-averaged temporal velocity fluctuation, 

iU%  is the spatial velocity fluctuation, g is gravity, µ is water dynamic viscosity, and .  

indicates spatial averaging at a near bed elevation.  Note that the subscript “i” indicates 

direction of coordinates (1,2,3 = x,y,z, respectively).  Spatial averaging was conducted in 

a method similar to Morris and Hondzo (2013) except the horizontal plane was replaced 

by a surface in the image of the bathymetry elevated to the region of the computational 

flow domain outside of the computational grid cells where the boundary condition 

assumptions were applied.  This near bed elevation was typically ≈  0.02 m above the 

substrate.  SelectingH , iU , and µ as repeating variables leads to the following 

dimensionless groups 
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The physical meaning of the first dimensionless group to the right of the equals sign is a 

measure of substrate variability to water depth.  The second group is a Strouhal number 

(St), the ratio of the local inertial force to the convective inertial force associated with the 

frequency of vortex shedding from obstacles in the flow.  The third and fourth groups, 

involving ratios of velocity fluctuation to time-averaged velocity, are turbulence intensity 

(Stull 1988).  The fifth group is the Froude number, a ratio of convective to gravitational 

forces that has repeatedly been associated with aquatic macroinvertebrate abundance 

(Statzner 1981, Orth and Maughan 1983, Alvarez-Cabria et al. 2011).   

4.2.4 Flume PIV 

 In a recirculating flume at the St. Anthony Falls laboratory we visualized 

flow around individual Glossosoma cases through PIV.  Three flow rates were used with 

nearly neutrally buoyant silver particles (< 0.2 mm) as the tracer.  The silver particles 

were brightened by a laser sheet which was coordinated with the camera shutter to 

capture two consecutive images hundredths of a second apart, depending on the flow 

velocity.  Seven different larval cases were mounted on 0.002 m diameter metal rods and 

were filmed while exposed to the various flow rate treatments.  Flow around one example 

case is included in this study as a visualization of spanwise vorticity. 
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4.3 Results 

4.3.1 Field Measurements 

Glossosoma exhibited patchy distribution, with greater abundance in the 

downstream region of the study riffle.  Gdensity ranged from 0 to 13 larvae per grid cell.  

Larvae were typically present on larger cobbles and sediment grains of longest axis 

length at least on the same order of magnitude as larval case length.  Furthermore, larvae 

were occasionally observed on larger cobbles surrounded by fine sediment but seldom on 

sediment grains of 0.002 m or finer.  By visual inspection it appeared that larvae 

preferred areas with heterogeneous sediment grain sizes, including larger cobbles that 

provided grazing and attachment surfaces and smaller sediment for case construction.  

Larvae of the genus Brachycentrus were commonly observed in the same vicinity as 

Glossosoma larvae. 

Variogram analysis of 0.05 m resolution fields of bed roughness height revealed a 

spatial averaging area dimension on the scale of 0.2 m (Fig. 4.2).  Measurements of 

stream-bed elevations with separation distances greater than this can be considered 

statistically independent.  In this way, streambed roughness variability was incorporated 

into estimates of the fluid flow variables that were possibly driving Gmass spatial 

distribution. 

Stream discharge was 0.23 m3/s averaged over nine discharge measurements 

conducted approximately 20 m downstream of the study riffle during the two month  



 

90 

 

 

Fig. 4.2  Bi-directional variograms from sampling locations a) II, b) IV, c) V, and d) VI.  Data are fit with a 

spherical theoretical model. 

 

sampling duration.  During sampling, Valley Creek experienced no hydrologic 

disturbance with stream discharge, averaged daily, ranging from 0.19 m3/s to 0.20 m3/s at 

a gauging station 200 m downstream (Jim Almendinger, personal communication).  

Water depth at velocity sampling locations ranged from 0.02 m to 0.22 m with an average 

of 0.12 m.  From discharge velocity (U = Q/A where Q is channel discharge and A is 

cross-sectional area) and thalweg stream depth (H) at the cross-sectional transect 

locations (indicated by points in Fig. 4.3), Re > 52,000 and Fr < 0.59, indicating a 

turbulent, subcritical flow regime.   
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The filtered, double-averaged data included in this study are depicted by the linear 

distribution for z < zc, and a power law distribution for z > zc as discussed below in the 

comparison of ADV to simulation output.  The average *u  among all double-averaging 

windows measured with the ADV was *u  = 0.07 m/s.  The average crest height was zc 

= 0.06 m.  The average shear length scale was lc = 0.008, and the average velocity at the 

roughness crest height was cu  = 0.51 m/s.  Using these averages, the double-averaged  

 

 

Fig. 4.3 The longitudinal profiles of water surface and bed elevations measured at cross-sectional transect 

locations along the thalweg of the Valley Creek study riffle (points), and simulated (lines) along the 

centerline of the channel. 

 

longitudinal velocity magnitude predicted at 0.004 m above the bed (approximate 5th 

instar Glossosoma larval case height) from the linear distribution was equal to 
0.004m

u = 

0.06 m/s.  This provided an estimate of the longitudinal velocity magnitude experienced 

by a cased Glossosoma larva. 
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4.3.2 Virtual riffle  

Flow in the study riffle was simulated using a large eddy simulation similar to 

Kang and Sotiropoulos (2011).  The physical stream flow condition measured in the field 

was Q = 2.3 m3/s, which yields Re and Fr based on depth and velocity at the inlet 

approximately equal to Re = 105 and Fr = 0.4.  The computational grid used for the LES 

simulation consisted of 701 x 301 x 71 grid points in the streamwise, transverse and 

vertical coordinates, respectively, with about 15 million grid nodes.  The grid spacing in 

the streamwise and transverse directions was approximately 1.5 cm and 0.6 cm, 

respectively.  In the vertical direction grid spacing ranged from approximately 0.4 cm 

upstream to 0.1 cm in the shallower downstream portion.  While the fixed bathymetry 

was based on LiDAR measurements, the water surface was interpolated from a course 

array of manual field measurements at each of the locations where velocity profiles were 

measured, which correspond in Fig. 4.3 to the cross-sectional transect locations.  Inlet 

flow conditions were defined to be fully turbulent, periodic flow incident on the upstream 

cross section of the computational domain.  Fully-developed inlet turbulence was created 

by applying a separate LES to a hypothetical 2 m long stream reach “upstream” of the 

study riffle, and allowing turbulence statistics to converge before starting the first time 

step in the test region.  Cross-sectional geometry and Reynolds number matched at the 

downstream end of the hypothetical portion and the inlet for the measured bathymetry. 

After the LES statistically converged, the simulation was continued for 68 s 

physical time for comparison with the 60 s duration field ADV measurements.  The time- 
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Fig. 4.4 Plan view of the simulation output water surface plane overlaid on the LiDAR bathymetry.  

Transect locations are delineated T1 – T5, and velocity streamlines indicate flow patterns at the water 

surface. 

 

averaged longitudinal velocity at the water surface is depicted in Fig. 4.4 with streamlines 

superimposed to show the recirculating regions of the flow.  From visual observation, the 

model matched the physical riffle fairly well.  The general pattern of slower flow 

upstream where the riffle was deeper and faster flow near the shallow downstream end 
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was observed in the physical riffle.  Furthermore, the recirculation zone upstream of the 

channel bend near the inside bank was a location where sand deposition was observed on 

the streambed as the fluid slowed and was captured in the recirculating eddy.  Midway 

along the bend a piece of drift-wood extended from the outer bank and rested on a 

submerged boulder, with very shallow flow over most of the woody debris and very slow 

flow immediately downstream.  This is replicated well by the simulation. 

 

 

Fig. 4.5  Examples of time-averaged simulated and measured vertical velocity profiles from transects T1, 

T3, and T5. 
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Fig. 4.6  Cross sections of longitudinal velocity, measured in the field (left) and simulated (right).  

Simulated contour plots are overlayed with velocity streamlines drawn according to the transverse and 

vertical velocity components. 

 

Computed and measured longitudinal velocity profiles at the transect T1, T3, and 

T5 agree fairly well at a few of the profiles, but portray LES underestimation near the 

outside of the bend and near the water surface (Fig. 4.5).  Contour plots of measured and 

simulated longitudinal velocity also indicate LES underestimation for all except transect 

T5 (Fig. 4.6).  However, the patterns within cross-sections of relative longitudinal 

velocity magnitude are generally consistent between measured and simulated data.  

Recirculating zones, appearing as negative flow near the banks in Fig. 4.6, are present in 

both measured and modeled cross sections T1 and T2.  Displayed transect contour plots 

should be carefully considered because the simulation transects have a higher resolution 
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by a factor of about 200 compared to the relatively sparsely populated ADV 

measurements.  Secondary flow patterns apparent in the high resolution computational  

flow domain are superimposed on the mean longitudinal velocity in Fig. 4.6.  Transect T1 

and T2 both depict negatively rotating longitudinal vortices.  A second counterrotating 

cell is apparent in transect T2.  These counterrotating cells are likely a result of a 

combination of influences including the large bed roughness elements just upstream as 

well as a result of the flow deflection by the upstream outer bank. 

 Spatially-averaging the simulation output over the characteristic length scale of 

the stream-bed discussed previously greatly improved the agreement between measured 

and simulated velocity magnitude (Fig.s 4.7 and 4.8).  Note that the power law displayed  

in Fig. 4.8 is rearranged in quasi-universal form (Morris and Hondzo 2013).  In order to 

be consistent with the spatial averaging method for measured and simulated velocity data, 

simulated velocities were extracted from the computational result at locations 

corresponding to the ADV measurement locations.  Spatial averaging was conducted for 

the extracted simulation data in an identical manner to the method of spatial-averaging 

the measured data.  In this way the same number of data points contributed to the 

measured and simulated spatial average at each measurement location.  Note that zc 

values from the measured data were used in the simulated expressions in order for this 

plot to emphasize the differences in the velocities rather than differences in stream-bed 

topography caused by LiDAR and point measurement error. 
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Fig. 4.7  Measured and simulated vertical velocity profiles for z < zc according to the spatially averaged 

linear distribution c c
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Fig. 4.8  Measured and simulated vertical velocity profiles for z > zc according to the spatially averaged 
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4.3.3 Dimensional analysis 

Larval Glossosoma appeared in a patchy distribution in the Valley Creek riffle 

that we sampled.  Gdensity ranged from 0 to 13 with an average of 1.1 larvae per grid cell 

(n = 3268, where n is the total number of contributing grid cells).  From all locations 

surveyed, Glossosoma biomass was only included when Gdensity > 10 within a spatial 

averaging window.  After dimensionless terms in equation (4.2) were considered 

individually and combined, the simplest, physically meaningful predictive expression 

with reasonable predictive ability was 

 

1.50.4

ymass 0.2
HG u

10
u

u

g H

  ω
  =

   µ    
%

  (1.30) 

with an r2 value indicating that 85% of the variation in the dimensionless Gmass group can 

be explained by the variation in the combination of dimensionless terms on the right-

hand-side (Fig. 4.9).  After algebraically isolating the response variable, Gmass, the 

resulting dimensional expression explains 58% of the variability in the response.  

It is noteworthy that helicity is defined as the combination of vorticity with velocity in 

the direction of the vortical axis ( )uω⋅ (Pope 2000).  In our case, the combination of the 

hydraulic variables includes both vorticity and velocity, except that the vortical axis is 

perpendicular to the direction of velocity.  Therefore, larval biomass may be related to the 

advection of near-bed spanwise vorticity in the streamwise direction.  Equation (4.3) 

implies that Gmass scales as 
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Fig. 4.9  Dimensionless Glossosoma biomass as a function of a Strouhal number incorporating %u , and 

the near-bed Froude number based on CFD output (r2 = 0.85). 

 

  

 
2

mass

1

5 2StG u�   (1.31) 

where St is the Strouhal number based on spatial fluctuation of longitudinal velocity 

magnitude u extracted from the flow simulation near the substrate.  Equation (4.4) 

indicates that optimal larval habitat is related to water depth, spatial velocity fluctuation, 

spanwise vorticity and streamwise velocity magnitude (Fig. 4.10).  Equations 4.3 and 4.4 

apply when 2,600 < Re < 62,400 and 0.05 < Fr < 0.99. 
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Fig. 4.10  Qualitative comparison between Glossosoma spatial density on the stream-bed (left), near-bed 

time-averaged spanwise vorticity (center), and longitudinal velocity magnitude (right). 

  

4.3.4 Flume PIV 

Given that vorticity is one of key variables that determines Glossosoma larval 

presence and biomass as depicted in equation (4.4), vorticity was calculated from PIV 

around an individual larval case in a laboratory flume.  Spanwise vorticity around the 

Glossosoma case ranged from -0.14 s-1 to 0.13 s-1 (Fig. 4.11).  Within two millimeters of 
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the upper case boundary vorticity changed to 1.5 orders of magnitude greater than its 

value near the upper border of the vorticity field approximately 5 mm away from the 

case.  The upper leading edge and the top surface of the case experienced strong negative 

vorticity.  A strong region of positive vorticity formed upstream of the case, and a region 

of weaker positive vorticity formed just downstream of the case.  Velocity in the  

proximity of the case is on the same order of magnitude as what the larvae experience in 

the field as estimated by the measured linear distribution shown in Fig. 4.7.  The drag 

coefficient, calculated from momentum deficit, was on average CD = 0.17. 

 

 

Fig. 4.11  Vorticity in the spanwise direction with velocity vectors (straight arrows) indicating direction of 

mean fluid flow around an individual Glossosoma larval case, and curved arrows indicating rotation 

direction of positive (+) and negative (-) time-averaged vorticity in a laboratory flume. 

 

4.4 Discussion 

Our study provides quantitative definition of a combination of relevant physical 

variables governing larval spatial distribution produced by a computation flow 
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simulation.  The negative exponent in equation (4.4) supports the field observation that 

Glossosoma larvae are rarely found in deep, slow moving fluid.  However, depth by itself 

does not appear to strongly correlate directly with Glossosoma distribution at the 

decimeter scale.   

Streamwise, or longitudinal, velocity often exhibits large magnitude in shallow 

riffles away from the substrate.  Spanwise vorticity is generated in part by the large 

longitudinal velocity gradients extending from the substrate to the water surface.  

Advection of the spanwise vorticity in the streamwise direction appears to be a key 

element of optimal Glossosoma larval habitat. 

Spatial velocity fluctuation may indicate the tendency of the flow to interrupt 

rotation of the spanwise vortical cells.  Furthermore, Glossosoma larvae have been shown 

to be rheophilic, often orienting their cases with the longest axis parallel to the 

streamlines with their head facing upstream (Olden et al. 2004).  Because of the 

conservation of momentum, spatial fluctuation of the longitudinal velocity may indicate 

fluctuation in the transvers and vertical velocity components, such that flow from 

multiple directions would be incident on Glossosoma larval cases in spatial averaging 

windows with high u% .  Therefore, spatial fluctuation of the longitudinal velocity would 

intuitively be inversely related to Glossosoma abundance. 

The combination of depth, velocity, spatial fluctuation of velocity, and vorticity as 

arranged together in equation (4.4) exhibited stronger correlation with Glossosoma 

spatial density than any of the dimensional variables alone.  It has been hypothesized that 
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larval cases do not to provide a respiratory advantage (Okano and Kikuchi 2012).  

Therefore, the proposed predictive combination of fluid flow variables may support the 

hypothesis by Kovalak (1976) that larval respiratory demands play an important part of 

the larval positioning on the stream bed.  Specifically, larvae may depend on longitudinal 

velocity magnitude and spanwise vorticity in shallow flow to overcome the barrier of the 

case, and deliver oxygen-laden fluid to the larvae through their porous armor. 

As shown in this study, the hydraulic environment associated with high 

Glossosoma abundance consists of fluid flow variable magnitudes near the stream 

substrate.  Near-bed fluid flow is difficult to accurately measure and quantify over a 

region of stream bed with ADV point measurements because of its complexity and 

substrate roughness elements that extend up into the flow, blocking probe access and 

adding noise to the data below zc.  One advantage of simulating the natural riffle with 

CFD is a time-averaged snapshot of mean flow at tens of thousands of grid nodes 

occupied by fluid in the computational flow domain, including flow near the bed.  Such 

high resolution of all velocity components may provide valuable information about the 

hydraulic environment experienced by benthic organisms.  However, many 

approximations were necessary in the modeling effort.  The main approximations in this 

study relate to the boundary conditions and include assumptions about the bathymetry, 

water surface elevations, wall function for simulated flow near substrate, and simulation 

inlet flow.  However, despite these significant assumptions, simulated fluid flow 
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variables predicted 58% of the variation of the macroinvertebrate spatial density observed 

in the field. 

 Bathymetry and the water surface elevations that were input into the LES in our 

study are significant sources of error due to the field data collection campaign.  The study 

riffle was well suited for obtaining detailed bathymetry from LiDAR because of the 

ability to divert the flow to the other side of an island.  However, cold temperatures, close 

proximity ( < 15 m ) to the target channel bed, as well as low angles of incidence from 

the LiDAR unit to the bed resulted in noisy bathymetric data.  Near the substrate, the wall 

function at is assumed.  This is a reasonable simplification for modeling the flow in this 

scenario because the error introduced by the wall function assumption is absorbed into 

the error due to inaccuracies in the bathymetry and water surface. 

Interesting and realistic fluid flow patterns are apparent in the simulation results.  

For example, the formation of counterrotating cells and the recirculation regions near the 

banks.  Paired counterrotating cells would be expected near the apex of the bend through 

comparison with the LES results of Kang and Sotiropoulos (2012).  These would 

coincide with the downstream line of convergence of the mean streamlines on the water 

surface apparent in Fig. 4.4.  Discrepancy may be due to the greater heterogeneity of bed 

roughness elements and increased flow complexity present in the shallower natural 

stream of the current study compared to the OSL. 

Drag coefficients for Glossosoma cases at three different flow rates were on 

average 0.17.  This is almost double the drag coefficient for a smooth hemisphere on a 
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solid, flat substrate.  The drag coefficient could be incorporated into a hydrologic model 

in order to estimate Glossosoma population success under varying discharge.  The pattern 

of flow around individual Glossosoma cases relates to both the upper and lower 

boundaries of flow they can tolerate.  The case impedes respiration of the larvae inside by 

shielding it from the flow, but initiates vorticity around the case that acts to refresh the 

water in the vicinity of the larval body.  As Fig. 4.11 illustrates, negative vorticity at the 

upper dome of larval cases would drive oxygen-rich water into the case.  The positive 

vorticity at the upstream end next to the substrate would push fresh water into the 

upstream case opening.  At the downstream end of the case, the positive vorticity would 

help to remove oxygen-poor water or other metabolic exhaust. 

4.5 Conclusion 

This study illustrates the use of large-eddy simulation in describing ecologically 

relevant fluid motion in a complex, natural stream riffle.  Spatial-averaging of the 

simulation output was performed over the characteristic length scale of the stream-bed, 

which was shown through variogram analysis to be 0.20 m.  Through LES of the study 

riffle in Valley Creek, spatially averaged streamwise velocity, spatial velocity fluctuation, 

and spanwise vorticity from the computational fluid dynamics simulation output explain 

58% of the variation in observed Glossosoma spatial density on the stream-bed.  Vorticity 

was included in the Strouhal number, which is linked to vortex shedding from roughness 

elements.  Longitudinal velocity was included in a near-bed Froude number based on 

average water depth within each spatial averaging window.  These two dimensionless 
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groups together predict larval abundance better than either group independently.  Particle 

image velocimetry in the proximity of individual larval cases in the laboratory flume 

revealed that a larval case interacts with the moving fluid around them, generating 

spanwise vorticity, even in the simplified scenario of a flat substrate.  Patterns of vorticity 

develop on all sides of the case that are exposed to the fluid, which indicates turbulence-

mediated nutrient (including oxygen) delivery to larvae inside their permeable cases.  

Understanding the role of hydraulic environment proximal to Glossosoma cases provides 

insight into the mechanisms of ecological patterns apparent at larger stream-reach scales, 

and may be useful for river management, conservation, or restoration decisions.  

Furthermore, illustration of the ability of computational flow simulation to produce 

variables relevant to observed patterns of Glossosoma larval distribution in the stream 

marks an important step forward in synthesizing the theoretical computational fluid 

mechanics with actual biological responses in complex, shallow riffle reaches of natural 

waterways. 



 

107 

 

Chapter 5 Glossosoma nigrior (Trichoptera: Glossosomatidae) 

respiration in moving fluid 

5.1 Introduction 

One of the major factors controlling macroinvertebrate spatial distribution on the 

stream bed is the fluid flow environment surrounding them.  Moving fluid potentially 

mediates the metabolic need of macroinvertebrates including nutrient and dissolved 

oxygen (DO) supply.  This is apparent because many aquatic insects indirectly indicate 

local DO concentrations by changing their location in space and time on a stream bed.  

Lavandier and Capblancq (1975) reduced DO in a stream during the day at 10 oC and 

reported large increases in macroinvertebrate drift rate at about 4 mg/L DO 

concentration.  Some insects have lost their ability to ventilate and have come to rely 

entirely on the water current to deliver DO to them (Hynes 1970).  Rheostenic 

ephemeropterans, for example, are confined to running water by their respiratory 

physiology (Fenoglio et al. 2008).  Other mayflies move their gills in low flow to 

facilitate the supply of DO (Eastham 1939, O’Donnell 2009).  Additionally, nymphs of 

multiple mayfly genera were reported in more exposed positions on cobbles and 

exhibited abdominal positioning by holding their bodies off of the substrate at lowered 

DO concentrations (Wiley and Kohler 1980).  Presence of a second macroinvertebrate 

order, Plecoptera, correlated with velocity magnitude and oxygen renewal rates in 

summer but not in winter because of warmer temperature and low DO in summer 
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(Genkai-Kato et al. 2005).  Genkai-Kato et al. (2005) specify that this behavior was not 

due to an oxygen gradient since DO concentrations did not differ between deep and 

shallow sampling points in winter or summer.  Rather, given a certain DO concentration, 

the stonefly moves until it can achieve its necessary critical oxygen supply (DO x current 

velocity) (Genkai-Kato et al. 2005).  Many members of a third macroinvertebrate order, 

Trichoptera, undulate their body inside their cases to create an oxygen supply current 

(Okano and Kikuchi 2012).  In fact, body undulations decrease as fluid flow velocity 

increases (Feldmeth 1970). 

Larvae of the above mentioned order, the caddisflies, have earned the moniker 

‘underwater architects’ through their construction of mobile cases and filtration nets 

(Wiggins 2004).  Case morphology varies greatly between genera, has been a topic of 

investigation, and in at least one species, Dichosmechus gilvipes, has been shown to 

provide functional advantage as larvae mature through different instars (Limm and Power 

2011).  It has been noted by multiple studies that constructing and repairing cases is 

energetically expensive (Kwong et al. 2011, Statzner and Doledec 2011).   

Cases built by another trichopteran, Glossosoma spp., are well-adapted for life in 

fast moving fluid.  Glossosoma nigrior construct cases of rock, fastened together by a silk 

that they secrete.  This rock armor may contribute to G. nigrior success, outcompeting 

other, more vulnerable soft-bodied macroinvertebrates that would utilize the same 

resources but that do not build cases (McNeely et al. 2007).  Therefore, G. nigrior can 

have a large impact on energy and nutrient flow through aquatic ecosystems (Kohler and 
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Wiley 1997).  Furthermore, gaps in G. nigrior cases enhance water exchange efficiency, 

which is important for the pupal stage (Wiggins and Wichard 1989).  Their bluff-bodied, 

oblong-hemispherical stone cases may, however, work to their disadvantage in slow 

moving fluid.  Kovalak (1976) observed that at high water temperature and low current 

velocities, G. nigrior positioned themselves on more exposed surfaces of bricks, 

indicating that G. nigrior used positioning to satisfy respiratory requirements.  At higher 

temperatures saturated water contains less oxygen, but G. nigrior respiration demands 

increase with increasing water temperature.  

Positioning of G. nigrior on individual roughness elements on the stream bed has 

historically been thought to be a function of oxygen supply and demand, current velocity, 

and food availability (Kovalak 1976).  The risk of predation by predominantly day-

feeding sculpin was not a factor in Glossosoma positioning, but rather larval hunger level 

and food density (Kohler and McPeek 1989).  Regarding food availability, G. nigrior 

inhabited fast riffles to exploit the diatoms that colonize silt-free surfaces (Scott 1958).  

However, although G. nigrior larvae feed predominantly on diatoms, they are 

nonselective with regard to type and size of diatom particle ingested (Tindall and 

Kovalak 1979).  Nonselective feeding may be the optimal strategy for species which 

show large changes in diel and seasonal microdistribution controlled by factors other than 

food type and availability (Tindall and Kovalak 1979). 

Given their ecological significance, understanding the mechanisms behind their 

spatial distribution and population success would be valuable.  Because G. nigrior 
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depend on cuticular respiration, it follows that they need to be in a location where oxygen 

is delivered to them by the flow in order to maintain a high concentration gradient across 

their permeable integument.  Furthermore, Glossosoma do not undulate their abdomens, 

and larvae readily abandon their cases if damaged and rebuild from scratch (Okano et al. 

2010).  Furthermore, the glossosomatid case impedes larval access to DO and is 

abandoned in low fluid flow velocities (Okano and Kikuchi 2012).  More specialized 

research is necessary to determine the function of the dome-shaped case (Okano et al. 

2010).  The effect of moving fluid on the uptake of DO by an organism can be quantified 

by established principles in fluid mechanics, including dimensionless numbers that 

integrate different modes of mass transport in moving and stagnant fluids. 

This study investigates the role of the larval case and larval DO consumption rate 

under different fluid flow environments, which helps to explain the mechanism governing 

larval spatial distribution on the stream bed.  The objective of this study is to determine 

oxygen consumption of larval G. nigrior under controlled but varying fluid flow 

velocities.  To address this question, we manipulate fluid flow velocity and monitor DO 

concentration in a laboratory setting where environmental variables such as light, 

velocity, temperature, and DO can be controlled.  We hypothesize that fluid flow 

mediates DO uptake by cased larval caddisflies and determines larval presence in their 

cases.  This has implications for the mechanism underlying larval positioning on the 

stream bed, drift behavior, and the role of the larval case.  We investigate the lower 
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extreme of flow conditions larvae experience in their natural habitat.  Note that G. nigrior 

in this study refers to the mobile larval instars, not to pupae or the imago. 

 

5.2 Methods 

5.2.1 Field reference conditions 

Larvae were collected from Valley Creek at the Belwin Conservancy in 

Minnesota during the late summer months of 2012.  This perennial trout stream has a 

watershed of approximately 161 km2, but with only 45 km2 contributing to stream 

drainage (Zimmerman and Vondracek 2007).  The reference sites consisted of two 

approximately 8 m in length riffles in a forested reach near the headwaters where the 

stream was still first order.  Previous to laboratory measurements, a 60-Hz side-looking 

Vectrino acoustic-Doppler velocimeter (Nortek AS, Rud, Norway) was deployed to 

measure the variability of stream velocities in the proximity of stream bed.  One example 

of stream velocity, aligned with the mean downstream flow direction, that the larvae were 

likely to experience is depicted in Fig. 5.1.  In this figure, z is the distance above the 

substrate, zc is the roughness crest elevation, lc is an empirically derived length scale 

related to fluid flow below zc (Raupach 1996, Nikora 2007), 
c

u
 
is the velocity 

evaluated at zc, and *u
 
is the shear velocity calculated from the Reynolds stress profile 

(Nikora et al. 2001).  Field velocities were collected in December 2010 in a riffle 

approximately 5 m distant from the downstream larval collection site.  The spatially 
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averaged (over the stream bed) and time-averaged linear velocity distribution depicted 

well the velocity in the proximity of stream bed (Fig. 5.1). 

 

Fig. 5.1 Spatially averaged and time-averaged longitudinal velocity u  profile in the proximity of the 

stream bed at Valley Creek, where z is distance above the bed, zc is the roughness crest elevation, lc is an 

empirically derived length scale related to fluid flow below zc, c
u  is the velocity evaluated at zc, and 

*
u  

is the shear velocity.  Each measured stream velocity data point is a time average of 12,000 data points and 

a spatial average over a stream bed area of 0.2 x 0.2 m encompassing nine velocity time series. 

 

The proposed linear velocity distribution was used to extrapolate the velocity at 

0.3 cm above the stream bed in a region of high G. nigrior larval abundance.  In this way 

we estimated a stream velocity of 4 cm/s at a distance of 0.3 cm above the substrate.  The 

average larval case height was 0.28 cm, based on measurements of 73 larval cases.  The 

discharge velocity (velocity averaged over the cross-sectional area of test section) in the 

experimental setup ranged from 0.1 cm/s at the slowest pump setting above stagnant, to 

6.2 cm/s at the fastest pump rate (Table 5.1). 
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Table 5.1  Flow rate (Q), discharge velocity (U), initial dissolved oxygen concentration (C0), and 

temperature (T) in the experimental setup.  The variables are averaged over all replicates for each 

treatment.  The number of replicates is indicated by n.  JLC represents DO flux to larvae with their cases, 

and JC is flux to cases alone.  Consumption refers to DO consumption by larval tissue (mg DO / mg larval 

tissue / hour). 

 Pe Q U T Co JLC JC Consumption n 
. (m3/s) (m/s) (oC ) (mg/L) (mg/m2/s) (mg/m2/s) (mg/mg/hr) . 

0 0 0 13.4 9.83 31.8 - - 1 

3 5.9x10-7 0.001 12.1 9.46 112.3 48.0 12.7 3 

34 5.9x10-6 0.012 12.5 9.29 131.0 66.8 12.7 3 

68 1.2x10-5 0.024 12.4 9.20 157.8 72.0 17.0 3 

106 1.9x10-5 0.038 12.4 9.30 150.8 61.7 17.7 5 

148 2.6x10-5 0.052 12.4 9.33 213.6 75.7 27.4 5 

178 3.1x10-5 0.062 12.5 9.31 215.9 73.7 28.2 4 

 

A Hydrolab DS5X Multiparameter Sonde was deployed for three days in each of 

sampling riffles where G. nigrior larvae were sampled to capture the range of DO and 

temperature that the larvae were naturally experiencing (Fig. 5.2).  Stream temperatures 

ranged from 10.7 oC to 15.3 oC, with an average of 12.5 oC (standard deviation (σ) = 

1.1oC).  Dissolved oxygen ranged from 8.91 mg/L (88.7 % saturation) to 10.40 mg/L 

(101.5 %) with an average of 9.61 mg/L (93%; σ = 0.35 mg/L).  Therefore, we conducted 

DO consumption tests with temperatures constant within each treatment but ranging  
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Fig. 5.2 Dissolved oxygen and temperature diel cycles in the upstream Valley Creek larval collection site 

from 17:00 August 23 to 10:00 August 27, 2012. 

 

between treatments from 11.6 oC to 13.3 oC with an average of 12.4 oC (σ = 0.3 oC), and 

DO ranging from 8.82 mg/L (85.1 % saturation) to 9.74 mg/L (93.7 % saturation).  

 

5.2.2 Respiration measurements 

A recirculating chamber was constructed to measure DO uptake by larvae and 

their cases over time in a setting where flow velocity could be controlled (Fig. 5.3).  The 

entire setup was enclosed in an incubator where temperature could be set and maintained 

constant during the different flow rate treatments.  The absence of light in the incubator 

prevented algal photosynthesis.  A 0.02 m x 0.02 m x 0.57 m acrylic chamber, closed 

with Tygon tubing, was filled completely with Valley Creek water filtered through a 

glass microfiber 0.7 µm filter.  A peristaltic pump circulated the water inside the 

chamber.  A smaller, 120 mL chamber was used for a stagnant fluid treatment in order 
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Fig. 5.3  Experimental setup with magnified side view of a larva extended from its case (above), and a case 

in plan view (below). 

 

to obtain the DO flux in conditions where molecular diffusion was more significant for 

delivery of DO to larvae and their cases.   

Oxygen consumption was measured with a needle type PreSens MicroxTX3 

sensor (PreSens, Regensburg, Germany).  The oxygen sensor was an optical DO sensor 

of type PSt1 with a resolving accuracy of 0.04 mg/L.  The 90% response time was < 30 s 

in liquid.  Our measurements were taken every 30 s and smoothed with a two minute 

averaging window before the DO concentration decrease over time was fitted by linear 

regression.  Linear regression was performed with OriginPro 8.6 (OriginLab Corporation, 

Massachusetts) software.  Larvae were held in a shallow, aerated, recirculating incubator 

at controlled temperature of approximately 13 oC through use of a chiller.  At the start of 

each replicate, seven to eleven larvae were placed in the test section of the chamber, and 

subjected to specified fluid flow velocity (Table 5.1).  The change of DO concentrations 
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in the experimental setup was first recorded in the presence of larvae and cases together.  

After a satisfactory decrease in DO concentrations was achieved, larvae were removed 

from their cases, and measurements were immediately continued in the same water and 

flow rate conditions.  Hence, measurements with cases alone corresponded to each 

treatment of larvae and case together.  In this way the oxygen consumption of the larvae 

was calculated by subtracting the oxygen uptake by cases alone from the corresponding 

oxygen uptake of cases with larvae inside.  In the nonmoving fluid treatment, five larvae 

in their cases were placed between two fine mesh (0.1 cm maximum pore size) double-

layered screens positioned approximately 0.5 cm apart that spanned the inner diameter of 

the vial. 

 

5.2.3  Dissolved Oxygen Flux 

Dissolved oxygen flux, J (mg m-2 s-1), across the larval case surface area, A (m2), 

is defined as the time (t) rate of change of the DO concentration, C (mg/L), within the 

experimental setup volume, V (m3), 

 
t tA V

dC
ˆJ ndA dV

dt
− ⋅ =∫ ∫   (1.32) 

where n̂  is a vector of unit length normal to a plane tangent to the case surface and 

pointing away from the case, At is the cumulative case surface area, and Vt is the total 

water volume in the experimental setup.  Integration leads to an expression for the total 

DO flux to the larvae  
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 t

t

V dC
J .

A dt
=   (1.33) 

For each experimental run, rate of change of DO concentration (dC dt) was estimated 

from the time series of measured DO concentrations, At was estimated by image 

processing analysis, and Vt was constant.   

In our experimental setup, flux to a single larvae and case can be considered a 

function of the following variables 

 1 cJ (U,D,A , )= f ρ   (1.34) 

where f1 is an unknown function, U is the discharge velocity (m/s), D is the molecular 

diffusion of oxygen (m2/s), Ac is the average larval case projected surface area (m2), and 

ρ is the water density (kg/m3).  Using the Buckingham Π theorem for dimensional 

analysis (Buckingham 1914) with five variables and three dimensions, when D, Ac, and ρ 

are chosen as repeating variables, the following two dimensionless groups form 

 c c
2

J A U A

D D

 
=   

 
f

ρ
  (1.35) 

where the denominator on the left side of equation, 
c

D

A

ρ
, can be thought of as the 

transport of oxygen to the case surface area due to molecular diffusion.  The Sherwood 

(Sh) number is the ratio of advective flux to molecular diffusive flux, therefore, 

cJ A Dρ  can be interpreted as Sh number.  The bracketed term on the right of equation 

(5.4) can be interpreted as a Peclet (Pe) number which is a ratio between the diffusive 

(tdiff) and advective (tad) time scales 
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 diff

ad

t
Pe

t
=   (1.36) 

where c
diff

A
t

D
=  is the diffusion time (the time taken for DO to diffuse over an average 

larval case), and 
c

ad

A
t

U
=  is the advective time (the time taken for DO to be advected 

by moving fluid over the length of a larval case of cA ).  Therefore, equation (5.5) reads  

 cdiff

ad

U At
Pe

t D
= =   (1.37) 

and equation (5.4) can be re-written 

 2Sh (Pe).= f   (1.38) 

Further explanation of these terms is included in the Discussion.  The form of the 

unknown function f2 is not known from dimensional analysis but is determined by the 

experimental data. 

Larval oxygen consumption rates were converted from per area oxygen uptake 

across the case into units of DO consumption per mg larval tissue per hour (Table 5.1).  

This conversion was carried out using the average plan view surface area of the cases of 

the Valley Creek larvae and the average larval dry weight of 235 larvae from two 

northern California streams (0.404 mg, σ = 0.93 mg) (Camille McNeely, Eastern 

Washington University, unpublished data).  California larvae were collected from two 

streams in the Angelo Coast Range Reserve and were of the species G. penitum (Fox 

Creek, n = 193) and G. califica (Elder Creek, n = 42) where n represents the number of 

individuals of each species. 



 

119 

 

 

5.3 Results 

5.3.1 Respiration measurement 

Dissolved oxygen concentration time series normalized by the initial DO 

concentration for each experimental run with constant discharge and constant Pe are 

depicted in Fig. 5.4.  Initial DO concentrations, temperature, and velocities were within 

the range of observed corresponding variables in the field (Table 5.1).  All DO 

concentrations decreased over time.  The experimental setup was sealed with constant 

temperature and therefore the decrease in DO concentration is attributed to larval 

respiration.  The decrease of DO concentration was generally higher with increasing fluid 

flow velocities.  For each specified discharge, each treatment was replicated at least three 

times and each time the set of larvae with their cases was replenished.   

The normalized DO concentration time series for the cases alone is depicted in 

Fig. 5.5.  At different fluid flow velocities and corresponding Pe numbers the decrease of 

DO concentrations was similar.  Therefore, all treatments were included on one plot, with 

one example curve for each treatment.  Additionally, for Pe = 34 only two cases-alone 

DO time series were included in the larval flux calculations.  An average of these two 

case uptake rates corresponded with the third replicate of the larval uptake for this 

treatment.  Because the quantity of interest is the oxygen drawdown slope rather than the 

absolute DO concentration, for comparison of the slopes among replicates within each Pe 

treatment, Fig.s 5.4 and 5.5 depict the oxygen concentrations normalized by the  
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Fig. 5.4  Normalized dissolved oxygen concentrations for larvae in their cases.  Co is the initial 

concentration of dissolved oxygen (mg/L).  Data are sampled once every 30 seconds and averaged over a 

two minute interval.  Three example time series are presented from replicates of each treatment. Numbers 

next to symbols represent Co (mg/L). 

 

initial concentration (Co).  Comparison illustrates the variability of the drawdown slope 

for the treatments with larvae in their cases (Fig. 5.4) relative to the treatments without   
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Fig. 5.5 Normalized dissolved oxygen concentration in the chamber with the G. nigrior cases but without 

larvae.  For each Peclet number (Pe) one example time series is included. 

 

larvae, for which DO drawdown was nearly constant independent of Pe (Fig. 5.5).  

Oxygen consumption for stagnant fluid in a 120 mL vial with larvae in their cases is 

shown in Fig. 5.6.  The transport of DO to the larvae and cases was mostly, but not 

entirely, by molecular diffusion because there was still slight fluid motion resulting from  

  

Fig. 5.6  Normalized dissolved oxygen concentration in a 120 mL vial with larvae in their cases in 

nonmoving fluid; Co = 9.8 mg/L (y = 1 – 0.004 x). 



 

122 

 

larval movements.  Normalized DO concentration depicted a steady decrease at a much 

lower rate than in any other treatment in the presence of moving fluid. 

 

5.3.2 Dissolved oxygen flux 

Average larval plan-view case area was 0.22 cm2 (σ = 0.05 cm2).  The DO 

concentration time series (Figs. 5.4, 5.5, and 5.6) provided basis for estimating an 

average rate of change of DO concentrations (dC dt) and corresponding flux of DO to 

larvae and their cases.  Additionally, although the x-axis in Fig. 5.4 and Fig. 5.5 stops at 

one hour, to maximize statistical significance the longest available time period for each 

treatment was used for the calculation of the reported DO fluxes (Table 5.1).  We 

included 49 individual treatments in our study.  For nine of the 49 treatments, slopes from 

which dC dt was calculated spanned multiple non-consecutive portions of individual Pe 

number treatments because of intervening temperature changes or other disturbances.  

For such treatments, the time rate of change of the DO concentration was an average of 

multiple slopes weighted by the duration of each contributing time series segment.  The 

minimum time span for treatments of larvae in their cases was 0.3 hr, the longest was 3.2 

hr, with an average of 1.0 hr. 

The flux of oxygen to the cases with larvae at different Pe numbers is depicted in 

Fig. 5.7 and Table 5.1.  A prediction model similar to Michaelis-Menten kinetics fit the 

data fairly well (r2 = 0.76),  
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Fig. 5.7  The Sherwood  number, which is the flux of dissolved oxygen in moving fluid (JLC) normalized by 

dissolved oxygen flux in nonmoving fluid ( )
O

LC
J , versus the Peclet number ( )c

Pe U A D=  for larvae 

in their cases for each experimental treatment.  The form of the equation for the fitted line 

2max

1

Sh Pe
Sh 1 , r 0.76

K Pe
= + =

+

 
 
 

 is similar to Michaelis-Menten kinetics, where Shmax = 6.8 is the maximum 

Sh value and K1 = 42 is the Pe value corresponding to 
max

Sh 1 Sh 2= + . 

 

 

 max

1

Sh Pe 6.8Pe
Sh 1 1

K Pe 42 Pe
= + = +

+ +
  (1.39) 

where Shmax = 6.8 is the maximum Sh value and K1 = 42 is the Pe value corresponding to 

maxSh 1 Sh 2= + .  Oxygen uptake by the larvae without cases is presented in Fig. 5.8.  

All fluxes are normalized by the oxygen flux to the larvae and cases in stagnant fluid (Jo).  

Fig. 5.7 and Fig. 5.8 illustrate an increased larval DO consumption rate for increased 

discharge and corresponding velocities and Pe.  For DO flux to the larvae, a linear form 
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Fig. 5.8  Dissolved oxygen flux to larvae (JL) normalized by flux in a stagnant fluid ( )
O

LC
J versus the Peclet 

number.  The regression line is Sh = 1 + 0.02 Pe, r2 = 0.91.  JL is the difference between DO flux to larvae 

with their cases and DO flux to the corresponding cases alone. 

 

of f2 in equation (5.7) describes the trend fairly well (r2 = 0.91), specifically  

 Sh 1 0.02Pe= +   (1.40) 

The ratio of DO flux to the larvae alone over flux to the cases alone is presented 

in Fig. 5.9.  When this ratio was unity, the case consumed the same amount of DO as the 

larvae.  Larval oxygen consumption rates were highest at Pe = 178, which corresponded 

to a discharge velocity of 0.062 m/s.  At Pe 87<  larval consumption rates approached 

case consumption rates, and larvae were occasionally observed abandoning their cases or 

extending from case openings.  For Pe 87>  larvae typically remained in their cases, with 

the exception of two out of 14 treatments for whichPe 148≥ . 
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Fig. 5.9  The ratio of dissolved oxygen flux to G. nigrior larvae (JL) to the corresponding flux of oxygen to 

the larval case (JC). 

 

5.4 Discussion 

Manipulation of fluid flow velocity while all other variables were held constant 

isolated the influence of fluid flow velocity on larval DO uptake and behavior.  We 

expected to observe a higher respiration rate at higher water velocity, similar to the 

results of Feldmeth (1970) who reported that oxygen consumption (mg/g dry weight/hr) 

in the laboratory was greatest for caddisfly species (Brachycentrus spp.) at water 

velocities experienced in the field.  Our data indicate a similar pattern (Table 5.1).  

Higher oxygen flux to larvae, which may be considered larval oxygen consumption, was 

associated with higher discharge velocities and higher Pe numbers as illustrated in Fig.s 

5.7 – 5.9. 
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The positive relationship between flow rate and larval oxygen consumption is 

supported by the higher larval oxygen consumption in lotic compared to lentic flow 

conditions (Okano and Kikuchi 2012).  Oxygen consumption rate of G. nigrior measured 

in stirred vials from the Hirose River, Japan was reported at 11 mg O2 / mg larval dry 

weight (Okano and Kikuchi 2012).  This is similar to the larval tissue consumption rate in 

our slower flow rate treatment (Table 5.1).  To convert DO uptake per case area into 

consumption per mg larval tissue we used larval dry weights available from California 

streams consisting of larvae from two different species but within the genus Glossosoma.  

Because the absolute quantity of oxygen consumed by larval tissue per time is not the 

focus of the study, but rather the relative oxygen consumption rate compared across 

multiple Peclet number treatments, the assumption was made that larval dry weight is of 

the same order of magnitude between the three species. 

From studies of water-side mass transfer to macrophytes and to sediment a 

general trend is apparent, specifically that increased velocities in the proximity of 

filaments increases the flux of a substance (Steinberger and Hondzo 1999, Hansen et al. 

2011).  Our measurements support this pattern.  In order to access oxygen-rich water, 

larvae must overcome the oxygen-depleted region surrounding them as well as that 

surrounding their cases.  Under magnification it was apparent that the stones that 

comprised G. nigrior cases as well as the silk filaments attaching stones to one another 

were populated by microorganisms, including diatoms.  Therefore, G. nigrior larval 

access to oxygen is not only limited by the physical boundary of the case stones, but also 
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by the respiration of the community of microorganisms embedded in the case.  Although 

food was not provided in the chambers, larvae were frequently observed clinging to other 

larval cases.  Although this behavior was also observed in the field, albeit infrequently, 

access to the other larvae and their cases in each treatment introduced variability into the 

system and weakened the conclusion about fluid flow effects on larval DO uptake and 

behavior. 

Fluid flow velocity and water temperature mediate the water-side delivery of 

oxygen to aquatic organisms through turbulent mixing and diffusion, respectively.  

Regarding turbulent mixing, fluid motion imposes nearly constant time-averaged DO 

concentration in the proximity of an organism.  Due to DO uptake by the organism, the 

constant concentration is reduced at the organism surface through a short distance with 

steep DO gradient where the transport of DO is governed by molecular diffusion.  More 

energetic turbulent mixing implies steeper DO gradient in the proximity of the organism 

and therefore large DO mass flux to the organism.  A convenient quantification of mass 

flux to the organism in a moving fluid could be expressed in terms of Sh and Pe.  The 

Sherwood number has been used to relate fluid flow and mass transport to choral 

morphology (Helmuth et al. 1997), and epiphytic nickel uptake (Hansen et al. 2011).  

Dimensionless relations that include Sh demonstrate the degree to which water motion 

and organism size affect mass transfer, and ultimately organism metabolic rate (Patterson 

1992).  An example application of Pe is its use in describing lentic mass transport 

associated with lake metabolism (Antenucci et al. 2013).  
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With the objective of quantifying G. nigrior DO consumption, laboratory 

conditions were patterned after field conditions in Valley Creek.  Rather than removing 

larvae from their cases and measuring respiration directly, larval oxygen consumption 

was calculated as the difference between consumption of larvae in their cases and 

consumption of cases alone.  Effort was made to measure DO consumption of cased 

larvae because larvae were observed in their cases in the field. 

Oxygen consumption slightly increased in nearly stagnant fluid at Pe = 4 (Fig. 

5.8).  This can be explained by the possibility that larvae in the very slow fluid flow were 

actively seeking a more suitable hydraulic environment.  G. nigrior larval behavior in the 

laboratory at the slower fluid flow velocities or in stagnant fluid may have been 

associated with drifting behavior in the field.  Kohler and McPeek (1989) reported that 

drift increases at night because of case building activity and associated vulnerability to 

erosion.  However, under certain fluid flow conditions we observed that larvae arched 

their backs and extend their legs upward, behavior that would possibly increase the risk 

of larvae being swept up into the current.  For comparison, mayfly nymphs with 

swimming ability actively enter the drift (Wiley and Kohler 1980).  No swimming ability 

was observed by the case-less, negatively buoyant G. nigrior larvae, but the arched and 

extended body posturing seems to indicate that under certain environmental conditions 

larval drift is not an entirely passive event.  This possibility may motivate further 

research, but is not entirely unreasonable as body posture differences for active drift have 

been documented for stonefly larvae (Blum 1989). 
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The benthic distribution of macroinvertebrates may be governed, in part, by the 

drifting activity as illustrated by the following examples.  In marine environments, near-

bed flow characteristics can strongly affect the location of settlement of drifting 

invertebrates, especially for small organisms that are also weak swimmers (Stevenson 

1983, Butman 1987, Mullineaux and Butman 1991).  This may be connected to chemical 

cues and the rate of turbulent mixing, which enable drifting organisms to detect 

waterborne chemicals that provide information about bed suitability, such as benthic food 

resources or presence of conspecifics (Patterson 1992, Abelson 1997). 

Our study illustrates the influence of oxygen availability on G. nigrior behavior 

(Fig. 5.9).  Implications of our results support the suggestion by Okano and Kikuchi 

(2012) that larval positioning on the stream bed is driven by oxygen requirements.  

Results of this simplified laboratory study should be considered in light of the complex 

array of influencing factors and larval responses in the field.  Nevertheless, this study 

contributes to understanding the role of larval G. nigrior cases and under what conditions 

the case loses its functional benefit for the larvae.  The hydraulic environment in a natural 

or restored stream reach can be directly influenced by restoration practices or other 

anthropogenic influences.  Understanding G. nigrior behavior at the lower extreme of 

fluid velocities in which larvae are observed in the field benefits river restoration and 

management decisions.  Low dissolved oxygen availability to G. nigrior due to fluid flow 

conditions has a predictable effect on larval behavior. 
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