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ABSTRACT 

 

 Bowman Creek is one of the most ecologically impaired tributaries of the St. 

Joseph River, a large river in the Lake Michigan drainage system. It has been rerouted 

underground through pipes and culverts for more than half of its downstream length. The 

City of South Bend is planning to restore portions of the stream to a more natural 

aboveground condition, with goals of improving hydrological, ecological, education and 

aesthetic values. 

 In this study, I investigated the effects of culverts on the physical, chemical and 

biological characteristics of the stream ecosystem. Deployable dataloggers were used to 

characterize diel respiration curves. Water samples were analyzed for ammonium, nitrate, 

soluble reactive phosphorus and dissolved organic carbon. Biofilm samples were 

analyzed for chlorophyll a concentration and ash-free dry mass. Benthic 

macroinvertebrate samples were used to calculate indices of biotic integrity. The effect of 

culverts on stream ecosystem function could not be determined from this study. However, 

collected baseline data can be used to assess the progress of restoration efforts. Further 
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research and continued long-term monitoring is needed to characterize the dynamics of 

underground urban streams and evaluate the restoration of Bowman Creek.  

 

       ______________________________ 
       Dr. Elzie McCord, Jr. 
       Division of Natural Sciences 
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As for men, those myriad little detached ponds with their own swarming corpuscular life, 

what were they but a way that water has of going about beyond the reach of rivers?  

         – Loren Eiseley 

 

 
 

We are but whirlpools in a river of ever-flowing water. We are not stuff that abides, but 

patterns that perpetuate themselves.                     – Norbert Wiener 
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Chapter 1: Introduction 

1.1 Stream ecology in a landscape context 

 The course of flowing water is shaped by the surrounding terrain, and in turn, 

water shapes the terrain through which it flows (Stanford 2007). Lotic systems such as 

creeks, streams, and rivers form an integral part of the hydrologic cycle, connecting 

uplands to lowlands through the net aboveground movement of water. This cycle starts 

when water absorbs thermal (kinetic) energy from the sun and evaporates. The warm, wet 

air rises from the sea, lakes, and soil, joining the water vapor exhaled and transpired by 

animals and plants. Eventually, water condenses and falls onto the land as precipitation. 

As the water falls, some of its kinetic energy of motion acts directly on the surface of the 

land. Plants can absorb part of this force, absorbing water like a sponge and holding the 

soil with their roots and mycorrhizal associates, but bare earth may be displaced 

downhill. Why downhill? It appears obvious, but it is important to know that this water 

has not lost all of the energy it absorbed from the sun on its way up into the atmosphere. 

If water falls on any land above sea level, it still has potential energy of position. 

Differences in elevation create an energy gradient (Ball 2009), and it is this gradient from 

high to low energy which creates the flow of water so central to stream ecology.  

 Streams are thermodynamically open systems – dissipative dynamical systems – 

in two important ways. First, they represent a flow of mechanical energy. The force of 

moving water, pulled downhill by gravity, splits boulders into rocks, grinds pebbles to 

sand, and reshapes the land by eroding away mountains and carving canyons as it carries 

sediment towards the sea (Stanford 2007). Streams also catalyze another form of 
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thermodynamic dissipation: the transport and breakdown of chemical energy in the form 

of leaves, woody debris and other nutrient sources that are washed from the land into the 

water (Vannote et al. 1980). These outside, or “allochthonous,” sources of organic matter 

may dwarf the in-stream, or “autochthonous,” fixation of carbon by aquatic plants and 

algae, especially for small streams in forested watersheds (Benfield 2007).  

 Streams transport and transform matter and energy across a vast range of spatial 

and temporal scales. Moving water shapes and reshapes the land over geologic time, 

wearing down the highlands and redistributing stones and sediment (Howard, Dietrich, 

and Seidl 1994). Some river systems experience yearly flooding due to snowmelt or 

monsoon rains, depositing nutrient-laden mud onto the banks of the floodplains 

downstream. Over shorter intervals, large amounts of organic matter are constantly being 

broken down and reassimilated by aquatic communities. For example, the nutrients and 

chemical energy contained in a leaf that falls into a mountain stream may pass through a 

vast array of organisms, from bacterial biofilms to flat-headed scraper mayflies to 

hellgrammites to trout, spreading out through the food web. The flow of nutrients shapes 

communities and is shaped by them. Vannote et al. (1980) developed the “river 

continuum concept” to explain this process, stating that: “Downstream communities are 

fashioned to capitalize on upstream processing inefficiencies.” 

 Flowing water can also transform the shape of its own path. Rivers change their 

course over time, a phenomenon which can be traced using satellite imagery and other 

techniques, as shown in Fig. 1.1 (USACE 1938). The hydrography of a particular section 

of a river or stream (its physical characteristics such as width, depth, and flow) can also 
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change from day to day and hour to hour in response to rainfall events or other changes 

(Baker et al. 2004). As Heraclitus said, “You cannot step twice into the same river, for 

other waters are continually flowing in” (Sedley 2003). Poff et al. (1997) discuss the 

importance of understanding consistent yearly patterns in flow variation (“the natural 

flow regime”) in the context of long-term monitoring and restoration projects.  

 

Figure 1.1: Lower Mississippi River, early stream channels at half-century intervals. 
Army Corps of Engineers (1938), from http://lmvmapping.erdc.usace.army.mil/  
 
 The physical characteristics of streams also change longitudinally. Over large 

spatial scales, mountain headwaters combine to form piedmont rivers, which then flow 
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through undulating coastal floodplain landscapes on the way to the sea. On shorter scales 

many smaller streams are characterized by “riffle-run-pool” sequences (Stanford 2007). 

Riffles are shallow, fast-moving, rocky areas that exhibit a relatively quick drop in 

elevation compared to runs, which are straighter, deeper sections of flowing water, while 

pools are areas of slower-moving or nearly still water (Jowett 1993). Sediment is 

generally eroded from riffles, transported through runs, and deposited in areas of slower-

moving current, such as the inside bank of curved stream sections and the bottom of 

pools. Streams can be understood as nested hierarchical systems of habitats and 

microhabitats (Fig. 1.2), each supporting different assemblages of species that are 

adapted to the characteristic nutrient dynamics and flow regimes of these areas (Frissell 

et al. 1986). 

 

Figure 1.2: Hierarchical organization of stream habitats, “illustrating how smaller units 
are repeating elements nested within larger units” (Frissell et al. 1986) 
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1.2 Stream ecology in a human context 

 Human settlements also influence the shape of streams, and streams influence 

patterns of human settlement. Many of the earliest civilizations developed along river 

floodplains, as these sites provide readily accessible fresh water, food, and fertile soil. 

Rivers can also act as transportation corridors for boats and barges, facilitating the spread 

of settlement inland along these ready-made routes. Human communities alter the 

characteristics of the land surrounding the stream, changing the composition of the 

solutes carried by the water and the paths by which it flows. Increased agriculture in the 

drainage basin (the area of land drained by a particular stream, also called a catchment 

basin or watershed) may increase sediment runoff due to erosion from plowed fields. 

Fertilizers or pesticides may leach into the stream water, altering the nutrient load and 

potentially adversely affecting biological communities. The removal of riparian 

vegetation (trees and plants growing along river banks) reduces the buffer between 

terrestrial and aquatic ecosystems, allowing more stormwater runoff (along with any 

suspended sediments and chemicals) to flow directly into streams (Groffman et al. 2003). 

Construction of paved roads, parking lots, and buildings in the watershed also reduces the 

amount of stormwater that is absorbed into the ground, often causing flooding. 

Impervious surfaces do little to slow the flow of runoff, increasing the force that these 

waters exert on hillsides and riverbanks and leading to increased erosion. Rushing 

stormwater, channeled into streams through pipes and culverts, can cause scouring flows 

and flash floods that tear through aquatic ecosystems, disrupting habitat and sweeping 

organic matter and organisms downstream (see Section 1.2.2).  
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 These constant disturbances reduce the stream’s ability to process nutrients 

effectively.  Due to overapplication of fertilizers, mishandling of wastewater, and 

impairment of stream ecosystems, the unused excess of nutrients builds and builds, 

growing with each juncture as creeks join rivers and empty into receiving waters such as 

oceans or lakes. There, the overabundance of nitrates and phosphates can feed vast 

unsustainable algae blooms, leading to eutrophication. Algal respiration and 

decomposition deplete the available oxygen in the water, creating “dead zones” that are 

unsuitable for fish and other oxygen-breathing organisms. Many of the world’s inhabited 

coastlines have begun experiencing seasonal or persistent anoxic conditions, and the 

affected areas have “spread exponentially since the 1960s” (Diaz and Rosenberg 2008). 

In the United States, the largest and most well-known dead zones occur in the Gulf of 

Mexico and the Chesapeake Bay, resulting in fish kills and adverse effects on fisheries 

(Diaz and Rosenberg 2008).  

 Recent studies have highlighted the urgent need to reexamine our role in altering 

global nutrient dynamics, especially the phosphorus cycle. Through phosphate mining, 

fertilizer application, wastewater discharge, and stream ecosystem alterations, we have 

drastically changed the way phosphorus moves from the continents to the sea and back 

again (Rockström et al. 2009). According to Carpenter and Bennett (2011), “current 

conditions exceed all planetary boundaries,” or upper tolerable limits, for phosphate 

discharge to the oceans. These authors consider ocean eutrophication and potential 

phosphate shortages to be serious problems, requiring a definite shift towards greater 

recycling of phosphorus thorough the human food system. Ozaki et al. (2011) present an 
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even grimmer possibility. Based on models of prehistoric ocean biogeochemical cycles, 

they conclude that “elevated riverine flux of reactive [phosphorus] is the most important 

factor for triggering global anoxic events via a positive feedback loop among ocean 

anoxia, phosphorus regeneration, and surface biological productivity.” These global 

anoxic events have been associated with mass extinctions throughout Earth’s history (in 

conjunction with high atmospheric CO2 levels, elevated temperatures, decreased oxygen 

solubility, and alterations in thermohaline circulation or the “ocean conveyor belt”) 

(Meyer and Kump 2008). These ancient anoxic periods also led to the accumulation of 

sediments rich in phosphates and organic matter, forming some of the very rock layers 

from which we are now mining and extracting phosphates and fossil fuels (Ingall and 

Jahnke 1997).  

 Carpenter and Bennett (2011) do not consider the oceans to be at risk of 

widespread anoxia in the foreseeable future, because we may not be able to sustain our 

unsustainable nutrient inputs over a long enough timescale to cause a catastrophic shift in 

total oceanic phosphorus concentrations. We may run out of easily extractable phosphate 

resources first, according to Filippelli (2008). Rockström et al. (2009) propose setting 

certain maximum boundaries for nutrient runoff and other potentially destabilizing 

human inputs, and urge caution due to uncertainties in modeling. Research into “tipping 

points” and the complex dynamics of human-ecosystem interactions is ongoing (Walker 

and Meyers 2004), but the good news is that these changes can go either way. For 

example, a massive hypoxic zone in the Black Sea resolved itself after the collapse of the 

Soviet Union, due to a loss of fertilizer subsidies and a corresponding sharp decrease in 
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nutrient loading from the surrounding regions (Diaz and Rosenberg 2008). Resilience in 

the face of unprecedented environmental challenges will undoubtedly require flexibility, 

innovation, and initiative in both top-down (international, governmental, regulatory) and 

bottom-up (local, grassroots, self-organized) responses. Even something so small as an 

examination of ecosystem function in urban streams may contribute to the search for 

solutions on a larger scale. As Richard Feynman (1967) so eloquently put it, “Nature uses 

only the longest threads to weave her patterns, so that each small piece of her fabric 

reveals the organization of the entire tapestry.” 

1.2.1 Streams and urban environments 

 As described in Section 1.1, streams are naturally dynamic and constantly 

changing. Conflicts arise when human communities and human-made structures on 

riverbanks and floodplains are not as adaptable. Figure 1.3 shows a dangerously unstable 

bridge. The surrounding soil has been scoured away, exposing the road to potential 

collapse as a result of undermining erosion.
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Figure 1.3: Bridge-abutment scour. USGS, from http://pubs.usgs.gov/fs/FS-024-96/ 
 
 It may appear that an obvious solution would be to avoid constructing permanent 

settlements or hardened structures on floodplains or riverbanks, but human communities 

have developed around order and structures. In industrialized nations, access to fresh 

water is considered so ubiquitous that it goes unnoticed by the vast majority of the 

population, at least until the water runs out or becomes contaminated (Carroll 2008). 

Streams are like the veins of the continents, and First World nations have constructed an 

incredibly branched vascular system to meet their water needs. Capillary networks of 

pipes perfuse nearly every subdivision and home, bringing fresh water to every bathroom 

and kitchen and channeling wastewater into septic systems and municipal sewers. 

However, as a city expands, its water requirements soar and ever more flow is diverted 

from surrounding surface and groundwater reserves through systems of canals and 

culverts. This process is somewhat reminiscent of tumor angiogenesis, in which blood 

http://pubs.usgs.gov/fs/FS-024-96/�
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flow is rerouted and disproportionately concentrated in a specific region. To extend the 

cardiovascular metaphor, urban sewer systems can sometimes manifest conditions similar 

to atherosclerosis. If waste fats from commercial and residential gray water make their 

way into the drains, these fatty plaques can clog pipes as well as human arteries. 

Blockages can create serious problems, as seen in Figures 1.4 and 1.5:    

 

Figure 1.4: Fat buildup in London sewers. Thames Water 2010, from 
http://www.thameswater.co.uk/cps/rde/xchg/corp/hs.xsl/9092.htm 
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Figure 1.5: Atherosclerosis in a human artery, from 
http://www.healthtree.com/articles/coronary-artery-disease/anatomy/ 
 
1.2.2 The urban stream syndrome  

 Urban planners and civil engineers often respond to community concerns 

regarding flooding and erosion with straightforward tactics that emphasize the efficient 

delivery of results. If there is too much water, make it drain faster. If the riverbank is 

crumbling, patch it or pave it. In many cases, municipalities opt for a two-in-one solution: 

channelization of streams and hardening of streambeds. This process can involve 

straightening and deepening stream channels, lining channels and banks with concrete or 

riprap (rock or rubble), or rerouting the stream entirely through a culvert or pipe. 

Unfortunately, while these measures allow water to drain faster from roads and parking 

lots, they often result in increased hydrological problems downstream (such as flash 

floods and scouring), as well as decreased habitat value and impaired ecosystem function 

(Walsh et al. 2005b). 

 The science of urban stream ecology is an emerging and rapidly developing field.  

The first major review paper on this subject was published by Paul and Meyer (2001). 
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The 1st Symposium on Urban Stream Ecology (SUSE) was held in Melbourne, Australia 

in 2003, and some of the research presented at the conference was published in Vol. 24, 

Issue 3 of the Journal of the North American Benthological Society (J-NABS). Several 

important synthesis papers followed in the next two years. Meyer et al. (2005) described 

recent investigations into urban ecosystem function, and Walsh et al. (2005b) introduced 

the term “urban stream syndrome” to describe common characteristics of stream 

responses to urbanization. The 2nd Symposium on Urban Stream Ecology was held in Salt 

Lake City, Utah, in 2008, bringing together 118 attendees from 8 countries to discuss and 

compare 30 research presentations. Papers from this conference were published in 

J-NABS 28(3) and are summarized in the introduction to the issue by Roy et al. (2009b). 

In this issue, Wenger et al. (2009) discussed “Twenty-six key research questions in urban 

stream ecology” and described a conceptual model for understanding the complex 

interactions between interconnected stressors and response variables in this system. 

Carter et al. (2009) also offered a very useful analysis of the experimental designs and 

analytical methods used in previous urban stream ecosystem research and suggested 

techniques and directions for further study. In the same year (though not in the same 

publication), Brown et al. (2009) presented the results of an impressive large-scale study 

of stream responses to urban gradients in nine metropolitan areas across the U.S., 

conducted by the USGS as part of the National Water-Quality Assessment (NAWQA) 

program.  Previous efforts to synthesize generalizable conclusions from research 

conducted by various teams had been hampered by differences in study designs and 

methods. Brown et al. (2009) noted that the variability in stream ecosystem response to 
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urbanization between these prior studies "probably is partially the result of real 

differences in stream processes among environmental settings.” The USGS project aimed 

to address these difficulties by conducting a standardized, coordinated sampling and 

analysis program. A list of further USGS NAWQA publications on urban streams is 

available at: http://water.usgs.gov/nawqa/urban/html/publications.html. 

 As described by Walsh et al. (2005b), the “symptoms of the urban stream 

syndrome include a flashier hydrograph, elevated concentrations of nutrients and 

contaminants, altered channel morphology, and reduced biotic richness, with increased 

dominance of tolerant species.” Wenger et al. (2009) provided a conceptual model for 

addressing the most prominent linkages between certain management decisions and top-

level effects on stream function, although this simplified graphical representation does 

not show interactions between the biotic components of the stream ecosystem (Fig. 1.6). 

 Another conceptual model for understanding the urban stream syndrome (and 

other stressors affecting freshwater lotic systems) is the Causal Analysis/Diagnosis 

Decision Information System (CADDIS) developed by the U.S. Environmental 

Protection Agency (U.S. EPA 2010). Named for the pollution-sensitive invertebrate taxa 

(caddisflies), this online resource provides a step-by-step diagnostic framework for 

evaluating stream impairments and choosing appropriate monitoring and management 

responses. Extensive documentation and links to further information are included 

throughout.  
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Figure 1.6: Conceptual model of the urban stream syndrome, from Wenger et al. 2009. EI = Effective imperviousness 
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 Flashy hydrography is the first characteristic that Walsh et al. (2005b) used to 

describe urban streams, and this single parameter is of great importance in understanding 

these systems. Hydrographic changes integrate a complex assemblage of stressor factors 

and are also critical in influencing habitat characteristics and ecosystem responses. The 

term “flashy hydrography” refers to the high variability of water velocity and transport 

volume that often results from increased direct stormwater input to streams (Baker et al. 

2004). In extreme cases, this can result in “flash” flooding (hence the name). If the stream 

discharge (the volume per cross-sectional area per unit time) is plotted against time, the 

resulting graph (a “hydrograph”) will show sharp spikes after rain events, representing 

bursts of very high flows that force large amounts of water down the stream channel in a 

short time, putting great stress on the system (Baker et al. 2004). Streams that flow 

through more “natural” forested catchments receive rainfall more gradually, because 

much of the water soaks into the land and percolates into the stream through underground 

seepage (Walsh et al. 2009). This process results in a slower increase, lower peak, and 

longer tapering off of higher flows following precipitation events (Walsh et al. 2009).  

 Urbanization changes the way water flows through the entire drainage basin (Roy 

et al. 2009a). As shown in Fig. 1.7, stream burial and direct connectivity to stormwater 

systems can lead to loss of ephemeral and intermittent stream habitats, consolidating 

multiple small catchments into fewer, larger units (Roy et al. 2009a). “Hydraulically 

effective” stormwater connections increase the percent effective impervious cover of the 

area drained by the stream, a metric which has been found to be more useful in predicting 

detrimental urban impacts than %Total Impervious Cover alone (Walsh et al. 2009).  
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Figure 1.7: Effects of urbanization (e.g. stream channel burial and piping) on catchment 
hydrology, from Roy et al. (2009a) 
 
Water that is drained from impervious surfaces such as buildings, roads, and parking lots 

and channeled into pipes bypasses the filtration function of terrestrial vegetation and 

riparian buffers, allowing no chance for nutrient uptake or retention of heavy metals, 

pesticides, or other toxins before the water enters the stream (Walsh 2004). The water and 

nutrients are not available for use by terrestrial plants and ecosystems, and the flow of 

runoff is not slowed in the stormwater pipes. Fast-moving stormwater causes scouring 

flows in connected streams, dislodging any movable objects in the stream channel 

(sediment, woody debris, leafpacks, benthic algae, macroinvertebrates and other 

organisms) and flushing them downstream (Borchardt and Statzner 1990; Borchardt 

1993). A certain amount of disturbance and scouring is a natural component of stream 

ecosystems, reducing embeddedness and improving terrestrial soil fertility in floodplains 

downstream (Resh et al. 1988; Allan and Castillo 2007). However, increased frequency 
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and magnitude of disruption result in less-effective retention of the woody debris and 

organic matter that form the basis of many stream habitats and food webs, leading to 

impaired ecosystem function (Aldridge et al. 2009). If stream microhabitats and 

attachment sites for invertebrates and algae are constantly disturbed, in-stream processing 

and uptake of nutrients is decreased and trophic complexity falls (meaning the stream 

cannot support as many fish and other vertebrates) (Helms 2008).   

 Direct stormwater inputs and habitat disruption lower the ability/capacity of the 

stream to utilize and assimilate nutrients (Walsh et al. 2005a). Excess nutrient levels in 

Midwestern streams are already some of the highest in the nation (Caskey et al. 2010), 

and whatever stream ecosystems cannot process is simply washed further downstream 

(see Sections 1.3.2 and 1.3.3). As headwater streams become more and more impaired 

and less able to use these nutrients in situ, ever-increasing concentrations are exported 

and the mismatch between processing capacity and nutrient load grows at each river 

junction. By the time the largest rivers empty into receiving waters such as lakes, bays, or 

oceans, the problem may become so unmanageable that massive overloads of nutrients 

produce unsustainably high amounts of algae that bloom, die, and rot. This process, 

known as eutrophication, consumes much of the available oxygen in wide swaths of these 

waters, leading to large and persistent hypoxic or anoxic “dead zones” where no fish can 

survive (Diaz and Rosenberg 2008). 

 In the specific system being studied, Bowman Creek flows into the St. Joseph 

River, which empties into Lake Michigan. Eutrophication in the Great Lakes was 

recognized as a severe problem in the 1960s and 1970s (Schelske et al. 1983; U.S. EPA 
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1995). Current nutrient concentrations appear to be decreasing, partially due to the 

filtering-feeding actions of invasive zebra and quagga mussels (Fahnenstiel et al. 2010; 

Mida et al. 2010). Recent studies suggest that the rapidly growing populations of these 

exotic mussels could tip the nutrient balance too far in the other direction, removing 

unprecedented amounts of algae from the lakes and potentially destabilizing Great Lakes 

food webs and fisheries (Fahnenstiel et al. 2010). Other urban runoff inputs (including 

PCBs, mercury, dioxins and excess sediment) remain pollutants of concern (U.S. EPA 

1995). Bowman Creek certainly shows many of the typical characteristics of the “urban 

stream syndrome.” We were not able to obtain direct hydrographic data for Bowman 

Creek, although the city is in the process of installing stream gauges at several locations 

(Gilot 2009). Even without hydrographs, the results of short, sharp increases in flow 

following rainstorms are readily observable. Figure 1.8a shows the MAIN sample site on 

Bowman Creek on July 14, 2010. Figure 1.8b shows the site on July 16 after a storm. 

Floodwaters filled the culvert to capacity and overflowed onto the surrounding banks, 

filling the grate with debris. 
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Figure 1.8: MAIN site on Bowman Creek, a) on 7/14/10 before the storm and b) on 
7/16/10 after the strom, showing flood debris accumulation 
 

 

a) 

b) 
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 Many sites in the urban areas of Bowman Creek also show extensive channel 

alteration. Trash buildup is also a recurring problem. Garbage may be dumped directly 

into the creek, or it may wash into the stream along with other debris during high flow 

events as shown in Figure 1.9.  

 
Figure 1.9: Channel alteration, trash buildup and debris dam at LWE site on Bowman 
Creek 
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1.2.3 Culverts and buried streams 

 Two of the twenty-six “key research questions in urban stream ecology” as 

identified by Wenger et al. (2009) concern culverts and stream burial. Question 10 asks, 

“What are the characteristics of structure and function within piped and concrete-lined 

streams, especially with regard to biogeochemical processing?” and Question 11 asks, 

“How do piped and concrete-lined streams affect ecosystem structure and function in 

downstream reaches?”  

 While many reviews and conceptual models of urban stream ecology have 

recognized culvert flow and stream burial as stressors associated with urbanization 

(Wenger et al. 2009), little direct field research has been conducted to investigate the 

mechanism by which these alterations affect stream ecosystems. The most-cited papers 

dealing with buried streams were written by Elmore and Kaushal (2008) and Roy et al. 

(2009a). These studies focused on mapping and modeling techniques. Elmore and 

Kaushal (2008) used hydrological modeling, aerial photography and GIS to “identify 

where streams should be” and compared these results to the current aboveground extent 

of waterways in Baltimore, MD. They calculated that 66% of streams within the city 

limits and 19% of streams elsewhere in the catchment had been buried during urban 

development (Elmore and Kaushal 2008). Roy et al. (2009a) conducted field assessments 

(“ground-truthing”) of ephemeral, intermittent and perennial stream channel origins in 

Hamilton County near Cincinnati, OH. They found that the standard 1:24,000-scale US 

Geological Survey maps underestimated stream channel length by 78% on average, 

contributing to the under-reporting of headwater stream burial (Roy et al. 2009a). Based 
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on ArcHydro models, Roy et al. (2009a) estimated that the effects of urbanization have 

resulted in the loss of 93% of ephemeral stream channel length and 46% of intermittent 

channel length in Hamilton County. In urban areas, burial of headwater streams caused 

drainage network simplification and consolidated the catchments once drained by smaller 

streams, resulting in a 22% increase in total perennial stream length compared with the 

modeled historical condition, as shown in Figure 1.7 (Roy et al. 2009a). The conclusions 

of these studies have been influential in drawing attention to the magnitude and extent of 

previously unrecognized urban headwater stream burial; however, both teams 

emphasized the need for further study. 

 Studies of streams that flow through pipes for significant portions of the middle of 

their length have not been reported in the literature. These systems are distinct from 

entirely buried headwater streams, fully-piped stormwater systems, and otherwise 

unburied streams that receive piped stormwater inputs. Bowman Creek is somewhat 

intermediate between these systems. Portions of the headwaters are channelized, while 

the middle section of the stream flows unimpeded through wooded areas. The 

downstream portion, in the South Bend urban area, flows through enclosed culverts for 

over half its length.  

1.2.4 Urban stream restoration and “daylighting” buried streams 

 Research gaps remain in the science of urban stream ecology, and the study of 

stream restoration is no exception. Time-sensitive management decisions must often be 

made based on incomplete data (Wenger et al. 2009). The available literature on urban 

stream restoration can be divided into several categories: “daylighting” methods, specific 
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in-stream restoration techniques, whole-catchment restoration models, and broader 

approaches to designing and managing urban ecosystems. 

 Pinkham (2000) provides an extensive overview of various “daylighting” projects 

involving the restoration of buried streams to an aboveground condition, addressing one 

of the main immediate causes of impairment in these waterways. Aldridge et al. (2009) 

discuss using leaf litter addition to mitigate the lack of coarse particulate organic matter 

(CPOM) in urban streams with scouring flows. Francis and Hoggart (2008) advocate the 

modification of existing river walls and other artificial structures to increase habitat 

complexity (by adding ledges and other features) in order to provide attachment surfaces 

for plants and other organisms. Many other common stream channel and bank restoration 

techniques, from rock weirs to rootwad revetments, may also be applicable in certain 

urban settings. 

 However, a growing number of researchers and managers have found that stream 

restoration efforts will not be sustainable or successful in the long run unless the focus is 

shifted from the stream channel to the entire catchment being drained (K.E. Anderson et 

al. 2006; Palmer 2008; Walsh et al. 2009). Streams reflect the state of their surroundings 

(Vannote et al. 1980), and treating the symptoms of the urban stream syndrome without 

addressing the underlying causes may prove to be wasted effort (Suren and McMurtrie 

2005). For example, re-grading and replanting of heavily incised and eroding stream 

banks will be ineffective if high-discharge stormwater flows continue to sweep away the 

new plantings, especially if the chosen engineering approach was inappropriate for the 

stream being restored. Figure 1.10 from Palmer (2008) shows an example of an 
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unsuccessful, overengineered stream restoration project. Palmer (2008) and Palmer et al. 

(2005; 2010) present particularly insightful critiques of the shortcomings in stream 

restoration and propose guidelines for improving the integration of theory and practice in 

restoration ecology.  

 

Figure 1.10: Inappropriately overengineered restoration, from Palmer (2008) 
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 Palmer (2008) and Palmer et al. (2005; 2010) emphasize the importance of 

scrutinizing and testing previously unexamined assumptions in restoration ecology. They 

critique the limited perspective of projects that focus on stream channel restoration 

without addressing catchment-scale problems. Unless it is considered in the context of 

the surrounding environment, a simple, physical increase in the habitat heterogeneity of 

the stream channel is unlikely to produce lasting, self-sustaining increases in ecosystem 

integrity (Moerke et al. 2004; Palmer et al. 2010; Walsh et al. 2009). The assumption that 

improving in-stream habitat structure will be sufficient to promote biodiversity has been 

referred to as the Field of Dreams hypothesis: “if you build it, they will come” (Palmer et 

al. 1997). This frame of mind is also similar to the fallacy that Feynman called “Cargo 

Cult Science,” in reference to the practices that developed in certain Pacific island 

regions following World War II (Feynman and Leighton 1997). Residents of some islands 

built imitation runways out of local materials, in the hopes of attracting planes laden with 

useful goods as had occurred during the war. As described by Feynman: “They're doing 

everything right. The form is perfect. It looks exactly the way it looked before. But it 

doesn't work. No airplanes land. So I call these things cargo cult science, because they 

follow all the apparent precepts and forms of scientific investigation, but they're missing 

something essential, because the planes don't land” (Feynman and Leighton 1997). To 

avoid this “cargo cult science,” Palmer (2008), Palmer et al. (2005; 2010) and others 

emphasize that current restoration practices need greater input from current restoration 

theory and that greater long-term and fine-grained assessments of restoration outcomes 

are essential for testing and refining the underlying theories. 
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 An emerging consensus from the research community is pointing toward in-situ 

retention and utilization of stormwater as a key aspect of whole-catchment stream 

restoration. Walsh et al. (2005a; 2009) found that the single aspect of urbanization most 

consistently linked with stream ecosystem degradation is not the percentage of land in the 

drainage basin covered with impervious surfaces (%Total Imperviousness, or %TI), but 

instead the percent effective imperviousness (%EI). This metric takes into account the 

extent to which impervious surfaces are connected to streams; for example, roads 

draining into stormwater culverts that flow into streams would be directly connected. A 

building with no drainage system, far from streams, would not be directly connected 

because water flowing off the roof would have to percolate through the ground before 

reaching a stream. Walsh et al. (2009) “suggest a primary objective of zero directly 

connected imperviousness for catchments where the ecological objective is to protect 

stream ecosystems, because the direct connection between impervious surfaces and 

streams is a severe stressor to stream ecosystems.” 

 There are many different techniques for managing stormwater without sending it 

directly downstream. First, precipitation can be captured and utilized where it falls. Green 

roofs (Carter and Jackson 2007), rain storage tanks and rain-fed gardens are several 

potential options (Walsh et al. 2009). Second, impervious surfaces can be redesigned to 

be pervious, allowing water to soak through to the soil and recharge the groundwater 

(Rushton 2001; Tennis 2004). Third, unavoidable stormwater runoff can be channeled 

and retained in swales and created wetlands for nutrient uptake and filtration by plants, 

fungi and microbes (Collins et al. 2010). 
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 The history of stream restoration projects in South Bend, Indiana (the area studied 

in this thesis research) provides an excellent illustration of these changes in the goals and 

practices of restoration. Portions of Juday Creek were restored in 1997 as part of the 

permitting process during the construction of a golf course (Moerke et al. 2004). This 

project focused on in-stream restoration techniques, and while “biotic recovery was 

relatively rapid, long-term persistence is uncertain because of continued sedimentation at 

a watershed scale” (Moerke et al. 2004). Moerke et al. (2004) conclude that “In many 

instances, reach-scale restorations may be ineffective in the face of basin-wide 

degradation.” In contrast, current plans for the restoration of Bowman Creek are firmly 

anchored in the context of a catchment-wide stormwater management program aimed at 

meeting federal water quality standards in the St. Joseph River (City of South Bend 

2010). The city plans to focus on low-impact development strategies and infiltration 

techniques, such as rain gardens, constructed wetlands, bioswales, and riparian buffers 

(City of South Bend 2010). Gary Gilot, the Director of Public Works, described this 

rationale: “Low-impact development techniques are based on the premise that storm 

water is a resource, not a waste to be quickly transported and disposed of somewhere 

else. Instead of conveying and managing/treating storm water in large, costly, end-of-pipe 

facilities often located at the bottom of drainage areas, low-impact development 

addresses storm water through small, cost-effective landscape features” (City of South 

Bend 2010). However, current proposed projects would result in the direct discharge of 

stormwater to Bowman Creek at an additional two sites (City of South Bend 2010). This 

action would be strongly discouraged under the guidelines developed by Palmer et al. 
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(2005; 2010) and Walsh et al. (2009), if the goal is to improve ecosystem function in the 

stream.  

  A truly integrated approach to stream restoration will require an even wider 

perspective that not only encompasses the management of the catchment drained by the 

stream, but also addresses these issues in the context of the surrounding urban ecosystem 

and human community. Whole-ecosystem approaches to urban planning and water 

management can be found in several books, most notably Water Centric Sustainable 

Communities: Planning, Retrofitting, and Building the Next Urban Environment, 

Novotný et al. (2010). Other relevant publications include Novotný and P. Brown (2007), 

Feyen (2008), and Berkowitz et al. (2002). Bejan and Lorente (2008) present an 

innovative approach to effective design, including civil engineering and water 

management applications, based on an understanding of material and energy flows in 

natural systems. McDonough and Braungart (2002) and Benyus (2002) offer further 

discussions of biomimicry and suggestions for sustainable industrial systems. 

1.2.5 Restoration and ecosystem health: community definitions and goals 

 Before beginning any restoration project, the goals must be clearly defined and 

prioritized.  Important questions include: “What other factors are being considered in 

addition to stream ecosystem health?”; “How do we define stream ecosystem health?” 

and “Who decides what definition to use?” Human communities living alongside the 

stream are not made up of objective observers. Each person or group may have different 

interests in the stream, and may assign different values to various aspects of the 

watercourse and riparian habitat.   
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 Restoration projects are often designed to fulfill many different goals, and 

communication between scientists, policymakers, and community members is essential 

but sometimes overlooked (Rhoads et al. 1999; Walsh et al. 2005a,b; Palmer 2008). As 

currently implemented, watershed restoration is largely an “engineering-driven process” 

(Palmer 2008). Projects that are designed solely from a civil engineering perspective 

often prioritize the reduction of flooding and erosion to protect public and private 

infrastructure (Novotny et al. 2001). In focusing on the symptoms, this approach may fail 

to address underlying land-use factors that are contributing to recurrent hydrological and 

ecological problems (Novotny et al. 2001; Palmer 2008).  

 Community organizations may have different views of the characteristics that 

would constitute a successful restoration project. Local governments have a responsibility 

to their constituents. In making stream restoration decisions, they must consider 

balancing budgets, addressing public concerns, and meeting state and federal mandates 

(City of South Bend 2010). Many communities rely on drinking water drawn directly 

from rivers and lakes, and contamination or hydrological alterations also have the 

potential to affect groundwater and nearby wells (Niemczynowicz 1999). Industrial 

concerns may arise if the river is large enough to generate hydroelectric power, cool a 

power plant, or serve as a shipping channel (Novotny et al. 2001). Rivers and streams that 

flow through agricultural lands present their own unique set of usage concerns and 

challenges, such as livestock access, crop irrigation, and runoff of fertilizer, livestock 

waste, pesticides, and topsoil (Gordon et al. 2008). 

 Individual residents also express varying opinions about urban water features. 
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Adams et al. (1984) surveyed several hundred Columbia, MD, residents to ascertain their 

views on urban ponds and basins that were constructed for stormwater mitigation. The 

most common concern associated with ponds was appearance (“weedy/full of 

algae/unattractive”), as cited by 37% of respondents (Adams et al. 1984). Other perceived 

potential nuisances or hazards included risks to children (23% of respondents), 

mosquitoes and other bothersome insects (23%), muddy water (22%), trash/debris (19%) 

and offensive odor (10%) (Adams et al. 1984). Residents were also concerned that ponds 

may attract undesirable wildlife; write-in comments listed raccoons (14%), muskrats 

(11%), and snakes (9%) as particularly undesirable. However, more respondents viewed 

the urban ponds positively as an overall benefit to the community (47%), than negatively 

as a nuisance or hazard (13%). Ponds were considered to have both beneficial and 

nuisance aspects by 36% of residents surveyed. Among respondents, 94% agreed that 

“wetlands add to the beauty, diversity, and quality of the human living environment” and 

98% enjoyed viewing “birds and other wildlife species” (especially ducks) at the ponds. 

Among homeowners surveyed, 75% felt that permanent bodies of water added to real 

estate values (Adams et al. 1984). Özgüner and Kendle (2006) found that residents of 

Sheffield, UK, reported a similar mix of perceived benefits and concerns relating to urban 

naturalistic spaces. The authors also provide a review of other studies on this topic. 

 Community comments and concerns about Bowman Creek include many of the 

issues discussed by Adams et al. (1984). In a local news article about the planned 

restoration, South Bend resident Tyrone Brelsford described his perceptions of Ravina 

Park, a small urban green space that spans a section of Bowman Creek: “This is 
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somewhere you can relax and enjoy nature. You can bring the kids here and play in the 

park. But, I wouldn’t bring my kids down near this river” (WSBT 2010). The same article 

also included a quote from resident Taryn Jones: “It worries me a lot with all the new 

diseases that are coming out. Our creek needs to be clean. But, every time I walk by, 

there’s like an odor. It’s too beautiful to be smelling like that.” 

 Public opinions on aesthetics and risk can influence specific components of 

stream restoration policy. In a survey of students from nine countries, Piégay et al. (2005) 

found widespread cultural barriers to the introduction of wood to rivers in the course of 

restoration. Fallen trees and branches provide important in-stream habitats, but 

respondents from France, India, Italy, Poland, Russia, Spain and Texas (USA) rated 

photographs of stream channels with wood as less aesthetic and more dangerous than 

riverscapes without wood (Piégay et al. 2005). Results from surveys in Germany and 

Oregon (USA) showed the opposite trend, and responses from Swedish students showed 

no significant preference between the two conditions (Piégay et al. 2005). 

 Urban and rural residents may value riparian ecosystems differently. Schrader 

(1995) conducted a survey of agricultural landowners in Dickinson County, Kansas, 

focusing specifically on perceptions of streamland and riparian areas. This study found 

that respondents “perceive the highest importance of streamland to be that of maintaining 

environmental quality” (Schrader 1995). Wildlife habitat protection, visual appearance 

and stream water quality protection were ranked as more important uses for riparian areas 

than cropland or livestock production (Schrader 1995). The use of streams for “active 

recreation activities of hunting, fishing and boating” was ranked equally with income-
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generating agricultural activities and much higher than passive recreation (Schrader 

1995). This result shows a departure from the largely passive recreational activities often 

reported in urban areas (Adams et al. 1984; Özgüner and Kendle 2006). Walsh et al. 

(2005b) note that “urban stream attributes with limited ecological values, such as mowed 

grass riparian zones or paved streamside paths, may have amenity values for some urban 

communities” and that “Sometimes, value placed in such altered, unnatural environments 

can be a product of people not missing what they never had.” Walsh et al. (2005b) 

suggest that concerned stream ecologists should take a more active role in community 

education, and Louv (2008) considers increased experiential interaction with natural 

environments to be highly beneficial for children and society. Purcell et al. (2007) 

described an urban stream restoration project in Berkeley, CA, that involved a fairly 

successful collaboration between local high school and undergraduate students in 

invasive species removal, native plant revegation, and continued site monitoring. 

 Wenger et al. (2009), Palmer (2008), and Rhoads et al. (1999) emphasize that 

communication between restoration theorists and practitioners is most effective when the 

exchange of information is mutual. Academic ecologists need to become more aware of 

the informational needs of policymakers, managers, and community members. As 

described by Palmer (2008): “A significant amount of fundamental ecological knowledge 

dealing with issues such as system dynamics, state changes, context-dependency of 

ecological response, and diversity is both under-used by managers and practitioners and 

under-developed by ecologists for use in real-world applications.” The ecological 

community is continuously discussing and refining the theoretical frameworks and 
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protocols for defining, assessing and restoring ecosystem health (see Sections 1.2.4 and 

1.3), and many aspects of our understanding of stream ecosystem function remain 

incomplete. Wenger et al. (2009) point out that while “some of these questions might 

never be answered fully from a scientific perspective, […] streams nevertheless must be 

managed now.” The consensus best management goals and practices that emerge from 

academic debates need to be communicated clearly and effectively to policymakers. If 

advances in ecological understanding are unheard, mis-applied or disregarded, the 

practical benefits of the research may be lost (Palmer 2008; Wenger et al 2009).   

1.3 Stream ecology in a scientific context 

1.3.1 Models and limitations 

 Aquatic ecologists working on restoration projects may feel that they are 

“speaking for the stream” to the best of their ability, much as Dr. Seuss' Lorax said, “I 

speak for the trees, for the trees have no tongues” (Geisel 1971). Because it is not 

possible to interrogate the stream ecosystem directly about its health and wellness, 

scientists must come to an understanding of the whole by systematically investigating its 

parts and piecing together bits of data to form an entire picture. The state of an ecosystem 

at any given time is a snapshot of a dynamically evolving process, a self-orchestrating 

cacophony of related rates tumbling gracefully through time and space (Kay 1991). As 

described by Heisenberg (1958): “What we observe is not nature itself, but nature 

exposed to our method of questioning.” Sometimes our results may appear as incomplete 

and inconsistent as those of the blind men who came to wildly different conclusions 

about the nature of the whole elephant by the separate investigation of its parts. We can 
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only strive to integrate our fragmentary data into a full and accurate description.  

 One method that ecologists use to evaluate ecosystem health or habitat value is to 

compare the stream of interest to a reference condition. Ideally, this would involve 

collecting long-term data on comparable streams (of a similar size, in the same 

geographic region) that are as undisturbed by readily visible human intervention as 

possible, then comparing various aspects of the “healthy” streams to those in the study 

site. To make these comparisons, ecologists often calculate an index value that is based 

on the diversity of invertebrate species, weighted by their sensitivity to pollution. The 

ratios between different invertebrate guilds can also be used to provide more detailed 

information on habitat and food web dynamics (Poff et al. 2006). Section 1.4 provides 

more information on these aspects of monitoring. 

 The notion of “stability” in ecosystems is a tricky concept, as these complex 

systems are constantly in flux, and vary over time and space. Streams, in particular, often 

have low “resistance” to outside disturbance due to low levels of stored biomass, but high 

“resilience,” or ability to recover from disruptions, due to high throughput flow of matter 

and energy (DeAngelis 1980; Webster et al. 1983). When attempting to isolate and 

analyze a single parameter (e.g. productivity) as a proxy for ecosystem function, it may 

be possible to pick out patterns in the data that can be used to predict how different 

variables will affect this process. Models can be used to predict the outcome of a given 

initial condition or perturbation of the system. These results can be divided into four 

types, as described by Wolfram (2002) in his studies of cellular automata. These four 

classes are: 1) a stable final state; 2) repeating patterns or oscillations; 3) unpredictable, 
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stochastic states; or 4) states with complex features (Wolfram 2002).  

 Ecologists use different types of studies to answer questions about ecosystem 

function. Ecological assessments describe the current state of a system, and long-term 

monitoring provides insights on changes over time. Comparisons between systems (for 

example, different streams or different subsites on the same stream) are often used to 

prioritize or assess management or regulatory actions. Experimental manipulations and 

before-after control-impact studies attempt to isolate the effect of a particular variable on 

the system. However, the theoretical and statistical foundations of space-for-time 

substitutions and pseudoreplication are currently under debate (Pickett 1989; Oksanen 

2001; Carter et al. 2009; Miao et al. 2009).  Other research approaches synthesize many 

types of information to create a model that can be used to predict future states of the 

system given particular inputs. 

1.3.2 Nutrient and energy flow in stream ecosystems 

 The main questions that ecologists ask about stream metabolism and ecosystem 

function include: What are the inputs and outputs of the system? What are the limiting 

factors or reactants? How quickly is matter being cycled through the system? For stream 

systems, the most influential factors can be divided into several categories. Physical 

habitat characteristics (flow, attachment surfaces, pH, temperature, pressure, etc.) are 

important for all organisms, and light is an additional requirement of photosynthetic 

plants, algae and cyanobacteria. The availability of chemical nutrients also plays a key 

role in regulating stream metabolism. These compounds include usable nitrogen and 

phosphorus, organic carbon (for heterotrophs), and dissolved oxygen (for aerobic 
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organisms). Additional micronutrients are also necessary for plant and animal growth, 

and other solutes can certainly affect aquatic ecosystems, but these are the most 

important. 

 The nutrient spiraling concept (Webster and Patten 1979) and the river continuum 

concept (Vannote et al. 1980) are two of the main foundational models used to understand 

stream ecosystem function. Flowing water, the defining feature of lotic systems, is central 

to both ideas. Flow creates an additional axis, a directionality or vector in stream 

ecosystems that is not present in lentic (still) waters such as ponds and lakes. In a pond, 

processes such as nutrient uptake and release vary over time but co-occur in the same 

location. In a stream, these temporally variable processes are also spread out spatially, 

over a downstream distance that is determined by the velocity and volume of moving 

water. Nutrient and energy cycles in “stationary” terrestrial or lentic ecosystems are often 

represented by simple circles or networks, but to understand these processes in streams, it 

is necessary to take that circular cycle and stretch it out orthogonally (like a “Slinky” toy) 

in the downstream direction.  This is the essence of the nutrient spiraling concept, as 

shown in Fig. 1.11 (Minshall et al. 1983).  



37 

 

Figure 1.11: Nutrient spiraling, from Minshall et al. (1983) 
  

 In Figure 1.12, a diagram from Allan and Castillo (2007) provides a different look 

at the same concept, emphasizing the fact that the nutrient “spiral” is a model rather than 

an explicit description of the movement of nutrients through stream systems. Studies of 

nutrient dynamics focus on describing the average distance traveled by a nutrient particle 

in the water column before it becomes incorporated into living systems (the “uptake 

length”).  Researchers can also measure the average distance that an assimilated nutrient 

particle travels “within the biota” before being re-released into the water (the “turnover 

length”) (Allan and Castillo 2007). These lengths can then be divided by the velocity of 

the current (or, typically, the discharge) and converted into a rate. The “discharge,” or 
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volume rate of flow, is the water velocity multiplied by the cross-sectional area of the 

stream. The specific experimental procedures and calculations are significantly more 

complicated. One method involves releasing a known amount of the nutrient of interest, 

along with a conservative (non-biologically-active) tracer, and monitoring the change in 

concentrations over time at a station downstream (Webster and Valett 2007). The 

conservative tracer is used to control for nonbiological effects such as dilution. Another 

technique uses the addition of stable isotopes (such as 15N) to monitor uptake (Tank et al. 

2007). An in-depth discussion of the theory and practice of nutrient uptake research can 

be found in Stream Solute Workshop (1990). Ensign and Doyle (2006) provide a review 

and quantitative synthesis of the available nutrient spiraling literature. 

 

Figure 1.12: Another representation of nutrient spiraling, from Allan and Castillo (2007) 
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 The dynamics of nitrogen, phosphorus, and carbon receive the most attention in 

studies of stream ecosystem function. These elements are necessary components of all 

known living systems. Reactions involving hydrogen and oxygen, the defining 

components of aquatic ecosystems, are also important regulators and indicators of stream 

metabolism (as measured by pH and dissolved oxygen concentrations). At any given 

point along the stream, the biotic community receives inputs of energy from upstream 

and from outside the stream and transforms these resources into interesting patterns and 

processes. The products may be retained in a given section of the stream for a certain 

amount of time, but eventually exit the community and flow downstream or out of the 

stream. While individual molecules and units of solar energy eventually pass through, if 

more arrive to take their place the overall pattern may be sustained in place indefinitely. 

As Woese (2004) described it: “Imagine a child playing in a woodland stream, poking a 

stick into an eddy in the flowing current, thereby disrupting it. But the eddy quickly 

reforms. The child disperses it again. Again it reforms, and the fascinating game goes on. 

There you have it! Organisms are resilient patterns in a turbulent flow—patterns in an 

energy flow. […] It is becoming increasingly clear that to understand living systems in 

any deep sense, we must come to see them not materialistically, as machines, but as 

stable, complex, dynamic organization.”   

 Where do these inputs come from, what happens to them in the stream, and where 

do they go afterwards? The energy that powers the system ultimately comes from the sun, 

whether directly (as photons absorbed by in-stream autotrophs) or indirectly (as the 

chemical bonds in compounds fixed by terrestrial photosynthesis, or in the flow of 
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moving water). Energy leaves the system in concentrated forms (biomass), partially 

concentrated forms (debris and certain metabolic waste products), and diffuse forms 

(“waste” heat). These products can also be thought of as “useful,”  “somewhat useful,” 

and “not particularly useful” for use in further metabolic transformations. Biologically 

important nutrients also enter and leave the system in concentrated forms, partially 

concentrated and diffuse forms. These states can also be described along a gradient of 

“high-energy, bioavailable, and reactive” to “low-energy, unavailable, and nonreactive.” 

Figure 1.13 (Odum 1956) shows a schematic representation of the inputs and outputs of a 

stream ecosystem. The ratios of these different forms of energy and matter, and the rates 

of conversion among them, are of primary importance in understanding stream 

metabolism. 
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Figure 1.13: Energy flow through a stream ecosystem, from Odum (1956) 
 
 Every organism needs nitrogen to produce proteins and nucleic acids, the building 

blocks and genetic instructions of the cell. Nitrogen makes up 78% of the Earth’s 

atmosphere, but these molecules are not readily available for metabolic use because they 

are locked together in a triple-bonded diatomic form, N2. Breaking this bond requires a 

great deal of energy and/or very specific conditions (such as those found in the active site 

of bacterial nitrogenases) (Kästner and Blöchl 2007). However, nitrogen-containing 

compounds can be metabolically useful means of storing energy because they release so 
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much energy upon decaying to their stable state. Like pushing a rock up a hill, this energy 

can be used later to do useful work. 

 Stream ecosystems receive inputs of ammonium and nitrate from upstream and 

from terrestrial sources, along with nitrogen-containing compounds in organic debris. 

Nitrogen-fixing bacteria, including some cyanobacteria, also capture some nitrogen 

directly from atmospheric N2. These organisms catalyze the reaction of N2 and hydrogen 

to form ammonium (NH4
+), in a process called ammonification or nitrogen fixation. The 

ammonium is then available for use by algae and plants, or it may be converted into 

nitrite (NO2
-) and then nitrate (NO3

-) by a different set of bacteria. This process is known 

as nitrification. Using solar energy and atmospheric carbon, photosynthetic organisms 

incorporate the NH4
+ and/or NO3

- into proteins and other biomolecules. These organic 

compounds are then available for use by heterotrophs, which consume plant matter to 

assimilate the nitrogenous compounds they need to survive and grow. Another group of 

bacteria can also strip successive oxygen molecules from dissolved nitrate, converting it 

into nitrite and back into dinitrogen (N2). This dissolved N2 can then equilibrate with 

atmospheric N2 concentrations. Aquatic insects, fish, and amphibians excrete nitrogenous 

wastes (the byproducts of protein and nucleic acid breakdown) in the form of ammonia 

(NH3) (Allan and Castillo 2007; Gullan and Cranston 2010). In water, ammonia exists in 

equilibrium with ionized ammonium. At higher pH levels, the balance shifts towards 

more-toxic ammonia (U.S. EPA 2009). The nitrogen that enters the stream ecosystem 

may be incorporated into biomass, temporarily stored in sediments, re-released into the 

atmosphere, or exported downstream (in organic compounds, ammonium or nitrate) 
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(Tank et al. 2007).  

 Prior to human industrial innovations, nitrogen-fixing bacteria and cyanobacteria 

were the main sources of biologically available nitrogen. The invention of the Haber-

Bosch process in 1909 dramatically changed the global nitrogen cycle (Smil 2004). The 

commercial fixation of nitrogen into ammonium nitrate is an energy-intensive process 

that relies on fossil fuels as a source of hydrogen (Smil 2004). Through industrial 

fertilizer manufacturing and increased cultivation of legumes, we have more than doubled 

the natural background rate of nitrogen fixation, an increase that Rockström et al. (2009) 

consider dangerously unsustainable. Fertilizer runoff and wastewater inputs overload 

stream ecosystems with more nitrates than they can process effectively. If the nitrogen 

cannot be converted into biomass or released into the atmosphere, the excess is washed 

downstream. There, nitrates and phosphates can lead to harmful algal blooms and anoxic 

conditions (Diaz and Rosenberg 2008). 

 Phosphorus is another essential component of life on Earth; it is present in the 

lipid bilayer that encloses every cell, in the scaffolding that supports our DNA and our 

skeletons, and in ATP, the energy currency that powers our most basic cellular reactions. 

Once it is weathered from soil substrata and incorporated into plants, phosphorus may 

move quickly through trophic interactions among living organisms, but over time its net 

movement is inexorably toward the sea, never to return until geologic processes 

reincorporate it into benthic sediments and uplift the ocean floor into new highlands 

(Filippelli 2008). The global cycle of phosphorus is the slowest of all the essential 

nutrients, because while nitrogen and carbon circulate freely in the atmosphere (as N2 and 
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CO2), phosphorus is constrained to remain in a solid state (Allan and Castillo 2007). 

Phosphorus only moves from place to place when it is carried by flowing water, whether 

in the form of streams or the internal aqueous environments of busy animals. (A small 

amount of phosphorus also blows from the land to the sea in airborne dust [Carpenter and 

Bennett 2011]). Humans, by far the busiest of the animals, now move more phosphorus 

against the current from coastlines to uplands than untold eons of salmon and seabirds 

(Carpenter and Bennett 2011). Excess phosphates enter streams mainly through fertilizer 

runoff (Carpenter and Bennett 2011). In excess, what should be a blessing becomes a 

curse, and the consequences of extensive eutrophication may be severe indeed 

(Rockström et al. 2009). 

 Habitat degradation and loss of ecosystem function in urban streams exacerbates 

the problem of nutrient overloading. If higher amounts of nutrients are coming in to the 

stream from urban sources, and lower amounts are being removed by biological 

processes, more nutrients will be exported downstream (Meyer et al. 2005). Headwater 

streams can be “critical locations for processing N” (Royer et al. 2004). These small 

streams often exhibit greater efficiency in nitrogen processing due to “high biological 

activity combined with increased sediment/water contact time” (Tank et al. 2007). Larger 

streams often have longer nutrient spiraling lengths and decreased efficiency of 

denitrification (conversion of nitrates to N2) (Royer et al. 2004), though this trend may be 

equally applicable in all cases (Ensign and Doyle 2006). Studies in urban streams have 

consistently reported reduced nutrient uptake as compared to reference conditions (Walsh 

et al. 2005b). Meyer et al. (2005) conducted a nutrient addition study in streams along an 
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urban gradient near Atlanta, GA. They found that NH4 and soluble reactive phosphorus 

(SRP) uptake velocities (the “rate at which a nutrient moves [downward] through the 

water column toward the benthos”) decreased with increasing urban intensity (Meyer et 

al. 2005). Their results were likely more conservative than the actual conditions. Eleven 

of the 21 urban experiments were excluded from calculations because the change in 

nutrient concentrations over the sample reach was too small to measure accurately 

(Meyer et al. 2005). This outcome strongly suggested that the uptake velocity was even 

lower in these urban streams than in the other sites studied, indicating that the spiraling 

length was actually longer than the stream section itself (Meyer et al. 2005). The net 

concentrations of the added nutrients were hardly affected by their travel through these 

sections of urban streams. Meyer et al. (2005) suggested that the low nutrient uptake 

velocities observed in highly urbanized streams “appear to result from reduced biotic 

demand for nutrients” due in part to “reduced retention of organic matter.” Direct 

connectivity to stormwater pipes increases the effective imperviousness of the catchment 

and the flashiness of the stream’s hydography (Walsh et al. 2009). Flashiness increases 

streambed scouring, leading to decreased retention of organic matter and lowered habitat 

complexity, as well as physically displacing algae and macroinvertebrates (Borchardt 

1993; Aldridge et al. 2009). Reduced retention of organic matter leads to lower biotic 

demand for nutrients (Meyer et al. 2005). Lower biotic uptake decreases the rate of 

nutrient removal (e.g. the conversion of nitrates to N2, which would then diffuse out of the 

stream), leading to increased export of nutrients downstream (Meyer et al. 2005).  

 Urbanization may also affect nutrient processing in debris dams, streambank 
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sediments, and in the hyporheic zone (the porous groundwater exchange region 

underneath the main stream channel). Bernhardt et al. (2008) offer an extensive review of 

current research in nitrogen processing in urban streams, as well as strategies for 

remediation. Wenger et al. (2009) provide a shorter summary of these and other recent 

findings on nutrient dynamics in the context of urban stream ecology. Microbial 

denitrification (the removal of oxygen atoms from nitrate to form N2) is dependent on 

anaerobic conditions (Allan and Castillo 2007) and the availability of carbon for 

heterotrophic bacteria (Groffman et al. 2005). Groffman et al. (2005) found that organic 

debris dams (branches and leafpacks) and gravel bars that are rich in organic matter 

“have the potential to function as “hot spots” of denitrification”  in urban streams. The 

denitrification potential of these structures actually increases in response to higher stream 

NO3
- concentrations, providing an important regulatory feedback mechanism (Groffman 

et al. 2005). However, this protective capacity is lost if scouring stormwater flows 

prevent debris dam retention in urban streams, or if a lack of leaf litter prevents debris 

dam establishment (Groffman et al. 2005). Aldridge et al. (2009) found that microbial 

activity in leafpacks and debris dams is also important in phosphorus retention. Kaushal 

et al. (2008) found that denitrification rates were substantially higher in the hyporheic 

zones of riparian areas with “low, hydrologically ‘‘connected’’ streambanks designed to 

promote flooding and dissipation of erosive force for storm water management” as 

opposed to restored high ‘‘nonconnected’’ banks or unrestored reaches. Mulholland et al. 

(1997) reported that hyporheic metabolism can also contribute significantly to 

phosphorus uptake in streams, depending on the comparative size of the transient storage 
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zone.  

1.3.3 The river continuum concept and stream metabolism 

 The river continuum concept is fundamentally linked to stream metabolism and 

the dynamics of carbon flow through stream ecosystems. Like the nutrient spiraling 

concept, this model can also be understood in terms of stretching time-dependent 

stationary ecosystem processes into spatially-dependent flowing ecosystem processes. In 

this case, the factors of interest are successional, trophic and metabolic interactions, 

including the breakdown of terrestrial leaf litter, changes in macroinvertebrate 

community composition, and the overall balance between production and respiration 

(autotrophy vs. heterotrophy). From headwaters to large rivers, each section of the 

drainage network displays a different suite of characteristics and exerts different 

influences on the communities downstream. Figure 1.14 gives an overview of the 

upstream-to-downstream changes in community composition and ecosystem function that 

are predicted by the river continuum concept (Vannote et al. 1980). 
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Figure 1.14: The river continuum concept, from Vannote et al. (1980) 
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 Headwater streams receive inputs of organic material – leaves, twigs, and other 

“coarse particulate organic matter” or CPOM – from trees overhanging the stream and 

debris washing in from the drainage basin. These “allochthonous,” or external, inputs 

represent sources of carbon, nutrients, and energy that were “fixed” from the atmosphere, 

soil and sun by terrestrial plants. Before these resources can be made available for stream 

organisms, they must first be broken down into usable bits. “Shredder” invertebrates are 

able to exploit this niche and are consequently more common in headwater streams than 

in larger rivers downstream. “Collector” or “gatherer” invertebrates take advantage of the 

second step in the leaf breakdown process, feeding on the “fine particulate organic 

matter” or FPOM that the shredders leave behind. Organisms in this functional feeding 

group also make up a large proportion of headwater insect communities. Small streams 

that are shaded by overhanging trees may not receive enough light to support a great deal 

of in-stream photosynthesis (by algae and macrophytes), so the overall ratio of gross 

primary production (GPP) to ecosystem respiration (ER) is often less than 1 (Benfield 

2007). Streams with a GPP/ER ratio (also called a P/R ratio) < 1 are described as 

heterotrophic. 

 Traveling downstream, stream order and width increase and other characteristics 

change accordingly. Downstream reaches receive the exports of upstream reaches, as 

terrestrial nutrient inputs are broken down into finer and finer particles and reassimilated 

into aquatic organisms of increasing size and trophic level. In comparison to headwater 

streams, midsize streams and rivers contain similar proportions of collector invertebrates 

gathering FPOM, but host fewer shredders and more “scrapers.” These scraper organisms 
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feed on the microbial mats that cling to the surfaces of submerged rocks, logs and leaves. 

These microbial mats are largely composed of “algae, bacteria, fungi, and meiofauna […] 

that exist within a mucilaginous, polysaccharide matrix,” and the assemblage is referred 

to as periphyton, aufwuchs, or biofilm (Steinman and Mulholland 2007). Because 

medium-size streams are wider, they receive more sunlight and can support more in-

stream photosynthesis. If the P/R ratio is greater than 1, the stream is described as 

autotrophic. 

 Large rivers have a greater cross-sectional area and transport much higher 

volumes of water per unit time than smaller streams. Their wide channels often receive 

ample sunlight, promoting photosynthesis by phytoplankton. However, the surface-area-

to-volume ratio of large river channels is lower than that of headwater streams, providing 

proportionally fewer attachment surfaces for aquatic organisms. Additionally, areas of 

deep or turbid (murky) water may block sunlight from reaching the substrate, preventing 

the growth of macrophytes and algae. Large rivers collect the nutrients, sediments and 

other debris that wash in from connecting streams, supporting large populations of filter-

feeding invertebrates. These rivers tend to be heterotrophic, with a net P/R ratio < 1. 

 What does this production/respiration ratio mean, and how is it measured? 

Primary productivity is “the rate of formation of organic matter from inorganic carbon by 

photosynthesizing organisms,” and respiration releases this stored energy by breaking 

down organic compounds and re-forming (Bott 2007). The simplified net equation for 

photosynthesis is:   6 CO2 + 12 H2O → 6 O2 + C6H12O6 + 6 H2O  

Respiration can be understood as the reverse of this process. Whole-stream metabolism 
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can be monitored by tracking changes in dissolved O2 or CO2 concentrations, pH, or 

uptake of added [14C] bicarbonate (Odum 1956; Marzolf et al. 1994; Bott 2007). 

Dissolved oxygen (DO) is the most commonly studied parameter. Measurements can be 

carried out in chambers that enclose or cover a section of stream substrate, or in the open 

water of the stream channel (Marzolf et al. 1994; Bott 2007). Chamber measurements 

provide more controlled conditions but may not accurately reflect all aspects of whole-

stream metabolism. Open-channel measurements are more representative but introduce 

additional variables that must be taken into account. The most important of these is the 

reaeration constant, or the change in dissolved oxygen concentration due to nonbiological 

causes such as turbulent flow or diffusion from the atmosphere. This parameter can be 

determined by bubbling a volatile gas such as propane into the stream and measuring the 

rate at which it diffuses out, or by taking various measurements of stream hydrology and 

using a mathematical model (Marzolf et al. 1994). This thesis research used deployable 

dataloggers to collect open-channel DO measurements, with the intention of calculating 

gross primary productivity (GPP), ecosystem respiration (ER), and reaeration (k) through 

the use of a model developed by Drs. Mike Grace and Mike Harper at Monash 

University, Melbourne, Australia. This protocol is used by the Tank Lab at the University 

of Notre Dame. Grace and Imberger (2006) discuss these techniques and models in great 

detail. 

 When in-stream dissolved oxygen concentrations are tracked over several days, 

repeated daily fluctuations are often observed. Patterns of daily DO variation are known 

as diel respiration curves. All aerobic organisms consume oxygen via respiration 



52 

throughout the day. During daylight hours, photosynthetic organisms release additional 

O2 into the system (though this curve is not centered on noon due to the lag in 

processing). Figure 1.15 shows the change in DO over a 24-hour period: 

 

 

Figure 1.15: Diel respiration curve, showing GPP and CR (from Marzolf et al. 1994) 
 
 In Figure 1.15 (Marzolf et al. 1994), the community respiration (CR24) is the 

integral of the background rate of oxygen consumption, not including oxygen flux due to 

reaeration. The authors estimate the daytime respiration by drawing a line through the 

nighttime respiration data. The gross primary productivity (GPP) is the difference 
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between the observed increase in DO and the line estimating daytime respiration. The 

authors calculated that the community respiration rate exceeded the rate of gross primary 

production for the 24-hr period shown in Fig. 1.15 (CR24 = -19.69 µg O2·m-2·s-1 and GPP 

= 20.17 µg O2·m-2·s-1). See Section 4.1.2 (p.109) for diel respiration curves from Juday 

Creek and Bowman Creek. Dissolved oxygen concentrations are also important for the 

health and survival of aerobic aquatic organisms (Fig. 1.16):  

 

Figure 1.16: Dissolved oxygen tolerance (from http://www.water-
research.net/Watershed/dissolvedoxygen.htm) 
 

 Daily fluctuations in pH can also be observed in stream ecosystems, and these are 

closely linked to the diel respiration curves (Maberly 1996). When respiration exceeds 

primary productivity, CO2 concentrations increase and pH decreases, according to the 

equilibrium:  CO2 + H2O  H2CO3  HCO3
- + H+ (Maberly 1996). The same system is 

responsible for the bicarbonate buffer that helps maintain a steady plasma pH in human 

blood. (See Figure 4.7 on p.114 for diel pH curves from Bowman Creek.) As respiration 
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increases, aquatic animals excrete more ammonia along with CO2. In an interesting and 

fortunate self-regulatory mechanism, the increasing acidity shifts the NH3/NH4
+ 

equilibrium toward the less-toxic ammonium.   

 P/R ratios can also be estimated by analyzing biological samples. Biofilm samples 

can provide information about the P/R ratio by comparing the chlorophyll a content to the 

total amount of organic matter (the ash-free dry mass, or AFDM). The ratio of AFDM to 

chl a (both in mg/m2) is the Autotrophic Index (AI). Higher values generally indicate 

heterotrophic conditions, while lower values indicate autotrophic conditions. According 

to Steinman et al. (2007), “normal” AI values range from 50 to 200. 

 Macroinvertebrate community composition can also be used to describe the 

metabolic activity of a stream reach. The ratio of scraper invertebrates to (shredders + 

collectors) provides another estimate of the P/R ratio. For this method, a P/R ratio > 0.75 

suggests an autotrophic stream with a net production of organic matter, and a ratio < 0.75 

suggests a heterotrophic stream with net consumption of organic matter (Merritt and 

Cummins 2007). See Table 1.1 in Section 1.4.6 for more information, and see Section 

4.3.2 for P/R data from Bowman Creek macroinvertebrate analyses. Benthic 

macroinvertebrates can be used to estimate secondary productivity, though this labor-

intensive process requires measuring large numbers of specimens and using length-

weight regression tables to calculate the invertebrate biomass (Kohlhepp and Hellenthal 

1992; Lamberti and Berg 1995; Benke and Huryn 2007; Entrekin et al. 2007).  

 An understanding of carbon dynamics is essential for understanding stream 

ecosystem function (Tank et al. 2010). As described in Allan and Castillo (2007): “A high 
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rate of utilization [rate of conversion of organic C to CO2] relative to transport indicates 

that organic matter is contributing to stream metabolism and the stream ecosystem is 

efficient in its processing of organic C inputs. The opposite result indicates that most 

organic matter is exported downstream and the stream ecosystem is inefficient.” The 

lability and quality (availability and energy density) of in-stream carbon sources can have 

important regulatory effects on nutrient processing (Strauss and Lamberti 2000; 

Groffman et al. 2005; Meyer et al. 2005; Aldridge et al. 2009). As described by Groffman 

et al. 2005: “The balance between N source and sink processes in streams is strongly 

influenced by C fluxes. Carbon is the energy source that drives microbial immobilization 

of inorganic N as well as most denitrification activity.” Groffman et al. (2005), Meyer et 

al. (2005) and Strauss and Lamberti (2000) discuss the complex effects of organic matter 

on nitrification and denitrification. Meyer et al. (2005) and Aldridge et al. (2009) found 

that organic matter availability increases phosphorus uptake. 

 Urbanization can influence various aspects of stream ecosystem function through 

many different mechanisms. Controlled experimental manipulations are challenging, 

because researchers using this approach must find a balance between regulating 

unwanted sources of variation and accurately representing the dynamic nature of the 

system being studied. Pringle and Triska (2007) describe this paradox: “The more control 

exerted by the investigator, the more replicable the result, but the less applicable to 

natural systems. On the other hand, less-controlled field experiments and observations 

may accurately describe the current periphyton community at a particular site, but yield 

little insight into what factors control community development.” Several studies have 
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addressed these difficulties by creating physical model stream systems in which to test 

the explanatory power of theoretical models (Culp and Baird 2007). Mulholland et al. 

(1995) and Cardinale (2011) present particularly interesting examples of this type of 

investigation. Mulholland et al. (1995) tested the implications of the river continuum 

concept, the nutrient spiraling concept, the serial discontinuity concept and the patch 

dynamics concept by monitoring biofilm communities in constructed laboratory stream 

segments. Biofilm communities along a longitudinal gradient responded to changes in 

nutrient dynamics caused by upstream communities (Mulholland et al. 1995). 

Downstream communities contained higher percentages of cyanobacteria and exhibited 

increases in nutrient recycling within segments (Mulholland et al. 1995). Cardinale 

(2011) manipulated biofilm biodiversity and habitat heterogeneity in 150 experimental 

stream mesocosms. Diverse algal communities in complex habitats removed nitrate from 

the stream more effectively than low-diversity biofilms, a result that Cardinale (2011) 

attributed to niche partitioning. These types of experiments help test the foundations and 

assumptions of stream ecology, providing important linkages between theory and 

practice. Biodiversity is often used as an indicator of ecosystem health, but it is important 

to check that this theoretical framework is sound. 

1.4 Diversity indices and monitoring regimes  

1.4.1 Overview of benthic macroinvertebrate biomonitoring 

 Standardized sampling methods for analyzing freshwater lotic benthic 

macroinvertebrate communities provide invaluable data for understanding and 

quantifying the ecological effects of habitat disturbances (especially sedimentation and 
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toxic pollution) on stream habitats. Rapid Bioassessment Protocols (RBPs) focus on 

efficient data collection but lack the in-depth data produced by more thorough methods. 

Some sampling programs involve community or student participation, promoting 

outreach and education. The development of these protocols is dependent on an 

understanding of the regional, ecological and taxonomic context of the system being 

studied, and the results are usually used to make stream management decisions.  

1.4.2 What are benthic macroinvertebrates? 

 Benthic macroinvertebrates are the unsung, polysyllabic heroes of aquatic 

ecology. These freshwater creatures include bottom-dwelling crustaceans, mollusks, 

annelids, nematodes, mites and insects, though the last group is unquestionably the most 

rigorously studied. Adult true bugs (Hemiptera) and beetles (Coleoptera), along with their 

immatures and the immature stages of mayflies (Ephemeroptera), stoneflies (Plecoptera), 

caddisflies (Trichoptera), dragonflies (Odonata: Anisoptera), damselflies (Odonata: 

Zygoptera), dobsonflies and fishflies (Megaloptera: Corydalidae), alderflies 

(Megaloptera: Sialidae), and flies (Diptera), especially the midges (Diptera: 

Chironomidae) are some of the more commonly encountered groups (Merritt et al. 2008; 

McCafferty 1983; Lehmkuhl 1979). 

 The technical definition of a “benthic macroinvertebrate” can be explained by 

splitting the term into its constituent parts. These organisms are members of the benthos, 

or bottom-dwelling aquatic organisms, for at least part of their life cycle. They are 

macro-invertebrates, meaning that they are “retained by mesh sizes ≥ 200 to 500 

micrometers” (Rosenberg and Resh 1992). Tiny invertebrates, or meiofauna, such as 
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hydras and copepods are excluded from this definition. Finally, these protocols focus on 

invertebrates. While larval fish and amphibians of similar size may share the same 

habitat, these animals are studied using different methods.  

1.4.3 Why are benthic macroinvertebrates used to measure water quality? 

 Benthic macroinvertebrates are the stream ecologist's version of the proverbial 

canary in the coal mine. Just as miners once carried caged canaries into tunnels to 

monitor levels of dangerous gases, scientists can examine communities of aquatic 

invertebrates to estimate the ecological health of a stream. Canaries succumb to carbon 

monoxide poisoning at concentrations below the level of human toxicity. In a similar 

fashion, larval mayflies, stoneflies and caddisflies are more sensitive than other groups to 

sedimentation and pesticide runoff. Pollution-intolerant aquatic insects are therefore 

likely to be among the first taxa to disappear in impacted streams. Carter et al. (2007) 

point out that, “Unfortunately, there is circularity in the use of tolerance values in that 

they are based on where the organisms are found and then applied in an assessment based 

on an organism’s distribution. An inferentially stronger approach would be to base 

tolerance values on empirically derived laboratory and field testing.” Dang et al. (2009) 

propose that differences in nutrient-to-carbon composition ratios among 

macroinvertebrate taxa could provide an explanatory mechanism for observed variations 

in pollution tolerance.  

 Benthic macroinvertebrate biomonitoring can also be compared to forensic 

entomology. If authorities suspect that a human has been killed by poison, forensic 

entomologists may be called in to perform a close examination of the insects present at 
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the scene. By analyzing the growth stage and community structure of the insects feeding 

on the corpse, the scientists can often determine the approximate time of death. By testing 

insect tissues and exuviae (shed exoskeletons) for foreign chemicals, they may be able to 

detect the type of toxin administered. If authorities suspect that a stream has been 

'poisoned,' ecologists can apply similar sampling techniques and statistical analyses to 

draw conclusions about the cause and magnitude of the habitat degradation, and make 

management and mitigation recommendations. (Unlike rivers, however, cadavers offer 

few possibilities for remediation.) 

 Benthic macroinvertebrates are uniquely suited to biomonitoring for several 

reasons. In general, assessment programs that use living organisms to study habitat 

degradation are much more effective than chemical testing alone, because these methods 

will show the actual ecological impact of stressors and can reveal “episodic as well as 

cumulative pollution and habitat alteration” (Barbour et al. 1996). Chemical tests of a 

single sample of stream water provide only a snapshot of the water conditions at that 

moment, potentially missing a catastrophic event that happened a few days before 

(Whiting and Clifford 1983), or underestimating the combined, synergistic effects of 

small concentrations of toxins in the water over time (Schwarzenbach et al. 2006). 

However, a standardized macroinvertebrate sample from the same stream (when 

compared to prior samples from the site or appropriate reference conditions) would be 

expected to show deviations from the predicted community structure, indicating stress on 

the system. For example, if a coal sludge impoundment pond burst its dam and 

overflowed into a river weeks or months prior to sampling, the sediment and toxins might 
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have washed downstream, but irregularities in the aquatic communities would remain and 

could still be detected (e.g. if a large portion of the sensitive stonefly larvae population 

had been smothered or poisoned, fewer stoneflies than expected would be collected). 

These differences can be analyzed statistically and used to create indices that quantify the 

magnitude of the disturbance.  

 Though different monitoring programs also use other taxa to measure water 

quality (e.g. bacteria, protists, fungi, algae [mainly diatoms], macrophytes [larger plants], 

and especially fish), macroinvertebrate sampling offers several advantages (Cairns and 

Pratt 1993). Compared to microscopic taxa, insects are easier for non-experts to identify 

in the field (Rosenberg and Resh 1993). Macroinvertebrates generally have longer 

lifespans than microbes and meiofauna, allowing them to “act as continuous monitors of 

the water they inhabit” (Rosenberg and Resh 1993). As compared to larger organisms 

like fish, invertebrates are generally less mobile, especially as larvae (increasing the 

likelihood that a sample will reflect the conditions of the immediate area, without as 

much recruitment from other areas following a major disturbance). Insects are typically 

more abundant than fish (Allan and Castillo 2007), making it faster and easier to catch 

enough individuals, in a standardized way, to obtain statistically significant results. 

Vertebrate research also requires more stringent permits (including IACUC permits), and 

some rare fish species are under harvest restrictions (see Plotnikoff and Wiseman 2001), 

whereas fewer invertebrates are covered by these types of protections (with the exception 

of some freshwater mussels). 
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 However, as Rosenberg and Resh (1993) point out, there are difficulties inherent 

in using benthic macroinvertebrates as indicators of water quality. Most importantly, 

monitoring protocols must control for confounding factors (besides pollutants and habitat 

alteration) that could affect insect communities. These variables will be discussed later in 

more detail, but include natural habitat differences, seasonal changes, regional variations, 

and insect movement. Taxonomic resolution and volunteer training must also be taken 

into consideration when designing protocols for benthic macroinvertebrate identification. 

1.4.4 How are benthic macroinvertebrates used to measure water quality? 

 With no prior knowledge or preparation, wading into a random body of water, 

turning over a rock, and plucking out a squirming thing with lots of legs will tell 

absolutely nothing about the ecological condition of that stream. Biomonitoring data is 

only useful in context, and for this reason, it is essential that benthic macroinvertebrate 

sampling is done in a thoughtful, organized way, as part of a broader program. There are 

different types of biomonitoring programs for various uses, and there are many sampling 

protocols that have been developed for specific conditions and regions. 

 Historically, early frameworks for connecting macroinvertebrate diversity and 

abundance to pollution levels were largely qualitative and focused on the use of indicator 

species. The Saprobien system developed in Europe by Kolkwitz and Marsson in 1909 

related lake pollution to organic matter contamination, and paved the way for the 

development of the concept of indicator species (which display varying degrees of 

pollution tolerance), as summarized by Cairns and Pratt (1993) and Carter et al. (2007). 

Reynoldson et al. (1997) also discussed the evolution of the use of comparative reference 
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conditions in stream monitoring programs. In recent large-scale work, if a group such as a 

state environmental agency decides to develop a new benthic macroinvertebrate sampling 

program, the first prerequisite is the availability of accurate, in-depth, and specific 

information about the species in the area, including their pollution tolerance, ecological 

roles and traits. Next, the agency will conduct a study of the least-impacted (most 

pristine) rivers and streams in the area, to develop statistical models of how a “normal” 

assemblage of insects is expected to look. This data set is called the reference condition 

and must take into account ecoregion, season, stream size, in-stream habitat, and other 

potential confounding factors. After several years of background data collection (at least), 

impacted streams can begin to be tested and compared to similar reference streams. 

However, earlier authors did not have access to much of the centralized taxonomic and 

ecological information that is currently available, such as the impressive USGS database 

of lotic invertebrate traits (Vieira et al. 2006). Therefore, much of their work focused on 

methods such as upstream-downstream comparisons, or taking samples from different 

sides of lakes, to attempt to determine effects of habitat disturbance (Reynoldson et al. 

1997).  

 These procedures are still used today, depending on the scale and goals of the 

project being conducted. Sampling regimes can compare a potentially impacted site to a 

set of reference conditions (spatial comparison in different water bodies), or to another 

site upstream of the disturbance on the same stream (spatial comparison within the same 

water body), or to the same site before and after the disturbance (temporal comparison). 

Overviews of 1980s-1990s research (as cited by Reynoldson et al. 1997) showed that 
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63% of lotic (flowing water) and 26% of lentic (still water) studies used the first type of 

comparison, 15% of lotic and 28% of lentic studies used the second type, and 22% of 

lotic and 46% of lentic studies used the third type. The temporal comparison is especially 

useful in Before-After Control-Impact (BACI) studies, in which the change in habitat 

function prior to a disturbance is compared to the post-impact condition (such as before 

and after dam construction or habitat restoration projects). Compliance biomonitoring is 

another type of study, typically involving regulatory agencies monitoring conditions 

downstream of a point source pollutant, such as a discharge pipe from a factory 

(Rosenberg and Resh 1993).  

 The rest of this section will focus on the specifics of data collection and analysis 

for the first type of large-scale, long term biomonitoring programs described above (with 

a focus on North American programs). The methods used to collect and analyze data for 

this type of program can generally be divided into two types: Rapid Bioassessment 

Protocols (also known as RBPs or the Community Assessment Approach), which are 

designed for quicker, easier evaluations, versus the more-intensive protocols designed to 

collect more in-depth data (Lenat and Barbour 1994). In general, the overall goal of both 

types of protocols is to distinguish between acceptable and unacceptable levels of habitat 

degradation in order to decide whether or not management actions are required. This 

objective is accomplished through collecting standardized data, comparing results to 

appropriate reference conditions, and using weighted analysis metrics to calculate an 

index value as the final result. An index value is a single number on a scale describing 

ecosystem health, with ranges designated as “Very Poor, Poor, Fairly Poor, Fair, Good, 
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Very Good, Excellent” etc., and it can be used to prioritize decisions about the need for 

management, regulatory decisions or remediation. However, protocols arrive at this 

number in different ways, and the amount of additional information collected varies 

enormously. 

 Rapid Bioassessment Protocols aim to “expend the minimum amount of effort 

required to get reproducible, scientifically valid results” and most RBPs are “designed to 

go from field collections (3 to 5 sites) to a report in five working days” (Lenat and 

Barbour 1994). This is usually the standard in situations involving limited funding, time, 

personnel, training (e.g., programs involving citizen and student volunteers), a lack of 

background regional taxonomic data, and/or limited availability of expert taxonomists. 

The most widely-used RBP was developed by the U.S. Environmental Protection Agency 

and is designed to be broadly applicable across geographic areas (Barbour et al. 1999). 

Lenat and Barbour (1994) describe four ways in which RBPs reduce the amount of effort 

and resources required for ecological assessment. RBPs may limit the number of 

organisms collected, by sampling to a target number (such as picking out the first 100 

organisms from randomly selected subsamples of the whole sample). These protocols 

may also limit the type of organisms collected (such as focusing on sensitive EPT taxa 

only – Ephemeroptera, Plecoptera and Trichoptera). These methods may also use 

qualitative, semiqualitative, or ordinal categories for counting organisms (by rating 

abundance on a numerical scale or as “rare, common or abundant” etc.). Finally, RBPS 

may also reduce the effort involved with data collection and processing by identifying 

organisms only to order or family as opposed to genus or species.  
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 There are many other protocols besides RBPs. Generally, each federal or state 

agency, or university research team, that uses biomonitoring will make its own regional 

variations or adapt the protocol of a neighboring area. Notable programs have been 

developed for use in Wisconsin (Hilsenhoff 1982), North Carolina (with the North 

Carolina Biotic Index), Maine, Ohio, Tennessee, Kentucky, Virginia, and California, 

among others, and the U.S. Forest Service also has region-specific protocols. More 

specifics of the data collection process, and some variations among these different 

strategies, will be discussed in the next section.  

1.4.5 How are the data collected?  

 The choice of specific sampling methods can have a profound effect on the results 

and accuracy of a benthic macroinvertebrate sampling program. The most important 

decisions involve the selection of the study area and within-stream sampling sites, the 

target number and type of organisms to be collected, the tools to be used, and the people 

who will use them.  

 When selecting a suitable study area, it is important to take into account the 

inherent limitations of aquatic insect sampling protocols. The vast majority of the 

research that has been done on the subject has focused on shallow (“wadeable”) 

freshwater streams, with little available data on very large rivers (≥5 th order), lentic 

habitats like lakes and ponds, and transitional areas between lotic and lentic habitats 

(Merrit et al. 2002; Lenat and Barbour 1994). The main problems with larger rivers and 

slow-moving or still waters are technical in nature. It may be difficult or dangerous to 

collect representative samples from deep, fast-moving water, and it is also somewhat 
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harder to collect area-quantified samples in slow-moving waters because there is no 

current to sweep dislodged invertebrates into nets. The size of a stream also has an effect 

on the richness of taxa it can be expected to support. Many protocols specify a minimum 

stream width because, for example, streams less than 3m wide have been found to have 

20% lower expected EPT (Ephemeroptera, Plecoptera, Trichoptera) richness than larger 

streams, but richness may also decrease in the largest rivers as a function of current speed 

(Lenat and Barbour 1994). Sampling protocols typically have a correction factor for 

stream order. Stream order is an important measure of relative size in lotic systems. First-

order streams are small headwaters, and two first-order streams can join to form a 

second-order stream. Two second-order streams can join to form a third-order stream, 

and so forth. 

 Another important factor affecting benthic macroinvertebrate richness and 

abundance is the time of year when a sample is collected. Taxa such as mayflies, which 

emerge en masse as adults to breed during a specific time period, are much more difficult 

to find as aquatic larvae when the majority of the population is flying, or newly deposited 

as eggs. Many protocols (e.g., North Carolina, Ohio, Maine and Washington) have a 

recommended seasonal sampling window, which varies according to the regional climate. 

The North Carolina Biotic Index is based on sampling from June through September, and 

Lenat and Barbour (1994) recommended adjusting the final 0-10 scale of ecological 

stream health during winter and spring, by adding 0.2 points to streams in the Piedmont 

and Coastal Plains ecoregions and 0.5 points to colder mountain streams. The 

Washington State protocol has a slightly different sampling period, July 1st through 
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October 15th, in order to allow adequate time for habitat stabilization after spring 

snowmelt floods (Plotnikoff and Wiseman 2001). Marchal (2005) pointed out that 

macroinvertebrates of higher pollution tolerance are typically more common during 

warmer months (when dissolved oxygen values may be lower), and Jason Robinson (an 

entomology graduate student at the University of Tennessee – Knoxville), offered the 

somewhat contrasting view that, in general, sampling Appalachian streams in early spring 

would yield the highest taxa richness, while late summer sampling would yield the lowest 

richness estimates (Robinson, pers. comm., 2008). Regardless of the specific temporal 

changes in taxa richness and abundance, it is important to collect sampling data 

throughout the year in order to provide a baseline reference condition. 

 Within-stream site selection is another factor that varies between sampling 

protocols. The goal is to minimize habitat differences between the test stream sampling 

sites and the sites sampled in the reference streams. Stream microhabitats vary between 

high-gradient and low-gradient streams and also among streams with different substrate 

types (gravel, cobbles, sand, mud, etc.). Riffles, pools, snags, root mats, submerged 

macrophytes and hyporheic gravel beds are just a few examples of different in-stream 

microhabitats (Frissell et al. 1986). Invertebrate abundance and capture rates are subject 

to unavoidable stochastic variation (Lenat and Barbour 1994). Due to this underlying 

“noise” in the data, invertebrate-derived measurements of stream health may vary by 20-

30% among replicates from identical habitats (Lenat and Barbour 1994). Unintentional 

sampling bias could introduce additional variability, so standardized site selection 

methods are used to minimize this type of error. Protocols are generally divided into 
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single-habitat and multihabitat procedures. Single-habitat procedures almost always 

sample shallow, erosional, fast-flowing riffles. Multihabitat methods may involve 

separate or composited samples from “representative habitats,” the “most productive 

habitat,” any high-current habitat with “structure,” or the “least stressed habitat” (Lenat 

and Barbour 1994). One EPA multihabitat protocol also indicates that composited 

samples should be taken from different habitats in accordance with the relative proportion 

of that habitat in the stream (Nerbonne et al. 2008). Lenat and Barbour (1994) also cite a 

study by Plafkin et al. (1989), which found that 100-count single-habitat riffle samples 

included only 35-68% of the taxa collected in multiple habitats in the same streams.  

 Once the study area and in-stream sites have been selected, the actual physical 

methods and tools to be used for invertebrate collection must be determined. Hauer and 

Lamberti (2007), Allan and Castillo (2007), McCafferty (1981), and Lehmkuhl (1979) 

offer good overviews of the different types of equipment that are used for collecting 

aquatic insect samples. Nets are one of the most common tools used in stream ecology. 

Types of nets include sweep nets (D-frame nets, A-frame nets, and dipnets), as well as 

rectangular kicknets. Specific procedures vary among protocols, but often involve a set 

number of sweeps in a specific range of habitats, area-delimited searches, or time-

delimited visual encounter surveys. Tools such as Surber samplers and Hess samplers 

restrict the sample site to a region of known surface area on the substrate. 

Macroinvertebrate density and abundance can be quantified if area-delimited samples are 

taken. This can be accomplished more generally with other kinds of nets by disturbing a 

certain area upstream of the net through kicking, hand-washing of rocks, or the use of a 
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brush to dislodge particularly well-attached insects. One of the few viable methods for 

large, unwadeable rivers is the use of artificial substrates. These samplers come in two 

main varieties, the basket-type and the multiplate or Hester-Dendy sampler. The use of 

basket-type substrates “involves bundling up a collection of brick fragments, soaked 

wood, and other suitable material into a manageable size, perhaps using poultry netting to 

hold it together. It is placed on a river or lake bottom for a number of days until it is 

colonized by the surrounding insect community. The sampler substrate is then retrieved 

with a rope or wire previously attached,” often collecting “rare and unusual taxa” 

(Lehmkuhl 1979). Hester-Dendy collectors are more easily standardized and can be 

adjusted to fit the size of the habitat being sampled by changing the number, area or 

spacing of plates that are attached to a long central eye-bolt (FL DEP 2006). One nearly 

ubiquitous piece of field equipment is shallow white pans, because dark-colored, cryptic 

insects stand out so well against the bright background (McCafferty 1983; Lehmkuhl 

1979). Some protocols also use ice cube trays for initial field sorting of invertebrates into 

different taxonomic groups (Robinson n.d.).  

 Many monitoring agencies enlist the help of volunteers, students, community 

members, citizen scientists and other non-professionals in conducting field samples of 

benthic macroinvertebrates. Nerbonne et al. (2008) states that participation in monitoring, 

“can be an engaging activity that teaches local residents about effects of anthropogenic 

pollution on aquatic communities,” and tested the effects of volunteer training through an 

experiment in Minnesota streams. The study by Nerbonne et al. (2008) cites results from 

Reynoldson et al. (1986) in which data collected by volunteer high school students was 



70 

found to be more variable than those collected by professional biologists, but the final 

results showed similar trends in water quality. Additionally, as volunteers in a separate 

study received more training, the results from their samples more closely resembled data 

from fisheries biologists (DiStefano 1999, as cited in Nerbonne et al. 2008). Nerbonne et 

al. (2008) also offered interesting perspectives on why volunteers might skew the results 

from an EPA multihabitat sampling protocol: "volunteers (perhaps fearful of what might 

be lurking in the vegetation or woody debris) attempt to follow the EPA multihabitat 

protocol, but sample mostly in the riffle and run areas" or “(perhaps excited about the 

potential for finding crayfish and other larger invertebrates) [...] sample mostly in woody 

debris and vegetated banks." However, any programs utilizing non-expert help will 

generally follow simple procedures, often incorporating cross-checks and periodic 

validation tests to ensure the accuracy of the data (Lenat and Barbour 1994).  

 Once samples have been collected, invertebrates are identified in the field or 

preserved for lab identification. Sorting in the field offers the advantages of using less-

battered specimens that have not degraded in color. Living, moving invertebrates may 

also be easier to distinguish among debris. However, lab identification provides a more 

controlled setting, with dissecting microscopes and entomological references, allowing 

greater inclusion and more precise identification of young instars and smaller taxa 

(especially midge larvae). Preservation in 95% to 70% ethanol is important if specimens 

are to be kept in the same container for any appreciable length of time, as confining live 

predators in jars with prey results in sample degradation (Plotnikoff and Wiseman 2001). 

(Watersnipes, a type of larval dipteran, can be especially ferocious in these situations, 
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from personal observations.) Maintenance of preserved reference collections of 

specimens can also help future identification efforts and taxonomic studies. 

1.4.6 How are the invertebrates identified? 

 Some of the most-debated procedures in any stream protocol take place after all 

the samples have been collected. Many papers have been published dealing with 

taxonomic resolution (the taxonomic level to which the majority of the specimens are 

identified, for example order, family, genus or species) (Lenat and Barbour 1994; Bailey 

et al. 2001; Lenat and Resh 2001; Merritt et al. 2002; Arscott et al. 2006; Herbst and 

Silldorff 2006; Carter et al. 2007). Briefly, most authorities believe that identification to 

order or family level is justified when: 

• Resources are limited (these could include funding, time, personnel, and 

availability of taxonomic experts) 

• Genus- or species-level taxonomy is poorly known, or is in dispute 

• There is little within-family diversity; e.g., in areas that are recently glaciated, 

long anthropogenically disturbed, have low habitat diversity or naturally low 

richness (Lenat and Resh 2001) 

• “[T]hat the objective is to communicate, and that taxonomy should not be a secret 

code for a handful of conspirators” (Lehmkuhl 1979) 

• “Selecting coarser taxononomic levels may increase perceived community 

similarity but provides a common currency for conversations among scientists and 

nonscientists” (Bournard et al. 1996) 
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However, many sources say that identification to genus or species is more appropriate 

when: 

• Assemblages of indicator species are being used to estimate pollution levels 

(tolerance levels often vary within families) (Lenat and Barbour 1994) 

• Physiology, toxicological response, population dynamics or secondary production 

of a particular species or group of species is used (Bailey et al. 2001) 

• The study is conducted in taxonomically rich areas that have undergone high 

adaptive radiation, leading to greater diversity within families (Lenat and Resh 

2001; Bailey et al. 2001) 

• Attempting to differentiate between similar sites along a disturbance gradient 

where the expected difference is small (Arscott et al. 2006) 

• Identifying high-quality water resources (Lenat and Barbour 1994) 

• “[I]t also satisfies the soul of the naturalist that lives within most benthologists to 

be able to name the species [...]” (Bailey et al. 2001) 

 Compromises do exist between these extremes. Identification to mixed taxonomic 

levels is often referred to as using the “best available taxonomy” or identifying to the 

“lowest practicable level” (Lenat and Resh 2001). Non-insect taxa such as oligochaete 

worms, as well as some insects such as chironomid midge larvae are often groups that are 

left at higher taxonomic levels because they are difficult to identify. However, the high 

abundance, wide distribution, and variable pollution tolerance of the Chironomidae can 

be used to great effect by experts in midge identification (Armitage et al. 1995). Bailey et 

al. (2001) propose a two-tiered approach for bioassessment studies, using family-level 
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identification for multivariate analyses or index calculation, and species identification for 

a short list of indicator taxa that are appropriate for a particular study.  

 Several studies have provided quantitative analysis of the effort involved in 

identifying specimens to higher taxonomic resolution. Lenat and Barbour (1994) found 

that with the EPA RPB family-level protocol, the reduction in processing time was 

mostly for personnel with limited experience, as taxonomists with 3-4 years experience 

could identify most organisms to the species or genus level almost as quickly as the 

family level. Hilsenhoff (1982) found that combined field and lab time to arrive at a 

genus-based biotic index was only an hour per stream, and identifying to species level 

took just 21 minutes longer on average. Herbst and Silldorff (2006) compared three 

different sampling protocols and found that the most rigorous one, the CA-SNARL 

(University of California Sierra Nevada Aquatic Research Laboratory), took 1.5-3 times 

as long to process in the lab as the other two. Perhaps the most pointed observation 

comes from Bailey et al. (2001): “Skilled taxonomic technicians often argue that the 

incremental costs to identify a group of invertebrates to genus rather than family are quite 

small, but the more pertinent question is whether real cost savings are possible by 

reducing the need for highly skilled taxonomic experts.” 

 In addition to their taxonomic classification, invertebrates can also be sorted by 

their pollution tolerance (indicator status), habitat preference (Functional Habitat Group, 

or FHG), and trophic level (or Functional Feeding Group, FFG), often as part of the 

multimetric analyses that will be discussed in the next section. Unfortunately, little 

research has been done on the question of how to incorporate invasive species into 
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benthic macroinvertebrate analyses. Merrit et al. (2002) state that “The entire issue of 

using alien species in calculating these [functional-group] ratios needs further 

assessment,” especially as they are currently usually excluded from calculations entirely.  

 Functional-feeding groups (FFGs) divide benthic macroinvertebrates into 

ecologically meaningful guilds based on their food preferences. Although these 

characteristics may vary by instar stage and food availability, FFG designations are often 

used in calculating ratios to analyze habitat characteristics. Cummins et al. (1973) is 

credited with the first classification of insects by feeding group, and Merrit et al. (2007) 

designated the following groups (Table 1.1): 

Table 1.1: Functional-Feeding Groups, from Merritt et al. (2002) 
 

Shredders 
Feed on CPOM (Coarse Particulate Organic matter, >1mm 
diameter, either live aquatic macrophyte tissue or coarse terrestrial 
plant litter) 

Scrapers Harvest periphyton and associated particulate material from 
substrate surfaces, primarily live plant stems 

Filtering and 
gathering 
collectors 

Detritivores; collect FPOM (Fine Particulate Organic Matter, <1 
mm diameter) 

Plant piercers Imbibe cell fluids from filamentous macroalgae and vascular 
hydrophytes 

Predators Capture live prey 

 

Merrit et al. (2001) also assigned benthic macroinvertebrates to Functional-Habit Groups 

(FHGs), as shown in Table 1.2 (these agree closely with those from McCafferty 1981, 

though McCafferty presented very different FFGs): 
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Table 1.2: Functional-Habitat Groups, from Merrit et al. (2001) 
 

Clingers Have morpho-behavioral adaptations to resist dislodgement 

Climbers Have opposable legs or suction devices used in moving vertically 
up and down plant stems 

Sprawlers Have adaptations for staying on top of fine sediments, or are 
supported by floating plant leaves with no special adaptations 

Burrowers Live in the sediment interstices or in constructed tubes within the 
sediment 

Swimmers Move in short bursts between resting locations, usually on 
submerged portions of aquatic vascular plants 

Skaters/divers Are associated with the surface film, including some that regularly 
dive beneath the surface 

Planktonic forms Are suspended in the water column with little ability to move 
significant distances by their own locomotion 

 

Some RBP protocols use FFGs and FFHs to simplify invertebrate classification, usually 

by grouping families that share similar ecological traits. In contrast, Poff et al. (2006) 

studied these traits and others to design a more detailed analytical approach. Poff et al. 

(2006) used a comprehensive USGS meta-database of North American invertebrates 

which listed the specific trait states displayed by each species for each of the traits 

studied. These traits are shown in Table 1.3, and each trait has multiple possible states 

that are not listed in Table 1.3: 



76 

Table 1.3: Traits from USGS meta-database (Poff et al. 2006) 
 

Li
fe

 h
ist

or
y Voltinism (generations/yr) 

Development 
Synchronization of emergence 
Adult life span 
Adult ability to exit 
Ability to survive dessication 

M
ob

ili
ty

 Female dispersal 
Adult flying strengh 
Occurrence in drift 
Maximum crawling rate 
Swimming ability  

M
or

ph
ol

og
y 

Attachment 
Armoring 
Shape 
Respiration 
Size at 
maturity 

Ec
ol

og
y 

Rheophily (depositional vs erosional vs both) 
Thermal preference 
Habit (burrow, climb, sprawl, cling, swim, skate) 
Trophic habit (collector-gatherer, collector-filterer, 
herbivore [scraper, piercer, and shredder], predator 
[piercer and engulfer], shredder [detritivore]) 

 

The use of such sophisticated and detailed analyses can increase the value of genus- and 

species-level identification data collected in biomonitoring samples. Specific knowledge 

of exactly how each different ecological guild of insects is impacted by habitat 

degradation can help pinpoint the causes of disturbance and assist in addressing these 

issues.  

1.4.7 How are the data analyzed?  

 Common metrics that can be calculated from raw abundance and identification 

data include community structure metrics, such as the taxa richness (# of species, S), 

similarity coefficients, and EPT taxa richness (which has been shown to be less variable 

than total taxa richness year-to-year). These community structure metrics can be 

qualitative (e.g. the Jaccard Index) or quantitative (e.g. the Pinkham-Pearson Index). 

Maine protocols and the EPA RBP use the Community Loss Index developed by 

Courtemanch and Davies (1987), while Arkansas and North Carolina protocols use 
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variations on the Common Taxa Index and Common Dominants Index (Lenat and 

Barbour 1994). 

 Other metrics require additional information from natural history studies or 

databases. These analyses include community balance metrics (such as evenness) and 

diversity indices (such as the Shannon Diversity Index) that take into account species 

richness and evenness. Other metrics include: % contribution of the dominant taxon, EPT 

abundance/Total abundance, EPT abundance/Chironomid abundance, Hydropsychidae 

abundance/Total Trichoptera, Baetidae abundance/Total Ephemeroptera, Tanytarsini 

abundance/Total Chironomidae, and others (Lenat and Barbour 1994). Tolerance metrics 

often require species- or genus-specific information, and are usually based on the 

percentage of intolerant species in the sample, by richness or abundance. Ecological 

metrics based on feeding groups are also very common, as described by Merritt and 

Cummins (2007) and Robinson (n.d) (Table 1.4): 
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Table 1.4: Ecological metrics for benthic macroinvertebrates 
 

Production-Respiration Ratio (P/R) 

 

Ratio of Scrapers to (Shredders and Collectors) 

P/R > 0.75 suggests an autotrophic stream (net production of organic matter)  
P/R < 0.75 suggests a heterotrophic stream (net consumption of organic matter) 

Allochthonous (external) Input Index (CPOM/FPOM) 

 

Ratio of Shredders to (Collectors and Filterers)  

Heterotrophic systems relying primarily on leaf and wood inputs (shredder streams) 
will have spring and summer values > 0.25 (autumn and winter values > 0.5) 

Streams which have little riparian vegetation may have fewer organisms which rely 
on allocthonous materials 

Fine Particulate Organic Matter Transport (TFPOM/BFPOM) 

 

Ratio of Filterers to Gatherers 

'Natural’ values in small to medium sized streams should be > 0.5 

Enrichment of streams with FPOM (fine particulate organic matter) may result in 
benthic storage of these materials, potentially contributing to an increased BOD 
(biological oxygen demand) and diminished habitat value 

Substrate (Channel) Stability Index 

 

Ratio of (Scrapers and Filterers) to (Shredders and Gatherers) 

This metric evaluates the availability of stable surfaces and substrates for benthic 
macroinvertebrate habitat (values should be > 0.5) 

Top-Down Control 

 

Ratio of Predators to all other groups 

If predators are controlling macroinvertebrate distributions, value would be greater 
than 0.15. (Normal range 0.10 – 0.20) 
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 More advanced, complex methods of multivariate statistical analysis include 

ordination such as correspondence analysis and classification techniques such as 

clustering (Gotelli and Ellison 2004). Brown et al. (2009) used nonmetric 

multidimensional scaling, a type of ordination, to analyze macroinvertebrate assemblage 

response to urban gradients. Maloney et al. (2009) compared the ability of five different 

modeling methods to predict the benthic macroinvertebrate Index of Biotic Integrity from 

land use and land cover variables and landscape measures. Their research focused on 

Maryland streams and involved the use of classification and regression trees, conditional 

inference trees, random forests (RF), conditional random forests (cRF) and ordinal 

logistic regression (Maloney et al. 2009) . Ramírez et al. (2009) used cluster analysis to 

partition urban, agricultural and forested stream sites in Puerto Rico based on their 

macroinvertebrate assemblages. Caskey et al. (2010) used a variety of different statistical 

analysis techniques to examine breakpoints in the relationships between 

macroinvertebrate and fish community response metrics and various urban stream 

stressor variables. Carter et al. (2007) compared various multimetric and multivariate 

approaches for analyzing benthic macroinvertebrate biomonitoring data. Gotelli and 

Ellison (2004) provide detailed information about the theory and practice of ecological 

statistics. 

1.4.8 How are the data used? 

 Benthic macroinvertebrate community data can be used for a wide range of 

applications. Statistical analyses that create indices of ecosystem health are especially 

useful for making management and regulatory decisions about hydrological projects, 
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remediation and possible legal action against waste-discharging industries that violate 

permit specifications. More complex multivariate analyses based on long-term data sets 

with specimens identified to genus or species are excellent sources of information for 

answering ecological questions about trophic interactions (including food availability for 

fish, an important value for fisheries biologists and fishermen) and stream nutrient 

dynamics.  

1.4.9 Benthic macroinvertebrates in urban streams 

 Throughout the available literature, the most consistently reported effects of 

urbanization on benthic macroinvertebrates are changes in community composition. As 

described by Walsh et al. (2005b): “Assemblages of highly degraded streams within 

urban catchments are numerically dominated by a few species of oligochaetes (typically 

tubificids, lumbriculids, and naidids) and chironomids. We know of no studies where any 

other pattern has been reported.” Lamberti and Berg (1995) found consistent results in 

South Bend, Indiana, reporting that, “chironomids accounted for up to 80% of the total 

aquatic insect secondary production in Juday Creek” prior to restoration. The relative 

abundance of macroinvertebrates belonging to shredder functional-feeding groups often 

decreases with urbanization (Walsh et al. 2005b). This specific reduction is likely 

associated with decreases in leaf pack input and retention (Borchardt 1993; Aldridge et al. 

2009). Excess sedimentation increases the embeddedness of cobble (rocks) in the stream 

substrate, filling in interstitial streambed habitats and negatively affecting riffle 

invertebrate communities (Lamberti Berg 1995; Roy et al. 2003). 

 Urbanization may also affect dispersal, drift and seasonal variation in 
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macroinvertebrate assemblages. Smith et al. (2009) examined urban effects on the 

dispersal of adult macroinvertebrates, and suggest that “anthropogenic activities have the 

potential to prevent the completion of aquatic insect life cycles and to limit adult 

dispersal, and therefore, can affect population persistence.” Borchardt (1993) found that 

high flows can dislodge macroinvertebrates, increasing drift lost downstream; this could 

increase dispersal but could also disrupt community structure. Brown et al. (2009) found 

“increased frequency and magnitude of high-flow events in urbanized areas, primarily 

because of increased impervious surface associated with urbanization” but suggested that 

“this pattern is not universal” and can be affected by stormwater management practices. 

Walsh et al. (2009) proposed that effective imperviousness, or hydrologic connectivity, of 

the catchment is more detrimental to stream ecosystems than simple total impervious 

surface area. Moerke et al. (2004) reported unexpectedly rapid recolonization of 

macroinvertebrates following channel disturbance caused by a restoration project on 

Juday Creek (South Bend, IN). Macroinvertebrate densities in the restored reaches 

recovered to densities comparable to the unrestored (undisturbed) upstream section 

within 14 days, and diversity recovered by 120 days post-restoration (Moerke et al. 

2004). Moerke et al. (2004) compared these results to studies in other areas, in which 

macroinvertebrate communities required 70-150 days to recover in terms of density, and 

250 days to 2 years to re-establish prior diversity. Seasonal factors may have influenced 

the impressive recolonization of Juday Creek because the restoration took place in the 

early autumn, “a time of active drift and oviposition by aerial adults” (Moerke et al. 

2004). However, urbanization may alter seasonal patterns of macroinvertebrate activity. 
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In a study of streams in western Georgia, Helms et al. (2009) found that the influence of 

urbanization on macroinvertebrate communities “appears to be consistent throughout the 

year and reduces seasonal changes in assemblages.” 

 The amount of alteration in invertebrate assemblages, as compared to reference 

conditions, has been shown to vary with the extent of urbanization. Moore and Palmer 

(2005) studied 29 headwater streams in Maryland and found that macroinvertebrate “taxa 

richness was related negatively and linearly (no statistical threshold) to the amount of 

impervious surface cover” in the catchment. Brown et al. (2009) also found a negative 

linear correlation between macroinvertebrate metrics and urbanization metrics, in a 

combined standardized study of nine metropolitan areas across the U.S. This research 

also found no evidence for threshold effects, indicating that stream communities 

exhibited no “initial resistance to urbanization” (Brown et al. 2009). This result means 

that “there appeared to be no level of urbanization that had no discernible negative effect 

on fish, algae, or invertebrate assemblages” (Brown et al. 2009). Prior land use was an 

important factor in both of these studies and is also discussed by Maloney et al. (2008) 

and Moerke and Lamberti (2006a). Brown et al. (2009) suggested that pre-urbanization 

agricultural impacts could reduce the resilience of macroinvertebrate communities, as 

compared to sites that were converted from forest to urban or suburban use. 

 However, Moore and Palmer (2005) found that the agricultural sites in their study 

actually supported high macroinvertebrate diversity, in contrast to the general trend 

reported in the literature. After consulting with county soil conservation district officials, 

they attributed these findings to high local implementation of best management practices, 
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including grassed waterways, vegetative filter strips, contour farming, nutrient 

management, manure storage, rotational grazing, and no-till farming (Moore and Palmer 

2005). Moore and Palmer (2005) also reported that “Urban streams with high amounts of 

intact riparian forest cover exhibited [macroinvertebrate] biodiversity levels more 

comparable to less urban areas despite high amounts of impervious cover in these 

catchments.” This result supports the hypothesis that effective imperviousness has a 

greater effect on stream ecosystems than total imperviousness (Walsh et al. 2009).  

Vermonden et al. (2009) found that urban drainage systems in the Netherlands can 

provide important habitat for macroinvertebrates, including red list (uncommon) species, 

and that these areas “can sustain a macroinvertebrate biodiversity comparable to that of 

drainage systems in rural areas (ditches and canals) and (semi)natural watercourses.” 

These results suggest that, with certain patterns of land use and stormwater management, 

urban areas may be able to support diverse and functional macroinvertebrate 

assemblages. 

1.4.10 Summary 

 In summary, biomonitoring of freshwater streams through benthic 

macroinvertebrate sampling is an emerging field that offers significant advantages over 

physiochemical monitoring alone. The data collection process can be adapted to varying 

levels of sophistication required to answer different types of watershed management and 

aquatic ecology questions, and many protocols are specifically designed to engage 

students and community volunteers, allowing residents to feel more connected to their 

watershed and hopefully more conscious of activities that impact ecosystem health.  
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Chapter 2: Project design 

2.1.1 Overview 

 This project was conducted in South Bend, Indiana, from May 31 through August 

7, 2010, as part of the Summer 2010 GLOBES REU program at the University of Notre 

Dame. GLOBES, or Global Linkages of Biology, the Environment, and Society, is an 

interdisciplinary Ph.D. training program at Notre Dame which is funded by an Integrative 

Graduate Education, Research, and Traineeship (IGERT) grant from the National Science 

Foundation (NSF). Specifically, this research was conducted with support from NSF 

IGERT training grant #0504495.  

 I applied to this REU program and was accepted to work with GLOBES fellow 

Patrick Shirey, a graduate student in the Lamberti Stream Ecology Lab, on a project 

broadly titled, “Ecological response to environmental change: science and policy.” My 

specific summer research goals were to “investigate urban influence on stream ecosystem 

production in South Bend, IN” and “develop field and lab skills, including measurement 

of stream features, deployment of Hydrolab MiniSondes, use of ArcGIS and data 

analysis” (initial project descriptions by Anderson 2010).  

2.1.2 Site history and descriptions  

 This summer project was intended to complement the Lamberti Lab's ongoing 

research on Juday Creek by extending their long-term monitoring regime to the nearby 

Bowman Creek. Juday Creek flows through the Notre Dame campus and joins the St. 

Joseph River, which eventually flows into Lake Michigan (Fig. 2.1). The Lamberti Lab 

has studied this stream for 30 years, collecting macroinvertebrate samples since 1981 
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(Lamberti and Berg 1995). Notre Dame researchers have also studied changes in fish and 

macroinvertebrate populations before and after a 1997 habitat improvement effort that 

restored a 1 km channelized section of Juday Creek to a more natural, meandering 

condition (Moerke et al. 2004). The City of South Bend Public Works Department is 

currently planning to restore sections of Bowman Creek, one of the most ecologically 

impaired tributaries to the St. Joseph River (Gilot 2009; Deegan 2010). Bowman Creek 

flows through underground culverts for over half its urban, downstream length, and the 

city plans to restore some of these sections to a more natural, aboveground condition.  
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              b) 

 

 

 

  a) 

  

Figure 2.1: a) Juday Creek (above) and Bowman Creek (below) are tributaries in  
b) the St. Joseph River watershed. Maps from Google Earth and USGS 
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 Bowman Creek has been subject to extensive historical and ongoing ecological 

impairment. The stream's headwaters drain mainly agricultural and residential lands, 

followed by a stretch of wooded land which includes the AM General Test Track, where 

trails for testing Hummers and other large SUVs cross back and forth over the creek. (We 

asked AM General representatives for permission to sample on their property, but were 

unsuccessful.) Bowman Creek then flows through “an urban area contaminated from 

former defense manufacturing plants, paint factories, a vacant abattoir, a coal 

dismantlement facility, and residential dumping” (Gilot 2009). The stream flows 

underground through pipes and culverts for over half its journey from the edge of South 

Bend to its juncture with the St. Joseph River. Portions of Bowman Creek have run dry 

during droughts, creating barriers to fish movement. The stream also floods during rain 

events, bringing large amounts of trash and debris into the channel and onto the banks. 

Flooding is exacerbated by input from the city's combined sewer outflow (CSO) system. 

This combined sewer system is the result of ad hoc additions to storm sewers originally 

constructed in the early 1900s (City of South Bend 2010). During dry weather, sewage is 

routed to treatment plants, but during wet weather, mixed stormwater and sewage flow 

over low barriers within the pipes and are discharged into streams and rivers (Fig. 2.2). 

Residents have also experienced sewer backups into basements. E. coli concentrations are 

often a problem in Bowman Creek and the St. Joseph River after rain events (Gilot 2009; 

City of South Bend 2010).  
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Figure 2.2: Combined sewer outflow, from City of South Bend (2010) 
 
 The Public Works Department of the City of South Bend is currently planning to 

undertake a restoration project involving several sections of Bowman Creek. Their stated 

goals are to “ensure that water flows through the entire length of the creek to improve 

water quality,” and “minimize underground flow through pipes, minimize the amount of 

creek water that enters the city sewer system, enable the creek to sustain 

macroinvertebrate communities, increase the use of the creek as an educational tool, 

enhance the aesthetic appeal to surrounding neighborhoods, and minimize the risk of 
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flooding” (Gilot 2009). The process of excavating and restoring buried urban waterways 

is also known as “daylighting” the stream. 

 The Bowman Creek restoration is part of a larger citywide effort to comply with 

federal Clean Water Act mandates. Goals of this broader project include: “additional 

separations of storm and sanitary sewers, expanded capacity to retain storm water and a 

greater emphasis on green solutions, which address storm drainage through natural 

solutions on-site” (City of South Bend 2010). To achieve these goals, the city has 

contracted with the ecological firm JF New. As quoted in the June 2010 “River Report” 

from the City of South Bend, Mayor Steve Luecke said that JF New is “training our 

engineers regarding creative, natural and cost-effective solutions, such as rain gardens, 

bioswales and other best management practices to capture storm water near the source 

rather than transport it. We anticipate this sustainable, low-impact-development approach 

will save money, enhance our environment and position South Bend as an ecological 

leader.” The city’s overall focus on whole-catchment distributed stormwater management 

solutions is consistent with recent research-based restoration recommendations (Walsh et 

al. 2009; Palmer et al. 2010). However, certain aspects of the project are projected to 

increase stormwater discharge to Bowman Creek. Specific proposed discharge locations 

include a section near Haney Ave. and Dubail Ave, where “storm water will be discharged 

naturally through Bowman Creek,” and another section near High St., where “surface 

runoff from Riley High School could be discharged into Bowman Creek” (City of South 

Bend 2010). These direct connections between stormwater pipes and the stream would 

increase the effective imperviousness of the catchment, meaning that “even small rainfall 
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events can produce sufficient surface runoff to cause frequent disturbance through regular 

delivery of water and pollutants” (Walsh et al. 2005a). Effective imperviousness has been 

found to be the variable most highly correlated with urban stream ecosystem impairment 

(Walsh et al. 2009). If feasible at these sites, stormwater management options that 

promote retention and infiltration rather than direct discharge to the stream could be 

better options for improving ecosystem function in Bowman Creek.   

2.1.3 Project goals, questions, and hypotheses 

 This project started with two main goals. First, the research would provide a pre-

restoration ecological assessment of Bowman Creek, describing a baseline condition that 

could then be compared to the post-restoration condition. This comparison would assist 

in evaluating the specific effects of the city's restoration effort and help gauge its overall 

success in improving the ecological health and habitat value of the stream. Second, 

because Bowman Creek flows through so many long stretches of underground culvert, 

we chose to design the project in a way that could help determine the specific effects of 

these buried segments on stream metabolism and ecosystem integrity.  

 Broadly, we planned to collect data from sites above and below culverts of 

different lengths, in order to determine: 1) whether the presence of culverts affected the 

stream ecosystem and if so, 2) whether the magnitude of the impact varied with the 

length of the culvert. In deciding what types of data to collect, we first asked: What does 

a culvert actually do to a stream? When a section of stream is re-routed through a culvert, 

the water is essentially enclosed by concrete on all sides. A concrete ceiling shuts out the 

sunlight, plunging the waterway into darkness. Concrete walls replace the natural banks, 
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riparian vegetation, and streamside soils with smooth, hard surfaces. A concrete floor 

places a barrier between the stream and the underlying groundwater, interfering with 

hyporheic flow (Dahm et al. 2007) and nutrient processing dynamics (Groffman et al. 

2005). 

 Underground flow can affect stream ecosystems through two main mechanisms: 

lack of sunlight and channel alterations. We hypothesized that the lack of sunlight 

reaching the stream will prevent photosynthesis from occurring in the underground areas. 

Thus, sections of the stream flowing through dark culverts will support few to no 

autotrophs (algae and plants), and little to no primary production (carbon fixation by in-

stream autotrophs) will occur in these reaches. We decided to quantify these effects by 

following the protocol developed by Dr. Jennifer Tank's lab at Notre Dame (Griffiths et 

al. 2010, unpublished standard operating procedure based on Grace and Imberger 2006). 

This method uses deployable dataloggers to collect in-stream data on water temperature 

and dissolved oxygen as well as an on-shore meter to record light levels. These devices 

record data at ten-minute intervals over the course of several days. Diel fluctuations, 

along with stream flow information, are fed into a computer model. The model calculates 

gross primary production (GPP), ecosystem respiration (ER) and reaeration (k). 

Dataloggers were placed upstream and downstream of culverts in order to compare any 

differences in metabolic output due to the underground flow.  

 We also decided to collect several other types of data to refine and expand our 

understanding of ecosystem function at different sites along Bowman Creek and to 

determine whether the culverts had a measurable effect. The deployable dataloggers were 
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also able to record daily fluctuations in pH and specific conductivity during their time in 

the stream, in addition to the temperature and dissolved oxygen data required for the 

model. Samples of small rocks were taken at each site so that the composition of the 

biofilm could be analyzed for chlorophyll a content and ash-free dry mass. These 

measurements would allow us to compare the relative heterotrophic and photosynthetic 

activity in the biofilm at each site. The abundance and community composition of benthic 

macroinvertebrates could also be used to give a general indication of secondary 

productivity (Benke and Huryn 2007). However, a rigorous quantification of secondary 

productivity would require lab processing outside the capacity of this project (measuring 

the length of each insect specimen and obtaining weight values by using published 

length-mass regression tables) (Kohlhepp and Hellenthal 1992; Lamberti and Berg 1995; 

Entrekin et al. 2007). Water samples were also taken for chemical analysis to determine 

the amount of dissolved organic carbon as well as ammonium, nitrate and soluble 

reactive phosphorus. These measurements could assist in determining limiting factors for 

stream ecosystem function and help assess water quality. 

 Channel alterations due to underground flow through culverts can also affect 

stream ecosystem function. These changes could include altered hydrography (water 

velocity, reaeration, etc.), altered water flow and nutrient exchange with the hyporheic 

zone/groundwater, changes in streambed composition and/or changes in the retention of 

organic matter. Hall and Tank (2005), Groffman et al. (2005), Mulholland et al. (1997), 

and Fellows et al. (2001) provide more information on hyporheic flow and its 

contributions to whole-stream metabolism. Aldridge et al. (2009), Lancaster and Hildrew 
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(1993), and Borchardt (1993) discussed the importance of debris retention in maintaining 

refugia, spatial habitat complexity, and ecosystem metabolic function, as well as the 

detrimental scouring effects of flashy urban discharge. Baker et al. (2004) provides 

additional information and metrics for studying flashy hydrography in Midwestern 

streams. While Ehrman and Lamberti (1992) and Cordova et al. (2008) have researched 

retention, large woody debris, and flow characteristics in Juday Creek and other stream 

systems, we decided to focus on the net effects of these habitat alterations on stream 

biota. (While quantifying these intermediate mechanisms would be valuable research, 

these studies would be more useful after a significant biological effect had been detected, 

as a means of further investigation and explanation.) To do so, we planned to sample 

community compositions of indicator taxa: diatoms and benthic macroinvertebrates. 

Biological samples would be collected, identified, counted, and analyzed using published 

metrics to create an index value of stream ecosystem health at each site.  

2.1.4 Timeline 

 The first month at the University of Notre Dame was largely devoted to finalizing 

the study design and procedures, researching and contacting streamside property owners 

for permission to access Bowman Creek through their land, gathering supplies, and 

calibrating equipment. Due to equipment issues and June thunderstorms, the bulk of the 

fieldwork occurred in July and extended through the beginning of August. Final summer 

presentations were held on August 7.  
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2.1.5 Study sites 

 From upstream to downstream, the study sites chosen along Bowman Creek are 

abbreviated as LOCST (Locust Rd.), URB (Urbanskis’ property), MAIN (Main St.), 

GOLF (Studebaker Golf Course), DAYTON (Dayton St.), RAV (Ravina Park) and LWE 

(Lincolnway East). Biofilm samples were taken at an additional site, RRCULV, a 

railroad-crossing culvert in the middle of the LWE reach. Dataloggers were not deployed 

at the RAV site due to insufficient stream depth. The DAYTON site is 290 m upstream of 

the start of the RAV reach, with no intervening long culverts. Data from the DAYTON 

culvert outflow can assist in characterizing upstream inputs to the RAV site. GPS 

coordinates are given at the site of MiniSonde deployment. Fig. 2.1 shows the location of 

sites along the stream. Table 2.1 summarizes stream channel characteristics between sites. 

Table 2.2 provides a summary of other relevant site information. Sites are described in 

greater detail in Appendix I. 

 

Table 2.1: Stream channel length between sites  
 

 Stream channel length between sites (in m) 

Site Open channel Culvert Total %Culvert 

LOCST (no long culverts  in headwaters upstream) 

URB 2050 55 2105 3 

MAIN 2180 230 2410 10 

GOLF 355 600 955 63 

DAYTON 210 340 550 62 

RAV 255 35 290 12 

LWE 290 795 1085 73 
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Table 2.2: Site information 
 
Site Location Nearest road crossing GPS Datalogger 

deployment 
Samples 
taken 

LOCST Locust Rd. Locust Rd. and Jackson Rd. 41°37'17.09"N, 
86°16'56.12"W 

July 30 – Aug. 2 Aug. 2, 2010 

URB Urbanski property Keria Tr. and Serbian Ln. 41°38'6.01"N, 
86°16'11.10"W 

July 28 – 30 and  
July 30 – Aug. 2 

July 22, 2010 

MAIN Main St. S. Main St and W. Fairview Ave. 41°38'53.99"N, 
86°15'5.25"W 

July 14 – 16 and 
July 28 – 30  

July 21, 2010 

GOLF Studebaker Golf 
Course 

Accessible via E. Ewing Ave or High St. 41°39'9.71"N, 
86°14'33.45"W 

July 30 – Aug 2 July 21, 2010 

DAYTON Dayton St. E. Dayton St. and High St. 41°39'21.67"N, 
86°14'18.95"W 

July 14 – 16 n/a – RAV site 
is downstream 

RAV Ravina Park E. Broadway St. and Dale Ave. 41°39'32.96"N, 
86°14'15.92"W 

n/a – DAYTON 
site is upstream 

July 23, 2010 

LWE Lincolnway East Main St. and Lincolnway East 41°39'48.44"N, 
86°14'12.37"W 

July 14 – 16 and 
July 28 – 30 

July 23, 2010 
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Chapter 3: Materials and methods 

3.1 Field protocols 

Note: A more detailed list of field sampling materials and methods is included on the CD 

attached to the back cover of the library copy of this thesis. 

Physical data 

 Two different sets of equipment were used to collect physical data on the stream 

study sites. Hach® Hydrolab MiniSonde 5 deployable, programmable dataloggers 

(Figure 3.1) were used to monitor in-stream dissolved oxygen, pH, temperature and 

specific conductivity at ten-minute intervals over a period of several days at each site.  

 

 

Figure 3.1: Hach Hydrolab equipment and accessories. 
 

 From top to bottom and left to right, the pieces of equipment shown in Figure 3.1  

include: protective PVC tube, with one end cap removed (note holes drilled in case and 

cap to allow water flow); red cable lock; Hach Hydrolab MiniSonde 5 (tube with blue 

“MS 5” – sensor end is on the left); clear plastic calibration cap; weighted metal 



97 

deployment cap; 1-L Nalgene® bottle for LDO calibration; serial-to-serial cable for 

connecting Surveyor to computer; charger cord for Surveyor; Sonde-to-serial cable; and 

Hach Hydrolab Surveyor 4a. 

 In order to model whole-stream metabolism, data from the MiniSondes was to be 

combined with stream discharge measurements and light level readings from Odyssey™ 

photosynthetic irradiance loggers (Dataflow Systems Ltd.) (Figure 3.2). These 

programmable, deployable devices measure photosynthetically active radiation (PAR) in 

microEinsteins per second per square meter. An Einstein is defined as one mole of 

photons. These data describes the amount of usable light energy (in the range of 400 to 

700 nanometers) that is available for photosynthesis, or the power per square meter 

(Hauer and Will 2007). 

 

 
Figure 3.2: Odyssey photosynthetic irradience loggers and mounting setup. 
 
Water samples for chemical testing 

 At each site, three water samples were taken for nutrient testing and three samples 

were taken for dissolved organic carbon (DOC) testing. Stream water samples were 

filtered through glass fiber filters (grade F) to remove debris prior to filling sample 

bottles. Samples were transported from the field in a cooler with freezer packs and either 
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refrigerated (DOC) or frozen (nutrients) upon returning to the lab. 

Biofilm: chlorophyll a samples and ash-free dry mass 

 Rock samples were taken for biofilm analysis. Four to six small (approx. 5 cm x 5 

cm x 2.5 cm) rocks were collected from each site, put into Whirl-Pak bags, and placed in 

a cooler with freezer packs to be transported to the lab.  

Benthic macroinvertebrates 

 Three benthic macroinvertebrate samples were collected from representative 

riffles at each site using a Surber sampler with a 30 cm x 30 cm frame and 1 mm mesh 

(Figure 3.3). Sampling was time-constrained to one minute of scrubbing rocks and 

agitating substrate in the Surber frame, allowing the water flow to sweep dislodged 

invertebrates into the mesh net. This mesh was then inverted and the sample was rinsed 

into a white plastic pan. Clinging invertebrates were removed from the net with forceps. 

Samples were elutriated, poured through a metal sieve to drain remaining stream water, 

and rinsed into a Whirl-Pak bag with 95% ethanol. Samples were transported to the lab 

and stored for later identification and analysis. 
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Figure 3.3: Collecting macroinvertebrates with a Surber sampler. 
 
 
3.2 Lab materials and protocols 

Note: A more detailed list of laboratory materials and methods is included on the CD 

attached to the back cover of the library copy of this thesis.  

Water samples for chemical testing 

 Water samples collected for nutrient testing were processed and analyzed for 

ammonium, nitrate, and soluble reactive phosphorus concentrations. A Lachat 

QuikChem® 8500 Flow Injection Analysis System (Figure 3.4) was used to perform 

these highly sensitive tests. Water samples collected for dissolved organic carbon testing 

were filtered and acid-stabilized with 2N HCl. Samples were analyzed for DOC 

concentrations using a Shimadzu TOC-5000A combustion oxidation analyzer.  
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Figure 3.4: The Lachat QuikChem® 8500, in all its great and terrible glory 
 

Chlorophyll a samples 

 Biofilm samples were scrubbed from the collected rocks and vacuum filtered onto 

glass fiber filters (Figure 3.5). See Steinman et al. (2007) for details. Chlorophyll a was 

extracted from the filters using methanol (Figure 3.6) and analyzed with a fluorometer 

(Figure 3.7). Samples were dried to a constant weight and ashed in a 500ºC kiln. The ash-

free dry mass (AFDM) is the mass of the combustible organic matter in a sample. AFDM 

values were obtained by subtracting the ashed mass of the biofilm samples from the pre-

ashing dry mass. Chlorophyll a concentrations and AFDM results were adjusted for the 

upper surface area of the rock samples and used to calculate the Autotrophic Index, or the 

ratio of AFDM to chl a.  Higher values generally indicate more heterotrophic conditions, 
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while lower values indicate more autotrophic conditions. According to Steinman et al. 

(2007), “normal” AI values range from 50 to 200. See Bergey and Getty (2006) for a 

discussion of various surface area estimation techniques. 

 

 

Figure 3.5: Vacuum manifold with filter cups 
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Figure 3.6: Chlorophyll a extracted from biofilm samples (shown after analysis) 
 

 
 
Figure 3.7: Chlorophyll a analysis using flurometer 
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Benthic macroinvertebrates 

 Equipment for processing invertebrate samples is shown in Figure 3.8. Each 

benthic macroinvertebrate sample was poured from the Whirl-Pak bag into a rectangular 

plastic container. The bag was rinsed with ethanol to ensure that all specimens were 

removed. Large pieces of debris (twigs, leaves and rocks) were examined for 

invertebrates, rinsed, and discarded. Readily noticeable invertebrates were picked from 

the sample using fine-tipped forceps. Each taxon was sorted into the appropriate section 

of a divided holding tray (Figure 3.9). The holding tray contained sufficient ethanol to 

cover the specimens. A portion of the ethanol and debris from the sample was placed into 

an empty petri dish and examined under a dissecting microscope. The debris was 

searched systematically, from one side of the dish to the other. Invertebrates were 

removed and placed into the holding tray. The process was repeated until all of the debris 

from each sample had been examined.  

 Empty caddisfly cases were not included in counts. Hydroptilid cases were 

recorded due to high abundance but were not used in calculations. Fragments of 

invertebrates were not counted, unless the head and half or more of the body was present, 

or more than half of a headless body. Small oligochaetes were difficult to count due to the 

possibility of breakage. Halves of small oligochaetes were recorded as half-counts.  

 Invertebrates were identified primarily through the use of McCafferty (1983) and 

Merritt et al. (2008). Specimens were identified to the “lowest practicable level” (Lenat 

and Resh 2001). Most organisms were identified to family or genus. Several beetles were 

identified to the species level, while leeches were identified only to the subclass 
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Hirudinea. After identification, invertebrates were counted, recorded, and transferred to a 

glass sample vial containing 70% ethanol and a paper label.  

 

Figure 3.8: Processing invertebrate samples 
 

 

Figure 3.9: Invertebrate sample in sorting tray 
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Chapter 4: Results 

4.1 Physical data 

4.1.1 Equipment issues 

 The Hydrolab MiniSondes presented remarkable and unique calibration 

challenges. These deployable dataloggers are very impressive pieces of technology, but 

their outstanding accuracy and capabilities come at the price of a discouraging tendency 

to develop mysterious errors. Our first test run on Juday Creek provided an excellent 

example of this type of issue. From July 2 – July 5, we deployed one MiniSonde 5 in a 

culvert where Indiana State Road 933 crosses Juday Creek and placed another MiniSonde 

approximately 300 meters downstream past two other culverts (Interstate 90 and 

Cleveland Rd). The results from the first test run were very promising, as shown in 

Figure 4.1. Both MiniSondes recorded excellent smooth diel respiration curves (changes 

in dissolved oxygen concentration over the course of the day), and the results showed an 

obvious and interesting difference between the upstream and downstream sites.  

 However, we were concerned that the downstream MiniSonde had lost battery 

power halfway through the deployment. We cleaned the terminals and replaced the 

internal and external batteries. Calibration problems and intermittent power losses 

persisted during testing in the lab. Three working MiniSondes were borrowed from 

another department to conduct another field test in Juday Creek. The downstream 

MiniSonde from the first test was re-deployed side-by-side with a functional Minisonde. 

Two additional dataloggers were deployed, one at the SR 933 road crossing above the 

culverts and the other at a wooded site 2.4 km upstream. 
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 The results were clear: as shown in Figure 4.2, all three reliable MiniSondes 

showed very tight correlation of their diel respiration curves, and the unreliable 

MiniSonde displayed a very similar pattern from its first deployment – in total 

disagreement with the data that had been recorded by the functioning MiniSonde just 

inches away. The unreliable MiniSonde also lost power midway through the deployment. 

We were quite concerned by these results, for two reasons. First, all three of the 

(presumably) working MiniSondes had recorded dissolved oxygen curves that were 

nearly the same – the differences would be biologically negligible – despite being 

deployed in sites above and below culverts. If our hypotheses about the effects of culverts 

on stream ecosystems were correct, we would have expected to see some difference 

between these sites. However, the culverts on Juday Creek are fairly short. We decided to 

send the unreliable MiniSondes in for repair and use the three working MiniSondes to 

determine whether Bowman Creek’s significantly longer culverts would show any 

detectable effects on stream ecosystem function.  
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Figure 4.1: Promising results from the first test. LDO = Luminescent Dissolved Oxygen 
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Figure 4.2: Further testing revealed that the promising results were an anomaly caused by equipment malfunction
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4.1.2 Sonde data by site 

 Figure 4.2 shows an example of a set of fairly smooth diel respiration curves. 

Data recorded by the three reliable MiniSondes could potentially be plugged into the 

whole-stream metabolism modeling program and used to determine gross primary 

productivity (GPP), ecosystem respiration (ER) and reaeration (k), if combined with 

appropriate data on sunlight and stream velocity.  

 However, the model will not function properly if the curves are too jagged and 

cannot be integrated (Peter Levi, pers. comm. 25 June 2010). Diel respiration curves 

recorded from Bowman Creek were more variable than those from Juday Creek. Data 

collected at the URB, MAIN and LWE sites from July 28 – 30 showed jagged 

fluctuations at the downstream sites and were not suitable for use in the metabolism 

modeling program or other data analysis.  

 The two-site open-channel method also requires relatively constant flow and a 

section of stream that is “as uniform as possible” (Grace and Imberger 2006). Data 

collected at the MAIN and DAYTON sites from July 14 –16 (Figure 4.3) were unusable 

due to an unexpectedly heavy rain event on July 15. Water depth and site accessibility 

limited our options for datalogger deployment, and conditions between the monitoring 

stations on Bowman Creek were heterogeneous. 

 Additionally, the choice of deployment locations may not have satisfied the 

requirements for this method of measuring metabolism. The probe separation (the 

distance between the dataloggers) is “a key factor in achieving good results for the two-

station [open-channel] method” (Grace and Imberger 2006). In order to calculate the 
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minimum, maximum and optimal distances between sites, the mean stream velocity and 

reaeration coefficient must be measured first. Our first attempt to measure stream velocity 

using rhodamine WT dye (Bott 2007) was unsuccessful due to a sensor malfunction. We 

had planned to calculate the reaeration constant from diel curves with the modeling 

software. Without these parameters, we were unable to determine whether the separation 

between sites on Bowman Creek was suitable for the two-station method.  

 There are other methods of measuring reaeration (Grace and Imberger 2006). 

These tracer injection methods are fairly involved, and were outside the scope of a short-

term, wide-ranging pilot study with many other components. We decided to focus on 

recording usable diel respiration curves from Bowman Creek, before fine-tuning the 

metabolism model.  

MAIN and DAYTON July 14 – July 16: 

 The MAIN and DAYTON sites were separated by 1.5 km. The curves shown in 

Figure 4.3 are not as smooth as those from Juday Creek. Lower stream discharge may 

have contributed to this difference. The sample period was interrupted by an unexpected 

heavy rain event on July 15. The effects of this downpour and flash flooding on debris 

accumulation at the MAIN site culvert were shown in Figure 1.8 on p. 19. 

 Several interesting observations can be made about these data, although they are 

not usable for metabolism modeling. The MAIN site is on the upstream edge of town and 

receives water flow from some of the less-urbanized areas of the stream. The DAYTON 

site is in the outflow of a long culvert and is downstream of a long series of culverts. It is 

interesting to note that the water flowing out of the culvert was consistently cooler 

(Figure 4.4) and better-oxygenated (Figure 4.3) than its upstream counterpart. Large fish 
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were observed in the DAYTON culvert. Urban streams are typically warmer than their 

non-urban counterparts (Pouyat et al. 2007), so the culvert may serve as a fish refuge 

during warm, low-oxygen summer conditions.  

 Before the rain event, water temperatures at the upstream site were 1 – 2º C higher 

than the downstream site (Figure 4.4). During the rain event, temperatures readings 

converged and remained similar for the next 12 hours. Both sites received precipitation 

inputs of the same temperature. Increased flow velocity may also have homogenized 

conditions somewhat throughout the reach.  

 

 

Figure 4.3: MAIN and DAYTON LDO, July 14 - July 16 
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Figure 4.4: MAIN and DAYTON temperature, July 14 - 16 
 
LOCST, URB and GOLF, July 30 – Aug 2: 

 The LOCST and URB sites were separated by 2.1 km and the URB and golf sites 

were separated by 3.2 km. This set of data shows some interesting trends. The water 

flowing out of the culvert under the Riley High School parking lot and track field (the 

GOLF site) has higher dissolved oxygen content (Figure 4.5), despite having the highest 

temperature (Figure 4.6), and shows only modest variation in diel respiration. The URB 

site shows even less variation in dissolved oxygen throughout the course of the day and 

had slightly lower average DO than the tunnel outflow. The LOCST ditch shows strong 

variation, with levels that decrease to impaired DO levels at night (especially on Aug. 2). 
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Figure 4.5: LOCST, URB and GOLF LDO, July 30 - Aug 2 
 

 

Figure 4.6: LOCST, URB and GOLF Temperature, July 30 - Aug 2 
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As shown in Figure 4.7, pH values also displayed diel variations. These patterns of daily 

fluctuation were smaller than the between-site differences in pH. When respiration 

exceeds primary productivity, CO2 concentrations increase and pH decreases (Maberly 

1996).  

 

 

Figure 4.7: LOCST, URB and GOLF pH, July 30 - Aug 2 
 
Light meter data 

 Because we were not able to use the Sonde data for the whole-stream metabolism 

modeling program, light meter data were not used in any analyses. See Figure 4.8 for a 

representative figure showing the data recorded by an Odyssey PAR logger at the shady, 

wooded URB site over a period of several days from July 29 to August 6. Note that the 

amount of available light peaked sharply when the sun is directly overhead. A more open, 

unshaded site would show broader peaks because more sunlight could strike the stream 
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surface at an angle. The flat line on August 7th in Figure 4.8 is due to the fact that the 

logger was still recording when it was stored in a dark bag in the lab. These devices 

require such little energy that they are set to record until the data is downloaded to a 

computer or the batteries are removed. They have no external on-off switch. 

 

Figure 4.8: Photosynthetically Active Radiation, in microEinsteins per second per square 
meter 
 
4.2 Chemical data 

 The following figures display the chemical analysis results for water samples 

collected at different sites, arranged from upstream to downstream. Samples were 

collected on different dates, and this information is listed in Table 2.1, p. 95. Figures 4.9 – 

4.14 show mean nutrient concentration values (of the three samples analyzed at each 
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site), along with error bars displaying the standard error of the mean.  

4.2.1 Nutrient data.  

 Water samples were analyzed using a Lachat QuikChem® 8500 Flow Injection 

Analysis System.  Samples from this project were analyzed in the same session as 

Lamberti Lab samples from oligotrophic sites in Alaska, so the equipment was calibrated 

for low nutrient levels. The highest calibration standards were 250 µgN/L (for ammonium 

and nitrate) and 40 µgP/L (for soluble reactive phosphorus). Although many of the 

Bowman Creek samples exceeded these reference concentrations, the “calibration curve 

is typically linear, even to higher concentrations” (Peter Levi, pers. comm. 9 August 

2010). The lab also tests agricultural water samples, which often contain much higher 

concentrations of nutrients than those found in Bowman Creek (Mike Brueseke, pers. 

comm.). 

Ammonium 

 The ammonium data (Figure 4.9) display one especially striking result: an 

enormously high concentration at the LOCST site. The mean recorded value of the three 

LOCST samples (which were in close agreement) was 2095 µgN/L, more than thirty 

times that of the next highest reading downstream (68 µgN/L, at the URB site). In 

comparison, Moerke and Lamberti (2006b) found concentrations of 3.8 to 63.6 µgN/L 

ammonium (mean = 27.8 µgN/L) in a study of 22 streams in southwestern Michigan. 

The LOCST site is the farthest upstream that was sampled in this project, and may be 

receiving agricultural runoff or possibly septic tank inputs from reaches that were not 

well-characterized by our study. 

 The total (NH3-NH4
+)-N concentration at the LOCST site was 2.1 mg/L on 
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Aug. 2, exceeding the 2009 Draft EPA chronic criterion of 1.8 mg/L of ammonia (at pH 8 

and 25 ºC) for freshwater sites without mussels present (U.S. EPA 2009). However, the 

equilibrium between toxic free ammonia (NH3) and less-harmful ionized ammonium 

(NH4
+) is highly dependent on pH and temperature. During the deployment period, the 

pH at the LOCST site was between 7.2 and 7.3 (Figure 4.7) and midday high 

temperatures were ~24-25 ºC (Figure 4.6). At this pH, the formation of NH4
+ is favored 

and the proportion of free ammonia is small. More information is needed to assess pH 

variation at the LOCST site, because at higher levels ammonia concentrations could 

present a hazard for aquatic life at this location. For comparison, pH at the GOLF site 

downstream varied from 8.0 to 8.2 during the same period (Figure 4.7). 

 The error bars in this graph are very small and may be difficult to see.  

 

Figure 4.9: Ammonium in Bowman Creek 
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Nitrate 

 Figure 4.10 shows nitrate concentrations in Bowman Creek water samples. In 

comparison, Moerke and Lamberti (2006b) reported nitrate concentrations from 

undetectable levels to 7020 µgN/L (mean = 1110 µgN/L) in a study of 22 streams in 

southwestern Michigan. 

 

Figure 4.10: Nitrate in Bowman Creek 
 

Soluble Reactive Phosphorus 

 Peter Levi reported that certain soluble reactive phosphorus (SRP) samples had a 

white precipitate that neither he nor Mike Brueseke could explain. The anomalous 

samples tested significantly lower for SRP than the other samples from the same site, 

which were generally in very close agreement with one another. Figure 4.11 shows the 

mean values and error bars with all samples included. Figure 4.12 shows the difference in 

SRP values between samples with and without precipitates. Figure 4.13 shows the mean 
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values and error bars with the precipitated samples removed. In comparison, Moerke and 

Lamberti (2006b) reported SRP concentrations from undetectable levels to 95.2 µgP/L 

ammonium (mean = 16.2 µgP/L) in a study of 22 streams in southwestern Michigan. 

 

 

Figure 4.11: Soluble Reactive Phosphorus in Bowman Creek 
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Figure 4.12: Soluble Reactive Phosphorus in Bowman Creek, showing outliers 
  

 

 

Figure 4.13: Soluble Reactive Phosphorus in Bowman Creek, outliers removed 
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4.2.2 Dissolved Organic Carbon data 

 Figure 4.14 shows dissolved organic carbon (DOC) concentrations at sites along 

Bowman Creek. A Shimadzu TOC-5000A combustion oxidation analyzer was used to 

measure DOC in water samples. The third sample bottle for the GOLF site was cracked 

and slowly leaked, resulting in a larger error bar for that site. Samples from other sites 

were very consistent. Though the differences in DOC concentration between some sites 

may be statistically significant, especially the higher value at the upstream LOCST site, 

these small differences in total DOC are unlikely to be biologically significant. Carbon 

dynamics have important regulatory effects on nutrient processing, but the lability and 

quality (availability and energy density) of in-stream carbon sources are often more 

important than the total amount (Allan and Castillo 2007; Tank et al. 2010). 

 

 

Figure 4.14: Dissolved Organic Carbon in Bowman Creek 
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4.3 Biological data 

4.3.1 Biofilm: chlorophyll a density and ash-free dry mass 

 The following figures display the biofilm analysis results for samples collected at 

Bowman Creek sites, from upstream to downstream. These samples were collected on 

different dates, as described in Table 2.1 on p. 95. Chlorophyll a concentrations are 

shown in Figure 4.15, ash-free dry mass (AFDM) density is shown in Figure 4.16, and 

the ratio of AFDM to chl a (the autotrophic index) is shown in Figure 4.17.  The 

RRCULV sample was taken from inside the downstream railroad crossing culvert at the 

LWE site on 7/28/2010 (not included in Table 2.1). This was the only sample taken from 

inside a culvert, and the RRCULV culvert is actually fairly short compared to some of the 

others along Bowman Creek. We hypothesized that dark conditions inside culverts, 

especially long culverts, would preclude photosynthesis and that algae would not be able 

to grow in these sites. It would have been interesting to see whether biofilm samples 

taken from the middle of longer culverts would have been consistent with this hypothesis. 

Unfortunately, time constraints and safety concerns prevented these samples from being 

collected. Biofilm samples from the culvert and the wooded URB site were low in chl a 

(Figure 4.15) most likely due to limited light. Somewhat counterintuitively, lower values 

of the Autotrophic Index (AI) indicate higher photosynthetic activity (Steinman et al. 

2007). Figure 4.17 shows that biofilm samples from unshaded sites had much lower AI 

values (higher autotrophic activity) than samples from shaded sites (URB and RRCULV).  
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Figure 4.15: Chlorophyll a density in Bowman Creek 
 

 

Figure 4.16: Ash-Free Dry Mass in Bowman Creek biofilm 
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Figure 4.17: Autotrophic Index in Bowman Creek Biofilm (normal range is from 
Steinman et al. 2007) 

 
 Chlorophyll a measurements from the MAIN, GOLF, RAV and LWE sites are 

comparable to values that have been reported from Juday Creek. On artificial substrates, 

chlorophyll a concentrations were “low during much of the year when the canopy was 

well-developed (monthly mean chlorophyll-a from April to October = 35.2 mg/m2). In 

contrast, periphyton was substantially higher when the canopy was open following 

autumn leaf fall (monthly mean chlorophyll-a from November to March = 106.2 mg/m2)” 

(Schwenneker 1985 phide Lamberti and Berg 1995). Chlorophyll a concentrations 

recorded from the unshaded, high-nutrient LOCST site are comparable to the autumn 

values reported from  Juday Creek.  
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4.3.2 Benthic macroinvertebrate community analysis 

 Eighteen benthic macroinvertebrate samples were collected from Bowman Creek, 

containing 3741 identified specimens. Figure 4.18 shows the abundance of invertebrates 

at each site, reported as the mean number of individuals collected in a 0.09 m2 sample 

area. Three samples were taken from each site. Lower macroinvertebrate abundance was 

measured in the downstream RAV and LWE sites, despite the presence of large amounts 

of organic debris and leaf litter in the RAV and LWE-3 samples. Amphipods (Gammarus 

sp.) were the most abundant taxa, with 925 individuals. Other abundant taxa included 

elmid beetles (825 specimens; examples in Figure 4.22b,c,d and e), hydropsychid 

caddisflies (784; Figure 4.20), chironomid midge larvae (641), baetid mayfly larvae 

(136), and black fly larvae (67; Figure 4.21a).  

  

 

Figure 4.18: Invertebrate abundance 
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 Thirty-five unique taxa were identified overall, representing 28 different families 

from 15 orders. Specimen counts for each taxon and sample are listed in Tables 7.1 and 

7.2, in Appendix II. Figure 4.19 shows the cumulative invertebrate taxa richness for each 

site. The total number of unique taxa is reported rather than mean richness because 

between-site differences were not meaningful (the standard error bars were large and 

overlapping). These results undoubtedly underestimate the actual number of species 

present, but the sample effort was insufficient to plot species accumulation curves or 

calculate expected richness.  

  

    

 

 

Figure 4.19: Total invertebrate taxa richness per site 
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Four taxa from the Surber samples were identified to species:  

• Macronychus glabratus Say 1825 (Figure 4.22c) 

• Optioservus fastiditus (LeConte) 1850 Limnius (Figure 4.22b) 

• Stenelmis crenata (Say) 1824 Elimis (Figure 4.22e) 

• Peltodytes lengi Roberts 1913 (Figure 4.21b) 

Additional species of aquatic beetles were observed at the URB site, and a supplemental 

sample of submerged wood debris was collected. Specimens from this sample were not 

included in calculations. Two species were identified from this sample: 

• Helichus striatus LeConte 1852 (Figure 4.22a) 

• Sperchopsis tesselatus (Ziegler) 1844 Spercheus (Figure 4.23) 

These species were not collected at any other sites during the summer research. The 

presence of Sperchopsis tesselatus was an unexpected result. S. tesselatus is a fairly 

uncommon beetle (Spangler 1961), and it is listed as a species of State Special Concern 

in Wisconsin (WDNR 2009). The URB site was consistent with published descriptions of 

S. tesselatus habitat preferences, which are unusual among hydrophilid beetles: 

“Undercut gravelly and sandy stream banks with overhanging roots seem to be especially 

suitable” (Spangler 1961). 
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All specimens on pp.128 – 129 were photographed by the author. Scale bars display mm. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.20: a) Hydropsyche and b) Cheumatopsyche (Trichoptera: Hydropsychidae) 

Figure 4.21: a) Black fly larva (Diptera: Simuliidae) b) Peltodytes lengi (Coleoptera: 
Haliplidae) 

a) b) 

a) b) 
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Figure 4.22: Dryopidae: a) Helichus striatus; Elmidae: b) Optioservus fastiditus  
c) Macronychus glabratus d) Dubiraphia sp. e) Stenelmis crenata 

Figure 4.23: Sperchopsis tesselatus (Coleoptera: Hydrophilidae) 

a) b) c) 

d) e) 
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 Functional feeding group (FFG) metrics were calculated using methods described 

by Merritt and Cummins (2007) (see Table 1.1 on p. 74 for a more detailed list of FFG 

metrics). Invertebrate taxa with unknown FFG designations were excluded from these 

analyses. Fewer than 20 specimens were excluded from any sample, with the exception 

of LWE-3. The 61 small annelids from this sample were difficult to identify after 

preservation in ethanol.  

 Comparatively low invertebrate abundance at the RAV and LWE sites reduced the 

number of specimens available for analysis. Sample sizes were further reduced when 

specimens were partitioned into functional feeding groups. This limitation may have 

created artifacts in the results of the FFG calculations. Figure 4.24 compares the 

proportions of different invertebrate guilds collected from each site. Results are displayed 

in pie charts to facilitate comparison with Figure 1.14. As predicted by the river 

continuum concept (Vannote et al. 1980), upstream communities were dominated by 

“shredder” invertebrates. Shredders break down leaf litter and other coarse particulate 

organic matter (CPOM) into fine particulate organic matter (FPOM) as they feed on the 

biofilms that cover these surfaces (Merritt and Cummins 2007). The dominance of 

“collector” invertebrates, which feed on FPOM, generally increased from LOCST to 

RAV. The largely unshaded, nutrient-enriched LWE site supported an increased 

percentage of “scraper” invertebrates. These organisms graze on photosynthetic biofilms 

(Merritt and Cummins 2007).   
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Figure 4.24: Comparisons of the relative abundance of different functional feeding groups 
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 Functional feeding group abundance was also used to calculate several FFG 

metrics, as described by Merritt and Cummins 2007. Results for FPOM transport were 

within normal ranges. Results for channel substrate stability showed all sites below 

“stable” levels. The top-down predator control metric was lower than “typical” values for 

all sites, but between-site differences were unclear due to small sample sizes. Figure 4.25 

shows the ratio of photosynthesis to respiration (P/R), as estimated by FFG analysis. This 

metric represents the abundance of Scrapers/(Shredders+Total Collectors). Calculated 

P/R values were < 0.75 for all sites, indicating heterotrophic conditions and a dependence 

on outside (allochthonous) carbon fixation (Merritt and Cummins 2007). The P/R ratio is 

discussed in greater detail in Section 1.3.3. Figure 4.26 shows an estimate of the ratio of 

CPOM (leaf litter) to FPOM (detritus) in the stream. This metric represents the 

abundance of Shredders/(Total Collectors). Upstream sites had higher values.  

 

Figure 4.25: P/R Ratio, based on functional feeding group analysis 
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Figure 4.26: CPOM/FPOM Ratio, based on functional feeding group analysis 
 
 Invertebrate abundance data were also used to provide an estimate of water 

quality at each site. Abundance counts for each taxa were multiplied by a pollution 

tolerance factor. The higher the number, the greater the tolerance to impaired water 

quality. For example, leeches (Hirudinea) were assigned the highest tolerance factor (10), 

while hydropsychid caddisflies were assigned a factor of 4 (Carter et al. 2007). Stoneflies 

(Plecoptera) are considered pollution-sensitive organisms (factors of 0,1, or 2). No 

stoneflies were found in Bowman Creek. The sum of these weighted counts was divided 

by the total abundance to create a weighted index value for each sample. The Family 

Biotic Index, also known as the Hilsenhoff Index (Hilsenhoff 1988) was used for these 

calculations. Table 4.1 shows the relationship between the Family Biotic Index and water 

quality (Carter et al. 2007).Table 4.2 shows the index scores and water quality values for 
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sites on Bowman Creek. Figure 4.27 shows the mean water quality value at each site. 

These results agree with the data obtained through nutrient and biofilm analysis, 

supporting our hypothesis that the water quality in Bowman Creek became increasingly 

impaired along an urban gradient from the URB site to the LWE site. Further research is 

needed to determine the factors influencing water quality at the headwaters of Bowman 

Creek. The LOCST site is unlikely to represent an appropriate reference condition. 

However, characterization of this section of the stream is important for understanding 

downstream water quality and the overall spatial heterogeneity of Bowman Creek.. 

 

Table 4.1: Water quality values based on Family Biotic Index. Values from Hilsenhoff 
(1988); method reported in Carter et al. (2007) 
 

Water Quality Values based on Family Biotic Index 

0.00-3.75 Excellent  
3.76-4.25 Very good  
4.26-5.00 Good  
5.01-5.75 Fair  
5.76-6.50 Fairly poor  
6.51-7.25 Poor  

7.26-10.00 Very poor  
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Table 4.2: Water quality values based on mean Family Biotic Index (FBI). SEM = 
standard error of the mean 
 

SITE FBI SEM Water Quality 

LOCST 4.67 0.30 Good   

URB 4.15 0.05 Very good   

MAIN 4.36 0.09 Good   

GOLF 5.03 0.26 Fair   

RAV 5.13 0.09 Fair   

LWE 6.26 0.64 Fairly poor   
 

 

 

Figure 4.27: Family Biotic Index 
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Chapter 5: Conclusions and discussion 

5.1 Discussion of results and potential sources of error 

 The Merriam-Webster dictionary provides several definitions for the word 

“problem,” including “an intricate unsettled question” and “a source of perplexity, 

distress, or vexation.” By both definitions, I encountered many problems in the course of 

this investigation. However, I believe I have learned a great deal from the endeavor, and 

also from the frank acknowledgment of the project’s shortcomings and strengths. As 

Richard Feynman said in “Cargo Cult Science,” his 1974 commencement address at 

Caltech (reprinted in (Feynman and Leighton 1997):  

“It's a kind of scientific integrity, a principle of scientific thought that corresponds 

to a kind of utter honesty—a kind of leaning over backwards. For example, if 

you're doing an experiment, you should report everything that you think might 

make it invalid—not only what you think is right about it: other causes that could 

possibly explain your results; and things you thought of that you've eliminated by 

some other experiment, and how they worked—to make sure the other fellow can 

tell they have been eliminated. […] The first principle is that you must not fool 

yourself—and you are the easiest person to fool. So you have to be very careful 

about that. After you've not fooled yourself, it's easy not to fool other scientists. 

You just have to be honest in a conventional way after that.” 

The most serious issues with my project stem from the mismatch between the complex 

questions I was interested in asking and the very short amount of time available to answer 

them. If I had begun collecting data at the beginning of the summer REU session, I might 

have been able to gather sufficient data to address a simpler, more straightforward 
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research question. However, I should have realized that the two main goals of my 

research, investigating the effect of culverts on stream ecosystems and collecting baseline 

ecological data on Bowman Creek prior to a planned restoration project, could not be 

completed in a single summer. Instead, this project should be considered a pilot study. 

The results show that further investigation is warranted, and the data from this project can 

be used to direct future research efforts and monitoring programs.  

 Data collected in this study were not sufficient to draw broadly applicable 

conclusions about the effect of culverts on stream ecosystem function. Between-stream 

replicate samples are needed to adequately characterize this system of interactions. We 

initially planned to sample sites on another urban stream (McCoys Creek, just over the 

state line in Buchanan, Michigan) but time constraints prevented this research from being 

carried out. Because all samples in this project were taken from sites on the same stream, 

it is not possible to separate the specific effects of culverts from the background changes 

that one would expect to find along an upstream-to-downstream gradient.  

 The locations of sample sites along the creek were not ideal for isolating the 

effects of culverts on ecosystem function. Site selection was necessarily limited by 

accessibility (landowner permission) and suitability for MiniSonde deployment 

(sufficient water depth). The LOCST and URB sites were intended to serve as reference 

conditions, without culverts, but these sites were so different from one another that they 

were of little use in establishing a “natural” or undisturbed baseline for the creek. The 

LOCST site was essentially a roadside ditch, receiving agricultural and construction 

runoff, while the URB site was heavily wooded and shaded. The MAIN site was at the 

edge of the city, receiving flow from wooded upstream areas but surrounded by urban 
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infrastructure. The downstream sites (GOLF, DAYTON, RAV, LWE and RRCULV) were 

all heavily affected by culvert flow and urbanization, but these impacts differed from site 

to site. A more rigorous study design would incorporate between-stream replicates for 

comparison of upstream reference sites and downstream culvert-affected sites. Because 

the sample sites in this project could not be separated into meaningful, distinct categories 

or placed along a one-dimensional gradient of urbanization, only descriptive statistics 

were calculated for the data collected. 

 The sampling regime followed by this summer project did establish that the 

ecological conditions on Bowman Creek varied from upstream to downstream. This 

spatial heterogeneity should be taken into consideration when designing future studies 

and restoration efforts. Between-site variations in diel respiration curves were much 

higher for Bowman Creek than for Juday Creek. Distances between sample sites were 

comparable. The farthest upstream and farthest downstream stations on Juday Creek were 

separated by 2.4 km of stream channel. Site separation varied from 0.9 km to 3.2 km 

during Bowman Creek datalogger deployments. Juday Creek is a larger stream (3rd order) 

than Bowman Creek (1st order) and has a higher baseline discharge. Juday Creek’s higher 

flow volume and velocity could have contributed to the tighter correlation of readings 

among the Juday Creek sites. Additionally, there is a small dam on Bowman Creek 

between the URB and MAIN sites, on the AM General property. This dam could have 

created a discontinuity (sensu Ward 1989) between the upstream sites (LOCST and URB) 

and the downstream sites (MAIN to LWE).  

 Site separation distances and spatial heterogeneity also contributed to the 

technical difficulties we encountered in measuring whole-stream metabolism, as 
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discussed in Section 4.1.1 (p. 105). The few diel respiration curves recorded from 

Bowman Creek were not consistent enough to fit the model’s parameters, and the sections 

between sites were not uniform. Further research is needed to quantify the stream 

discharge and reaeration coefficient at sites along Bowman Creek. These measurements 

could then be used to investigate the longitudinal lag and persistence of culvert impacts. 

If the culverts did have an effect on stream ecosystems, how long into the culvert would 

normal, upstream water conditions persist? How long downstream would the effects of 

the culvert persist? Do culverts exert a greater influence on water quality or hydrology 

and habitat quality? 

 Both of the topics addressed in this research (culvert effects and baseline data) 

exhibited temporal and spatial variation. The results of this pilot study are not necessarily 

generalizable to streams other than Bowman Creek, or to seasons other than mid-summer. 

The abundance of macroinvertebrate species often varies seasonally. In Juday Creek, 

nymphs of the stonefly Taeniopteryx nivalis Fitch 1847 “diapause deep in the substrate” 

from the emergence of the adults in February until September (Kohlhepp and Hellenthal 

1992). If this species were present in Bowman Creek, it would not have been collected in 

our summer samples. However, Helms et al. (2009) found that the effect of urbanization 

on stream macroinvertebrates “appears to be consistent throughout the year and reduces 

seasonal changes in assemblages.”  

 Large fish were observed inhabiting the outflow of the DAYTON culvert. More 

research is needed to determine whether these sites can provide cool-water oxygenated 

refugia during warm, low-DO summer conditions. Additional sampling is required to 

establish whether fish inhabit these structures during other seasons and what effect 
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culverts have on water temperature during the extreme cold of an Upper Midwest winter.  

 Several additional sampling and research design issues could have affected the 

results of this study. The Surber sampler used in this project had mesh with 1 mm 

openings, which are larger than the 0.5 mm standard for benthic macroinvertebrate 

sampling (Hauer and Resh 2007). The looser weave could have allowed more chironomid 

midge larvae and other small invertebrates to pass through the net, skewing the resulting 

community composition data. Despite the slightly coarser mesh, abundant chironomids 

and early-instar beetle larvae were recorded from the Surber samples.  

 Another potential source of error is the variation in culvert design. The culverts 

have different shapes (circular vs. rectangular), cross-sectional areas, and substrate types. 

For example, the short railroad crossing culverts exhibit a fairly natural distribution of 

rocks and sediment, while the downstream end of the NIPSCO culvert was nearly devoid 

of sediment. Any single aspect of the culverts could be isolated and tested, given the 

proper study sites and experimental designs. This study did not establish clear differences 

between non-culvert and culvert sites. Other confounding variables (urban gradient, 

culvert length and culvert design) also reduced the explanatory power of these findings.  

 The problems discussed in this section were not unique to this project. Instead, 

these challenges are often encountered in urban stream ecology. Walsh et al. (2005b) 

explain: “Our understanding of stressor mechanisms and their interactions is limited by a 

lack of experimental (i.e., causal) evidence. The unraveling of the interactions between 

small-scale stressors may ultimately prove experimentally intractable.” The overall 

design of this project could be described a “space-for-time” substitution, using a spatial 

gradient of urbanization as a stand-in for temporal change in urbanization at a single site 
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(Carter et al. 2009). This study could also be understood as the first half of a before-after 

control-impact monitoring project (Carter et al. 2009), but no conclusions can be drawn 

from this aspect of the project until follow-up data are collected after the city’s restoration 

efforts. Space-for-time substitutions often include only a small number of streams in a 

given urban area, so these studies “typically have very few degrees of freedom with 

which to separate the effects of different stressors” (Carter et al. 2009). Short sampling 

periods and temporal fluctuations further decrease the explanatory power of these studies 

and “given this uncertainty, SFT may be more appropriate in generating hypotheses about 

functional parameters than it is in testing them’’ (Pickett 1989). Combinations of 

experimental and monitoring approaches, as described by Carter et al. 2009 and Culp and 

Baird (2007) may be more effective for rigorous testing of hypotheses generated by 

space-for-time substitutions such as this project. 

 This project could have benefited from greater engagement with the surrounding 

community, although I did have some interesting and excellent conversations with 

streamside residents. Better communication with the Public Works Department of the 

City of South Bend would facilitate efforts to coordinate sampling and to ensure that the 

data collected would be useful to the city. A volunteer monitoring program, involving 

collaboration between community members and university researchers, could provide 

useful baseline data on Bowman Creek. This type of involvement would result in more 

experiential interaction with the urban ecosystem, hopefully leading to greater 

understanding, appreciation and conservation of the freshwater resources on which we 

depend.   
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5.2 Future research directions 

 This project was in many respects more of a pilot study than a solid, standalone 

research endeavor. I gained a much greater appreciation for the dynamic and complex 

nature of stream ecosystems, and the challenges associated with experimental design in 

studies of landscape-level urban disturbance. There are many ways in which the results of 

this pilot study could be used to inform future investigations into this under-studied 

system. 

 One goal of our study was to collect pre-restoration ecological data on Bowman 

Creek. The most valuable extension of this research would be to continue collecting data, 

to gain a greater understanding of seasonal and year-to-year variation. Placing the data in 

a temporal context would greatly improve its utility in establishing a baseline condition 

for the ecosystem function of the creek. Maintaining a long-term monitoring regime after 

the restoration project would yield valuable insights on the stream’s response and provide 

data that could be used to refine subsequent restoration efforts.  

 Another goal was to determine the effects of culverts on stream ecosystem health. 

Expanding the project to include between-stream replicates would be the single best 

choice to improve the broader relevance of these results. There are several additional 

projects that would complement the data already collected. Fish sampling would be an 

excellent way to expand our understanding of the Bowman Creek ecosystem. The 

Lamberti Lab has conducted prior electrofishing projects on Juday Creek (Moerke and 

Lamberti 2003). Electroshocking sections of culvert on Bowman Creek would be 

especially interesting. This research, if conducted in different seasons, could help 

determine whether the culverts function as a fish refuge during temperature extremes. 
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Also, if open-channel metabolism modeling is not compatible with short between-site 

distances, chamber respirometers could provide another method of assessing differences 

in stream metabolism between culvert and non-culvert sites (Bott 2007). As an extension 

of the insect data, collected samples could be further analyzed to quantify secondary 

productivity (Kohlhepp and Hellenthal 1992; Lamberti and Berg 1995; Benke and Huryn 

2007; Entrekin et al. 2009). 

 If significant differences in ecosystem composition were observed between 

well-chosen sites with and without culverts, secondary studies would be useful to 

elucidate the intermediate mechanisms by which the culverts were affecting the 

biological communities. For example, studies could be designed to address whether water 

flows faster through culverts, or whether the substrate composition differs between 

culvert and non-culvert stream sections (Moerke et al. 2004; Faustini and Kaufmann 

2007). Informal observations show that culverts appear to have fewer stable attachment 

surfaces for aquatic organisms (such as rocks and large woody debris) and fewer 

accumulations of coarse particulate organic matter such as leafpacks. This suggests that 

culverts could affect habitat and food sources for aquatic organisms by altering transport 

and retention rates for rocks and organic debris. Quantification of flow and retention rates 

(using rhodamine dye, dowels, ginkgo leaves and other materials) could prove very 

informative (Lamberti and Gregory 2007). This research could build on the retention 

studies conducted by Aldridge et al. (2009), Cordova et al. (2008) and Borchardt (1993). 

Retention in Bowman Creek culverts could also be compared to retention in Juday Creek 

(Ehrman and Lamberti 1992). Studies of nutrient uptake and spiraling lengths in long 

culverts, as compared to upstream and downstream reaches, could help determine the 
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effect of stream burial on stream nutrient dynamics (Stream Solute Workshop 1990). 

Investigations of the effects of culverts on water flow and nutrient exchange with the 

hyporheic zone and groundwater could also provide valuable information on the 

watershed-scale hydrological effects of culverts (Mulholland et al. 1997; Groffman et al. 

2005).  

5.3 Implications for restoration 

 The city’s focus on whole-catchment restoration strategies and low-impact 

development show great promise for improving ecosystem function and water quality in 

the streams and rivers surrounding South Bend. However, current proposed projects 

would result in the direct discharge of stormwater to Bowman Creek at an additional two 

sites, one near Haney Ave. and Dubail Ave. and another near Riley High School (City of 

South Bend 2010). This approach is strongly discouraged under the guidelines developed 

by Palmer et al. (2005; 2010) and Walsh et al. (2009), if the goal is to improve stream 

ecosystem function.  
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Chapter 7: Appendices 

7.1 Appendix I: Detailed study site information 

 

 

Figure 7.1: a) LOCST site, a ditch next to a construction area. b) Map from Google Earth 
 
LOCST site, named for Locust Rd. crossing 

GPS: 41°37'17.09"N, 86°16'56.12"W 

Nearest road crossing: Jackson Rd. and Locust Rd.  

This site (Fig. 6.1) was the farthest upstream sampled. It was also the last site sampled. 

From July 30 through Aug. 2, MiniSonde 5 # UM40 was deployed in the road-crossing 

a) b) 
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culvert at this site, concurrently with other MS5’s at URB and GOLF. Chemical and 

biological samples were taken on Aug. 2. Subsites in this reach were downstream of the 

road-crossing culvert visible in the photo above. Photo is facing south and upstream. 

Substrate was very silty, most likely due to sediment erosion from the subdivision being 

constructed in a large area to the southeast of this road crossing. Downstream portion of 

reach passing near houses with mowed lawns up to stream; somewhat shaded by trees. 

Many ranid frogs observed (likely Rana clamitans melanota [Rafinesque, 1820]), along 

with mud chimneys most likely constructed by burrowing crayfish. 
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Figure 7.2: URB site, in a wooded area. b) Map from Google Earth 
 
URB site, named for the Urbanskis, a very friendly couple living near the stream 

GPS: 41°38'6.01"N, 86°16'11.10"W 

Nearest road crossing: Keria Tr. and Serbian Ln. 

This site (Fig. 6.2) was downstream of LOCST and upstream of MAIN. It was the least 

disturbed site, as far as the surrounding ecosystem. In the URB reach, the stream flows 

through a heavily wooded area, with significant but not overwhelming large woody 

debris in the channel. Many sandbanks, riffles, and pools are present in this section, 

which meanders much more than channelized portions farther up and downstream. Some 

b) 

a) 
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bank undercutting and erosion were observed. Chemical and biological samples were 

collected on July 22. MiniSonde 5 # UM55 was deployed here from July 28 – 30 

(concurrently with other MS5’s at MAIN and LWE), and was reset and redeployed from 

July 30 – Aug. 2 (concurrently with other MS5’s at LOCST and GOLF). Mini-Sonde was 

deployed in midchannel of deep run, anchored with concrete block. Wood frogs (Rana 

sylvatica LeConte, 1825) were observed, as well as extensive chimney-building crayfish 

activity, even extending into the floodplain far from the stream channel. Mr. Urbanski 

reported digging up a crayfish burrow down to 18 ft. depth and finding a blind white 

crayfish at the bottom. (See photo of Mr. Urbanski and the author discussing a sample of 

stream invertebrates on p. xiv.) 
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Figure 7.3: a) MAIN site, above the first major culvert. b) Map from Google Earth 
 
MAIN site, named for Main St. crossing 

GPS: 41°38'53.99"N, 86°15'5.25"W 

Nearest road crossing: S. Main St and W. Fairview Ave. 

Photo (Fig. 6.3a) is facing northeast and downstream from a position southwest 

(upstream) of the culvert running under Main St. That is the first major culvert on the 

stream, marking the edge of the urbanized section of South Bend (Fig. 6.3b). This site 

had an interesting substrate composition, with many old broken bricks. Trash and debris 

were very visible. This site experienced very high flows during a rain event between July 

14 and July 15 (see Fig. 1.1). Chemical and biological samples were collected on July 21. 

b) a) 
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MiniSonde 5 # UM40 was deployed here from July 14 – 16 (concurrently with other 

MS5’s at DAYTN and LWE) and from July 28 – July 30 (concurrently with other MS5’s 

at MAIN and LWE). Large amounts of algae observed here. 

 

 
Figure 7.4: a) GOLF site, a golf course between two culverts. b) Map from Google Earth. 
 
GOLF site, named for Studebaker Golf Course 

GPS: 41°39'9.71"N, 86°14'33.45"W 

Nearest road crossing: Accessible via E. Ewing Ave or High St. 

Photo (Fig. 6.4a) is facing downstream (northeast) toward a footbridge in the middle of 

b) a) 
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the reach, which flows through the Studebaker Golf Course. The reach (Fig. 6.4b) is 

bounded on the upstream side by a long culvert that flows under the parking lot and 

running track of Riley High School, and is bounded on the downstream side by another 

long culvert that flows under the school’s baseball field. Chemical and biological samples 

were collected on July 21. MiniSonde 5 # UM56 was deployed here from July 30 – Aug 

2, concurrently with other MS5’s at LOCST and URB. The MiniSonde was anchored just 

inside the culvert at the downstream end of this reach. This site was almost entirely 

unshaded by trees except at the extreme ends near the culverts, and extensive algal 

growth was observed in sunny areas. The stream banks were mowed to golf course 

standards and had been stabilized with riprap (granite rocks). Leeches ~5-7cm in length 

were observed here.  

 

 
 
 

 
Figure 7.5: a) DAYTON site, the outflow of a long culvert. b) Map from Google Earth 

a) b) 
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DAYTON site, named for Dayton St. crossing 

GPS: 41°39'21.67"N, 86°14'18.95"W 

Nearest road crossing: E. Dayton St. and High St. 

Photo (Fig. 2.8b) is facing upstream (southwest) into the culvert that flows out from 

under the Riley High School baseball fields. This site is downstream from the GOLF 

sampling site, separated by the golf course reach and a long culvert (Fig. 2.8a). Due to 

time constraints, chemical and biological samples were not collected from this site, but 

the RAV site is directly downstream with no culverts in between. MiniSonde 5 # UM55 

was deployed at this site from July 14 – 16, concurrently with other MS5’s at MAIN and 

LWE. The MiniSonde was anchored in the culvert channel, far enough into the tunnel 

that it would not be visible to a casual observer without a light. Large fish (potentially up 

to 30cm) were observed taking refuge in the end of this culvert and fleeing upstream 

when disturbed. These were most likely creek chub (Semotilus atromaculatus [Mitchill, 

1818]). Schools of smaller creek chub were visible throughout the section of stream 

below the culvert. Evidence of residential and industrial trash dumping observed. We 

talked to Ellen, a resident who had lived in the same house near the Dubail St. stream 

crossing for 35 years. She reported many wildlife sightings in the creek area, including a 

great blue heron and even a salmon. (Salmon are a natural part of this region’s 

waterways, but there are significant fish barriers between this section of Bowman Creek 

and its juncture with the St. Joseph River downstream.) 
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Figure 7.6: a) RAV site, in Ravina Park. b) Map from Google Earth 
 
RAV site, named for Ravina Park 

GPS: 41°39'32.96"N, 86°14'15.92"W 

Nearest road crossing: E. Broadway St. and Dale Ave. 

This site (Fig.6.6) is directly downstream from the DAYTON culvert, with no intervening 

culverts. This photo is facing upstream (south) toward the Indiana Ave. crossing. This 

reach is bounded on the upstream side by the Indiana Ave. crossing and on the 

downstream side by the start of a long culvert that runs under a Pepsi bottling facility and 

the NIPSCO plant. Chemical and biological samples were collected from this site on July 

a) 

b) 
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23. This site was not used for MiniSonde deployment due to insufficient water depth in 

the downstream culvert. (Sonde data from the DAYTON site and sample data from this 

site can be used to help characterize the combined reach.) This site flowed through a 

municipal park, but the stream channel itself was heavily clogged with large woody 

debris (tree trunks and branches) that were accumulating rafts of trash and blocking the 

flow of water. 
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Figure 7.7: a) NIPSCO culvert outflow. b) Map from Google Earth. c) LWE site 
 
LWE site, named for Lincolnway East crossing 

GPS: 41°39'48.44"N, 86°14'12.37"W 

Nearest road crossing: Main St. and Lincolnway East 

This reach (Fig. 6.7c) is bounded on the upstream side by the outflow of the NIPSCO 

(Northern Indiana Public Service Company) culvert (Fig. 6.7a), which is downstream of 

the RAV site. The reach is bounded on the downstream side by the Lincolnway East 

a) b) 

c) 
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crossing just before Bowman Creek flows into the St. Joseph River. This photo (Fig. 

6.7c) is facing downstream (northeast). It was taken downstream of the NIPSCO culvert 

outflow and a large culvert which supported elevated train tracks crossing the stream. 

Another set of elevated train tracks crosses the creek at a culvert downstream of this 

position (not visible in photo). Chemical and biological samples were collected at this site 

on July 23. An additional chlorophyll a sample was collected in the middle of the second 

railroad crossing culvert at this site (referred to as RRCULV sample). MiniSonde 5 # 

UM56 was deployed in the middle of the second railroad crossing culvert from July 14 – 

July 16 (concurrently with other MS5’s at MAIN and DAYTON) and from July 28 – Aug 

2 (concurrently with other MS5’s at URB and MAIN. This site was chosen due to 

insufficient water depth at the NIPSCO culvert outlet at the upstream portion of the reach. 

Schools of creek chub were observed in this reach, and a single juvenile rainbow trout 

(Onchorhynchus mykiss Walbaum, 1792) was seen in the downstream section. Extensive 

coverage of hairlike brown algae/bacteria was observed in sunny areas of the stream 

channel on July 14, but much of this was swept away by a scouring flood on July 15. A 

wooded area near the access road to this site was occupied by what appeared to be a well-

established hobo camp, in close proximity to two sets of train tracks. Unfortunately, 

safety concerns and time constraints prevented us from talking to the residents about their 

observations of the nearby stream. 
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7.2 Appendix II: Invertebrate counts 

Table 7.1: Raw macroinvertebrate data for sites LOCST, URB, and MAIN 

    
LOCST URB MAIN 

    
1 2 3 1 2 3 1 2 3 

Highest taxa Family Genus Species 
         Ephemeroptera Unidentified 

     
2 

     
 

Baetidae 
     

2 1 
 

49 9 
 

  
Baetis 

     
3 2 

  
4 

Trichoptera Unidentified larva 
    

8 
 

3 
   

 
Unidentified pupa 

 
1 4 2 

 
3 4 1 

 
2 

 
Hydropsychidae 

  
9 

  
94 41 57 44 30 47 

  
Cheumatopsyche 

 
13 

   
9 3 

 
21 7 

  
Hydropsyche 

 
16 

  
18 44 27 

 
27 36 

 
Philopotamidae 

      
2 

    
  

Chimarra 
          

 
Hydroptilidae 

Hytroptila or 
Ochrotrichia? 

 
2 

      
1 

 
  

Neotrichia? 
         

4 

  
(empty cases - sandy)*       2     76 4 4 

  
(empty cases - Leucotrichia?)*                   

Diptera Unidentified 
   

5 
       

 
Simuliidae 

  
17 22 4 1 1 

   
2 

 
Tipulidae Antocha 

          
 

Chirnomidae 
  

12 33 53 2 20 26 37 22 101 

 
Ceratopogonidae 

           
 

Dixidae 
   

2 
       

 
Empididae 

      
1 3 

  
4 

Coleoptera Elmidae Unknown larvae 
 

27 4 11 27 18 20 101 67 240 

  
Macronynchus glabratus 

    
1 2 

   
  

Optioservus fastiditus 11 11 
 

10 10 11 
 

1 11 

  
Stenelmis crenata 17 6 1 4 6 14 6 5 1 
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*Not included in total counts  **Potentially P. duodecimpunctatus 
 
 
 

  
Dubiraphia 

 
1 

        
 

Haliplidae Peltodytes lengi** 
         Hemiptera Corixidae 

   
1 

       
 

Veliidae 
           

 
Macroveliidae 

       
1 

   Collembola 
    

1 2 
    

1 
 Acarina 

            Amphipoda 
            

 
Gammaridae Gammarus 

 
416 137 40 83 57 173 2 4 11 

Isopoda Asellidae Caecidotea 
       

1 
 

1 
Decapoda (crayfish) 

       
1 

   Turbellaria 
   

3 
  

3 2 
  

2 1 
Nematoida? 

           
1 

Annelida 
     

15 
     

2 

 
LWE worms? 

           
 

Oligochaeta 
   

8 
 

1 1 1 
   

 
Hirudinea 

           Bivalvia (Tiny clams) 
  

2 
    

2 
  

3 
Gastropoda (Left-handed pulmonate snails) 

 
2 3 5 

     
7 

 
Planorbidae (Ramshorn snails) 

 
1 6 

  
1 

  
4 

  
Ancylini 

   
1 

      
 

(Right-handed snails) 
         

1 

             TOTAL 
ABUNDANCE       549 238 140 255 220 351 241 190 490 
TOTAL PER SITE 

     
927 

  
826 

  
921 

SAMPLE MEAN 
     

309.0 
  

275.3 
  

307.0 
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Table 7.2: Raw macroinvertebrate data for sites GOLF, RAV, and LWE 

    
GOLF RAV LWE TOTAL  

    
1 2 3  1 2 3 1 2 3  

Highest taxa Family Genus Species 
         

 
Ephemeroptera Unidentified 

           
2 

 
Baetidae 

  
4 4 25 5 5 1 3 

 
1 109 

  
Baetis 

  
3 

  
15 

    
27 

Trichoptera Unidentified larva 
  

2 
    

5 
  

19 

 
Unidentified pupa 

 
1 1 6 

      
24 

 
Hydropsychidae 

  
38 5 27 23 1 

    
416 

  
Cheumatopsyche 

 
4 2 4 9 2 3 1 

  
78 

  
Hydropsyche 

 
16 29 19 11 3 37 5 2 

 
290 

 
Philopotamidae 

           
2 

  
Chimarra 

 
1 

        
1 

 
Hydroptilidae 

Hytroptila or 
Ochrotrichia? 

  
11 4 

     
2 20 

  
Neotrichia? 

   
5 

      
9 

  
(empty cases - sandy)*   6 6 19 1 1     4 149 

  

(empty cases - 
Leucotrichia?)*                   

12 

Diptera Unidentified 
  

1 
  

1 1 
    

8 

 
Simuliidae 

     
1 2 13 3 

 
1 67 

 
Tipulidae Antocha 

   
1 

      
1 

 
Chirnomidae 

  
15 86 140 15 12 42 3 1 21 641 

 
Ceratopogonidae 

     
2 

     
2 

 
Dixidae 

           
2 

 
Empididae 

    
4 1 

 
1 

   
14 

Coleoptera Elmidae Unknown larvae 
 

103 4 34 6 4 7 
  

1 674 

  
Macronynchus glabratus 

         
3 
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*Not included in total counts  **Potentially P. duodecimpunctatus

  
Optioservus fastiditus 1 

        
66 

  
Stenelmis crenata 13 1 

  
3 2 1 

 
1 81 

  
Dubiraphia 

          
1 

 
Haliplidae Peltodytes lengi** 

        
1 1 

Hemiptera Corixidae 
           

1 

 
Veliidae 

      
1 

    
1 

 
Macroveliidae 

           
1 

Collembola 
            

4 
Acarina 

        
1 

   
1 

Amphipoda 
      

1 
     

1 

 
Gammaridae Gammarus 

   
1 

 
1 

    
925 

Isopoda Asellidae Caecidotea 
    

4 2 1 
   

9 
Decapoda (crayfish) 

           
1 

Turbellaria 
   

1 
    

1 
   

13 
Nematoida? 

     
3 

     
2 6 

Annelida 
       

1 
    

18 

 
LWE worms? 

        
1 

 
61 62 

 
Oligochaeta 

  
3 

 
4 1 

   
2 1 22 

 
Hirudinea 

  
1 

 
1 3 

 
3 

  
 8 

Bivalvia (Tiny clams) 
  

12 5 3 2 1 1 
  

 33 
Gastropoda (Left-handed pulmonate snails) 

 
2 4 3 6 4 3 3 1 1 54 

 
Planorbidae (Ramshorn snails) 

   
1 

    
1 16 

  
Ancylini 

   
1 

 
1 

   
1 4 

 
(Right-handed snails) 

    
1 

     
3 

             
 

TOTAL 
ABUNDANCE       220 159 284 89 58 121 18 7 111 3741 
TOTAL PER SITE 

     
663 

  
268 

  
136  

SAMPLE MEAN 
     

221.0 
  

89.3 
  

45.3 207.8 
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Τα Πάντα ῥεῖ  
(ta panta rhei) 

everything flows 
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