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CHAPTER 1 INTRODUCTION 

1.1 Watershed Sediment Delivery to the River Outlet 

Watershed sediment delivery is the total amount of sediment generated within a 

watershed and delivered to the river outlet over a particular timeframe. Estimation of 

watershed sediment delivery involves an understanding of the complex processes of soil 

erosion, sediment transport, and sediment deposition (Borah et al, 2008; Creech C et al, 

2010; Garcia, 2008; Gray and Simoes, 2008; MacArthur et al, 2008; Milliman and 

Farnsworth, 2011; Sommerlot et al, 2013; Alighalehbabakhani et al, 2017a; and, USACE, 

1995 and 2008).  

Soil erosion at the watershed scale involves transport of sediment entrained in 

overland surface water flow to the river system as well as erosion of the bed and banks 

of the river (formation of gullies, river bank failure, and mass wasting). As water and 

sediment move from  higher elevations to a lower elevations, energy is released and a 

river dissipates this energy by performing work on the channel (erosion and deposition; 

see Figure 1) and by movement of sediment entrained in water (Bagnold RA, 1977; 

Morisawa 1968; Brooks et al., 2013; UNESCO, 2013). The transport of sediment by water 

forms the bed and banks of the river, and changes the slope of the river through 

aggradation (raising of the river bed) and degradation (deepening of the river bed). 

Sediment depositional areas (e.g. sinks) within the watershed include sediment deposited 

onto floodplains and in the bed and banks of the river, upland and aquatic wetlands, as 

well as sediment deposited in natural lakes and manmade reservoirs that trap sediment 
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before it reaches the river outlet (Biedenharn et al., 2008; Cohen et al., 2014; FISRWG, 

1998: Foster et al., 1981; Gray and Simoes, 2008; USACE, 2008).  

Figure 1.  Examples of Deposition and Erosion Within a Fluvial System, Two Hearted 
River (61) (Google Earth Pro, 2021) 

Estimation of watershed sediment delivery integrates the effects of river flow, 

topography, surficial geology, and land use. Excessive sedimentation has significant 

economic impacts and is a leading stressor of biological communities that inhabit these 

waterways (Charlton R, 2008; MacArthur et al, 2008; Smith et al., 2015). The effects of 

excessive sedimentation include habitat degradation and corresponding changes to the 

biological communities and spawning habitats (Yang CT, 2006; MDEQ, 2008).  An 

example of sediment discharge from Grand River (14) to Lake Michigan following a large 

storm event is shown in Figure 2.  
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Figure 2. Aerial Photograph of the Outlet of the Grand River (14) at Lake Michigan 
Following a Large Storm Event, April 22nd, 2013 (Beaver M, 2013) 

With respect to economic impact, damage to infrastructure due to excessive 

erosion and sedimentation is well documented (MacArthur et al, 2008; USACE, 1995; 

USACE, 2015). Excessive erosion along river banks and downcutting of the river bed can 

damage roads, sewers, bridges, buildings, and other infrastructure. Aside from the effects 

on biological communities, excessive sedimentation can significantly reduce reservoir 

capacity and affect the water quality of rivers and impoundments (USACE, 1995; Yang 

CT, 2006; Alighalehbabakhani et al., 2017b). Another economic impact of watershed 

sediment delivery includes the physical loss of top soil due to erosion which can adversely 

affect soil fertility and lead to an increase in fertilizer use (and increased agricultural 

expense), potentially degrading the water quality of nearby streams and rivers 

(Montgomery DR, 2012; Ritter J, 2015; Trimble and Lund, 1982).  
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From 1986 to 2013, USACE Great Lakes maintenance dredging of federal 

navigation channels averaged approximately 2.4 million cubic meters of sediment each 

year; however, sediment is accumulating in the navigational channels and harbors faster 

than the sediment is removed resulting in a growing dredging backlog (USACE, 2014; 

see Figure 3). The estimated Fiscal Year 2021 navigational dredging costs in the Great 

Lakes are $48,620,000 for maintenance dredging of 2,821,000 cubic meters (3,690,000 

cubic yards) of sediment (USACE, 2021).  In addition, the Fiscal Year 2021 USACE Great 

Lakes appropriation includes $9,930,000 to perform condition assessments (bathymetric 

surveys) to determine the amount of sediment that has accumulated in the navigation 

channel and harbor that requires maintenance dredging to maintain the project depth 

(USACE, 2021).  As of October 2020, the dredging backlog for these 30 USACE-Detroit 

District maintained harbors and navigational channels totals 2,514,341 cubic meters 

(3,288,634 cubic yards) of sediment. 

The USACE-Detroit District maintains 94 harbors and navigation channels within 

the Great Lakes watershed. Of the 60 Michigan rivers included in this research, 30 of 

these rivers discharge to USACE-Detroit District maintained harbors or navigation 

channels (see Figure 4).   Estimation of bedload sediment delivery to the river outlet of 

these 60 Michigan watersheds and five sub-watersheds is the subject of this research. 
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Figure 3.  Sediment Dredging Backlog Under Constrained Dredging Funding 2013-2018 
(USACE, 2014) 

1.2 Hypothesis 

If an empirical equation can be developed as a statistical model to describe the 

relationship between bedload watershed sediment delivery to the river outlet and 

significant watershed characteristics, then bedload watershed sediment delivery can be 

reliably predicted as a function of the characteristics of the watershed. Characteristics of 

the watershed include: watershed area; the mean annual flow and/or recurrence interval 

flows of the river draining the watershed at the river outlet; characteristics of the 

watershed such as land use as expressed by the watershed Runoff Curve Number and 

the average and maximum elevation of the watershed relative to the receiving water 

elevation; and the percentage of the watershed covered in depositional areas such as 

natural surface water bodies, aquatic and upland wetlands, and manmade dams and 

associated reservoirs located within the watershed.   
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CHAPTER 2 LITERATURE REVIEW 

2.1 Overview of Sediment Transport, Dissolved Load, Wash Load, and 
Bed Material Load 

The field of sediment transport might just as well be called “transport of granular 

particles by fluids,” and embodies a type of two-phase flow, in which one phase is fluid 

(river water) and the other phase is a solid, e.g. sediment (Garcia MH, 2008).  The rivers 

that drain each watershed transport sediment.  River discharge (Q; cubic meters/second) 

is calculated using the Continuity Equation as follows: 

Q = U x A          (1) 

where,  

U = water velocity (meter/second) 

A = cross-sectional area of the river perpendicular to flow (square meter) 

Figure 5.  Diagram of Channel Cross-Section (USGS, 2016) 
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As shown in Figure 5, total river discharge (Q) is calculated by measuring current 

velocity (U) in each channel subsection and integrating over the subsection areas (Area, 

A) to obtain total discharge (Q).    In steady, turbulent, uniform, open-channel flow, a river 

is characterized using the following measurements (Garcia MH, 2008; USDA, 2007):  

mean flow depth (H; meters), mean flow velocity (U; meters/second), river width (B; 

meters), water surface slope (S; meter/meter), and a river bottom surface roughness that 

has an effective height of ks (meter).  For very wide river channels (B/H >> 1), the 

hydraulic radius of the river (Rh; cross-sectional area/wetted perimeter) approximates 

the mean flow depth (H). 

The river channel is covered with sediment having a mean size or diameter (D; 

meter) and the roughness height (ks) will be proportional to this diameter. Due to the 

weight of the water and the slope of the channel, the river flow exerts on the river bottom 

a tangential force per unit bed area known as the bed shear stress (Ƭb), which in the case 

of steady, uniform flow can be expressed as:  

Bed Shear Stress, Ƭb = (ϒ)(Rh)(S)     (2) 

where, 

ϒ = specific weight of water (998 kilograms/cubic meters) 

Rh = hydraulic radius (meter) 

S = slope of energy grade line or water surface (meter/meter) 

ϒ = specific weight of water = (ρ)(g) 

ρ = water density 
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g = acceleration due to gravity 

Bed shear stress has units of force (kilograms/square meter) and is used to 

evaluate sediment movement (incipient motion) and the particle size of the sediment that 

can be moved by a river at a certain stage (water depth).  When breaking this force into 

components, the component in the downstream direction is the force that moves sediment 

(bed shear stress); the deeper the water (e.g. the larger the hydraulic radius, R), the 

greater the bed shear stress (see Figure 6). 

Figure 6.  Bed Shear Stress (Figure 2.1, USACE, 1993) 

In the case of steady, uniform flow, shear stress (Ƭ) varies with depth of water above the 

river bottom (z), and is given as follows:   

Ƭ = Ƭb (1 – z/H) (3)
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As shown in Figure 6, shear stress (Ƭ) is greatest near the river bottom and 

decreases toward the surface of the river.  The depth-wise variation in shear stress and 

shear velocity help explain the vertical distribution of suspended sediment in open 

channel flow.  Bed shear stress is used to determine if sediment of a certain particle size 

can be set in motion by a river with a given slope and depth (USDA, 2007; McCuen, 2004; 

Garcia MH, 2008).  Shear velocity (Vs) helps lift sediment particles as the water velocity 

increases as the water accelerates over the top of the particle.  

𝑉𝑉𝑠𝑠 =  �𝑔𝑔𝑔𝑔ℎ𝑆𝑆  (4) 

g = acceleration due to gravity (9.81 meters/second squared) 

Rh = hydraulic radius (meter) 

S = slope of energy grade line/water surface (meter/meter) 

Shear velocity (Vs) provides a direct measure of the flow intensity, and a river’s 

ability to entrain and transport sediment particles (USDA, 2007; Garcia MH, 2008).  The 

size of the sediment particles on the river bottom determines the surface roughness (ks), 

which in turn affects the flow velocity distribution and sediment transport rate.  Shear 

velocity creates turbulence on the downstream side of the sediment particle; depending 

on sediment particle size and shape, this mechanism can cause sediment particles to roll, 

slide, saltate (bed load), or become suspended in the water column (suspended load).   

The total sediment load transported by a river to the river outlet consists of 

dissolved load, wash load, and bed material load (USACE, 1995; Garcia MH, 2008, Gray 

JR and Simoes JM, 2008; USDA, 2007): 



11 

Dissolved Load:  Material dissolved in a river may constitute a large portion of the 

total load, but it is of no geomorphic significance but may be biologically significant. 

Wash Load:  Material not found in the river bed in any appreciable significance; 

diameter d5 (5% of the bed material is finer) and usually consists of clays and fine 

silts.  Wash load can remain suspended for long periods of time even at very low 

flow rates.  Wash load is kept in suspension by Brownian motion. 

Bed Material Load:  Bed material load is all of the material found in appreciable 

quantities in the bed and banks of a river (d5 to d100).  Bed material load consists 

of bed load and suspended load and is the only material of geomorphic 

significance.  Bed material load is typically assumed to be approximately 10% bed 

load and 90% suspended load, however these percentages can vary widely 

(USGS, 2011).  

Suspended Load:  The portion of the bed material load that is lifted by 

turbulence to travel within the water column at elevations above the bed 

greater than a few sediment grain diameters.   

Bed Load:  The portion of the bed material load that travels within a few 

grain diameters of the bed and moving slower than the flow of the river.  Bed 

load moves by rolling, sliding, and saltating along the bed of the river. 

Typically, bedload represents 5–20 percent of the total load carried by a 

river (USGS, 2011).  
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In a truly alluvial river, the bed and banks of the river consist of bed material load. 

However, in the Great Lakes watershed, alluvial rivers are nearly non-existent because 

they are geologically very young.  The most recent glacial event, the Wisconsin glaciation, 

ended between 11,000 to 14,000 years ago (Flint RF, 1971).  There has not been enough 

time for the rivers of the Great Lakes watersheds to meander back and forth, to create 

truly alluvial rivers where the bed and banks consist of bed material load. Many sediment 

transport equations assume that the river is alluvial (Garcia MH, 2008; Mehta AJ and 

McAnally WH, 2008; Parker G, 2008; USDA, 2007).     

2.2 Bankfull River Flow 

Bankfull stage is a very important concept in the assessment of watershed 

sediment transport.  Bankfull stage is the elevation where the river spills into the flood 

plain and is a relief valve for the river (USACE, 1995; USDA, 2007).  At bankfull stage, 

the bed shear force is greatest, and the river performs the most work (e.g. moves the 

most sediment; see Figure 7).  If the river cannot spread out onto the flood plain to release 

energy, the river may incise (downcut erosion) and de-stabilize banks (bank failure or 

mass wasting). The frequency of bankfull within a river system varies, but the recurrence 

interval typically ranges from 1.5 to 2.0 years (Biedenharn et al, 2008). 
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Figure 7.  Example of Bankfull Stage, Upper Rouge River 

2.3 Watershed Sediment Delivery Equations 

Initial research was conducted to compare empirical watershed sediment delivery 

estimates using two fundamentally different approaches (Barkach JH et al, 2020): the 

2010 Great Lakes regional trend line that was developed by the USACE (USACE, 2010a; 

Creech et al, 2010) and the global BQART sediment delivery equation that was developed 

Syvitski and Milliman (2007; see Section 2.6). Note that Sections 2.3 to 2.7 discuss the 

application and comparison of the Syvitski and Milliman Global BQART equation to the 

USACE (2010a) Great Lakes regional trend line for 60 Michigan Rivers as presented in 

Barkach JH et al (2020). Insights regarding the river and basin characteristics that 

primarily affect watershed sediment delivery to the river outlet were developed by 
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comparing the watershed sediment delivery estimates using the global BQART equation 

and USACE (2010) Great Lakes regional trend line (Barkach JH et al, 2020). 

The USACE (2010) Great Lakes regional trend line is based on 61 watershed 

sediment delivery estimates that are located within Great Lakes basin and served as the 

basis of comparison with respect to the global BQART watershed sediment delivery 

estimates. In addition, for six of these 60 watersheds, the global BQART equation and 

the USACE Great Lakes regional trend line were compared to watershed sediment 

delivery estimates that were prepared by the USACE using complex, calibrated 

hydrodynamic and sediment delivery models.  

Watershed sediment delivery equations have often been developed for application 

at much larger watershed scales than those represented by these 60 Michigan 

watersheds (Syvitski, 2002; Syvitski and Milliman, 2007; Cohen et al., 2011; and, Cohen 

et al., 2014). For example, the Syvitski and Milliman (2007) BQART equation was 

developed from a database of 488 global rivers whose watersheds cover 63% of the 

earth's surface. The global BQART equation was validated for rivers that have mean 

annual flows greater than 30 cubic meters/second (Cohen et al, 2011; Syvitski JPM, 

2019). The average annual flow rate of the Michigan rivers included in this research is 22 

cubic meters/second, and range in size from 1.0 cubic meters/second (Days River; 44) to 

132.5 cubic meters/second (St. Joseph River; 34).  

2.4 USACE Watershed Models to Estimate Sediment Delivery 

Calibrated hydrologic and watershed sediment delivery models were developed by 

the USACE under the Great Lakes Tributary Model (GLTM) program that was established 
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through Section 516(e) of the Water Resources Development Act of 1996. These 

comprehensive USACE 516(e) studies were completed on six of the 60 Michigan 

watersheds included in this research.  These watershed sediment delivery estimates were 

prepared in conjunction with the Great Lakes Tributary Modeling Program (516(e); 

USACE, 2008) and include: 

• Saginaw River watershed (USACE, 1999 and 2000)

• Clinton River watershed (USACE, 2005)

• St. Joseph River watershed (USACE, 2007a)

• Grand River watershed (USACE, 2007b)

• Sebewaing River watershed (USACE, 2007c)

• Ontonagon River watershed (USACE, 2010a)

Watershed models were used by the USACE to simulate short-term (individual 

storm events) and long-term (historical) changes in a watershed by estimating upland soil 

and stream erosion, hydrologic conditions, and transport and deposition of sediment. 

These models are comprehensive and data intensive tools some of which can also be 

used simulate chemical mixing in water; these models are also called nonpoint source 

pollution models because they simulate surface water pollutants, including sediment, 

nutrients, pesticides, and other chemicals, originating from nonpoint or diffused sources 

(Borah DK et al, 2008; USACE, 2008).  

The watershed models that have been used by the USACE and others to predict 

sediment delivery are complex and require extensive data regarding the hydrologic 

conditions of the watershed, as well as detailed data regarding soil erosion, 
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sediment transport, and sediment deposition processes. As with all models, the reliability 

and accuracy of the input data directly affect the reliability and accuracy of the watershed 

sediment delivery (output) estimated using models. For this reason, model calibration 

of the hydrologic conditions was completed by the USACE for each of these six 

watersheds (USACE, 2008; Riedel et al., 2010). 

2.5 Estimates of Watershed Sediment Delivery Using the USACE 2010 
Great Lakes Regional Trend Line 

The USACE 2010 Great Lakes regional trend line (USACE, 2010; Creech et al, 

2010) is based on sediment delivery estimates from 61 watersheds located throughout 

the Great Lakes basin, these include 13 USACE 516(e) models and 48 Great Lakes 

reservoirs from the Subcommittee on Sedimentation Reservoir Sedimentation (RESSED) 

database (USGS, 2014). Using these data, the USACE (2010) developed an area-based 

watershed sediment delivery regression equation for the Great Lakes watershed where: 

Qs = 177.6A 0.77 (5) 

where,  

Qs = Watershed Sediment Delivery (metric tonnes/year) 

A = Watershed Area (square kilometers) 

The USACE (2010) Great Lakes regional trend line is an empirical equation, and 

as such, is most applicable to estimating watershed sediment delivery within the Great 

Lakes basin (see Figure 8).  Note that Equation 5 is presented as a function of watershed 

area (square kilometers) and watershed sediment delivery (metric tonnes/year).   
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Figure 8.  Annual Watershed Sediment Delivery to River Outlet, USACE (2010) Great 
Lakes Regional Trend Line (Barkach JH, 2020) 

With respect to the USACE (2010) Great Lakes regional trend line, the high 

correlation between watershed area and watershed sediment delivery (R2=0.78) appears 

to be reflected in the high correlation (R2=0.95) between watershed area and mean 

annual river flow for the 60 watersheds included in this research (Barkach JH et al, 2020). 

2.6 Estimates of Watershed Sediment Delivery Using the Syvitski and 
Milliman (2007) BQART Equation 

Given the extensive data and computational requirements of calibrated 

hydrodynamic and watershed sediment delivery models (USACE, 2010; Riedel et al., 

2010), a number of empirical models have been developed based on observations of 

watershed sediment delivery and watershed characteristics (Schumm and Hadley, 1961: 
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Wilson, 1973; Milliman 1980, Milliman and Meade, 1983; Milliman and Syvitski, 1992; 

Mulder and Syvitski, 1996).  

Milliman and Syvitski (1992) demonstrated a strong correlation (R2 ranging from 

0.70 to 0.82) between watershed sediment delivery (Qs; millions of metric tonnes of 

sediment/year; MT/yr) and basin area (A; square kilometers) using a global database of 

275 rivers.   Mulder and Syvitski (1996) observed that when watersheds with significant 

human impacts were removed, the correlation coefficient improved. Further, Mulder and 

Syvitski (1996) noted the importance of surficial geology on watershed sediment delivery 

where watersheds comprised of softer sedimentary rocks and unconsolidated soils 

demonstrated much larger sediment delivery than those underlain by metamorphic and 

igneous rocks.  The importance of surficial geology on watershed sediment delivery at 

the river outlet has been studied by many authors (Striffler, 1963; Bent, 1970; Bent, 1971, 

Thomas and Beson, 1975; USGS, 1984a; Pinet and Souriau, 1988; Probst and Suchet, 

1992; Hicks et al., 1996; Ludwig and Probst, 1998; Inman and Jenkins, 1999; Kapsimalis 

et al. 2005).  

One of Milliman and Syvitski’s (1992) contributions was evaluating rivers 

regardless of size based on relief classes (Syvitski and Milliman, 2007). Relief (R) 

represents the maximum watershed elevation minus the elevation of the receiving water.  

Mulder and Syvitski’s (1996) multi-regression analysis established a relationship between 

watershed sediment delivery, watershed area, and maximum watershed relief.  Syvitski 

and Milliman (2007) developed the BQART equation using a database of 488 global rivers 

whose watersheds encompass 63% of the earth's land surface. The BQART equation 
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estimates annual suspended sediment load that will discharge to a receiving water body 

at mean annual river flow.  Syvitski and Milliman (2007) developed two equations, one 

equation for watersheds where the annual mean basin temperature is greater than 2 

degrees Centigrade (C) and a second equation for watersheds with an annual mean basin 

temperature <2°C.  The 60 rivers and five sub-watersheds evaluated in this research have 

mean basin temperatures >2°C, the Syvitski and Milliman (2007) BQART equation for 

watersheds with annual mean basin temperatures >2°C follows:  

Qs = wBQ0.31A0.5RT                             (6) 

where,  

Qs = watershed sediment delivery, millions of metric tonnes (MT) per year 

w = 0.0006 for units of million metric tonnes/year (MT/yr) 

B = geologic and human influence factor, calculated value 

Q = mean annual river flow, cubic kilometers/year 

A = watershed area, square kilometers

R = relief, kilometers 

T = mean basin temperature, °C 

The variable B of the BQART equation accounts for characteristics of the 

watershed and human influence. Characteristics of the watershed include the glacial 

erosion factor (I), an average basin-wide lithology factor (L), and the sediment trapping 

efficiency (Te) of lakes and man-made reservoirs (Syvitski and Milliman, 2007).  The 

human-influenced soil erosion factor (Eh) addresses anthropogenic factors that affect 

sediment delivery to rivers draining watersheds such as agricultural practices, 
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urbanization, and deforestation among others (Syvitski and Milliman, 2007).  The variable 

B is calculated as follows (Syvitski and Milliman, 2007):  

B = IL (1-Te)Eh                  (7) 

where: 

L = basin-wide lithology factor (see Figure 5 of Syvitski and Milliman, 2007) 

Te = sediment trapping efficiency of dams and lakes within the watershed 

Eh = human influence soil erosion factor (see Figure 7 of Syvitski and 

Milliman, 2007) 

I = glacial erosion factor, where 

I = (1 + 0.09 Ag),   

Ag = area of the drainage watershed with ice cover as a percentage of the 

total drainage area of the watershed 

Syvitski and Milliman (2007) found that watershed sediment delivery to the world's 

oceans was most affected by geological parameters (65%: watershed area, maximum 

relief, surficial geology, and ice cover), climatic factors (14%: precipitation and 

temperature), and anthropogenic factors (16%: reservoir sedimentation and population 

density). 

The basin-wide lithology factor (L) addresses surficial geology and the impact on 

watershed sediment delivery.  Watersheds composed of soft rock and unconsolidated 

sediments deliver more sediment to rivers then watersheds underlain by igneous and 

metamorphic rocks.  Syvitski and Milliman (2007) utilized six basin-wide lithology classes 

ranging from basins composed of hard igneous or high-grade metamorphic rocks (L=0.5) 
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to basins underlain by exceptionally erodible materials such as loess (L=3).  A basin-wide 

lithology factor L=2 is reserved for basins draining a significant proportion of sedimentary 

rocks, unconsolidated sedimentary cover, and alluvial deposits (Syvitski and Milliman, 

2007).  The 60 watersheds addressed in this research are underlain by unconsolidated 

glacial deposits including glacial outwash plains, glacial till, ice contact and lacustrine 

deposits; for this reason, a basin-wide lithology factor L=2 was utilized (Barkach JH, 

2020). 

Natural lakes and manmade reservoirs trap sediment before the sediment can 

reach the river outlet.  The effect of an individual dam on watershed sediment yield is a 

function of the amount of water entering the lake or reservoir, the hydraulic capacity of 

the lake or reservoir and the resulting hydraulic retention time, the geometry of the surface 

water body, and the size of the suspended sediment and bedload among other factors 

(USACE, 1995; Morris et al, 2008; Alighalehbabakhani et al, 2017a).  With respect to 

Michigan, the 60 watersheds included in this research contain 2,345 dams located within 

these 60 watersheds.  In the Great Lakes region, the small dams are often located in the 

edges of the watershed where relief is greatest (near glacial moraines and outwash 

deposits) in contrast to the large dams that are typically located in series along the main 

stems of the larger rivers.  Vorosmarty et al. (2003) developed equations to predict basin-

wide sediment trapping efficiency, however the effect of multiple manmade reservoirs and 

natural lakes on watershed sediment delivery is difficult to predict.  Due to the inherent 

challenge of calculating a basin specific trapping efficiency (Te), the average (1-Te) value 

in Syvitski and Milliman’s (2007) global database of 488 rivers (0.8) was used for this 

research (Barkach JH et al, 2020).  
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The human influenced soil erosion factor (Eh) addresses anthropogenic factors 

such as urbanization, deforestation, agricultural practices, and mining activities which can 

increase watershed sediment delivery to a river outlet (Syvitski and Milliman, 2007). 

According to Syvitski and Milliman (2007), an Eh of 0.3 is used for high-density 

populations of greater than 200 people/square kiolometer and a per capita income of 

>$15,000/year.  An Eh of 1 is used for basins with a low human footprint (population 

<50/square kilometer).  An Eh of 2.0 was used for watersheds with population density 

(PD) >200/square kilometer  but per capita income is low <$1,000/year.  With respect to 

Michigan, all 83 counties have a per capita income greater than >$15,000/year based on 

the 2010 United States Census Data. Population densities were calculated for each of 

the 60 watersheds and the human influenced soil erosion factor was varied by population 

density using the Syvitski and Milliman (2007) values described previously.  With respect 

to the 60 watersheds, the human influence soil erosion factor (Eh) was set to 1 for all 

watersheds with exception of watersheds with high population densities (>200/square 

kilometer) where Eh was set to 0.3 including the Macatawa River (PD 256/ square 

kilometer), the Rouge River (PD 1,087/square kilometer), the Clinton River (PD 696/ 

square kilometer), and the Huron River (PD 260/square kilometer). 

 With respect to the BQART equation, the glacial erosion factor (I) ranges from 1 

(0% ice cover) to 10 (100% ice cover).  Since there are no glaciers in Michigan, the glacial 

erosion factor was set to I=1 representing 0% ice cover (Syvitski and Milliman, 2007). 
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2.7 Comparison of the Watershed Sediment Delivery Estimates Using 
the USACE (2010) Great Lakes Regional Trendline and the Syvitski 
and Milliman (2007) BQART Equation 

Of the 60 rivers evaluated, the global BQART equation predicts on average 19% 

less sediment delivery to the river outlet in comparison to the USACE (2010) Great Lakes 

regional trend line (Barkach JH et al, 2020).  In Figure 9, watershed sediment delivery 

estimates using the global BQART equation are compared graphically to the USACE 

(2010) Great Lakes regional trend line.  Both a regression line and a 1:1 line is shown in 

Figure 9 .  The equation of the regression line is: 

y = 1.1909x – 8855.8 R2 = 0.87 (8) 

where, 

y = watershed sediment delivery, global BQART equation, metric tonnes/year 

x = watershed sediment delivery, USACE Great Lakes regional trend line, metric 

tonnes/year 

.  The slope of the regression equation of 1.1909 is reflected in the average 

difference (-19%) between the global BQART equation and the USACE (2010) Great 

Lakes regional trend line and is also apparent in comparison to the 1:1 line that is shown 

in Figure 9.  The noted R2 value of 0.87 of the regression line demonstrates the strong 

correlation between these two methods of estimating watershed sediment delivery to the 

river outlet.  Overall, the global BQART sediment delivery estimates are within 25% of the
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USACE (2010) Great Lakes regional trend line estimates for 21 out of the 60 Michigan 

rivers (35%). Of these 21 rivers, 15 of these rivers have mean annual flows of less 

than 30 cubic meters/second which is the validated minimum water discharge that was 

used to establish the BQART equation (Cohn et al., 2011; Syvitski JPM, 2019).  

Of the 60 rivers included in this research, 48 rivers have mean annual flows of less 

than 30 cubic meters/second. With respect to the Michigan rivers with mean annual flows 

of less than 30 cubic meters/second, 31% of the rivers have BQART sediment delivery 

estimates that are within 25% of the USACE (2010) Great Lakes regional trend line 

(Barkach JH et al, 2020). Of these 48 rivers, the BQART sediment delivery estimates 

were on average 31% smaller than the USACE (2010) Great Lakes regional trend line. 

The global BQART equation provides lower estimates of the watershed sediment delivery 

in comparison to the USACE (2010) Great Lakes regional trend line for rivers with mean 

annual flow rates of <30 cubic meters/second (Barkach JH et al, 2020). 

Of the 12 Michigan rivers with mean annual flows greater than 30 cubic 

meters/second, 50% of the rivers have BQART sediment delivery estimates that are 

within 25% of the USACE (2010) Great Lakes regional trend line.  Further, these 12 rivers 

have global BQART sediment delivery estimates that were on average 32% larger than 

the corresponding USACE (2010) Great Lakes regional trend line estimate. Of these 12 

rivers, two stand out.  The BQART watershed sediment delivery estimates for the 

Manistee River and Muskegon River were 109% and 107% larger than the corresponding 

USACE (2010) Great Lakes regional trend line estimate.  The percent differences 

between the BQART model estimate and the USACE (2010) Great Lakes regional trend 
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line estimate of greater than 30% were noted in three other rivers with mean annual river 

flows >30 cubic meters/second including the Portage River (33%), Ontonagon River 

(44%), and Menominee River (32%).  With respect to the Manistee River, Muskegon 

River, Portage River, Ontonagon River, and Menominee River, the relief term (R) is 

greater than 0.34 kilometers for all five rivers. The relief term (R) for the remaining seven 

rivers averages 0.23 kilometers reflecting the low gradient streams common in Michigan. 

The differences in watershed sediment delivery between these two methods appears to 

be due, at least in part, to the value used for the relief term (R) of the global BQART 

equation (Barkach JH et al, 2020). 

In addition to comparison of the global BQART watershed sediment delivery 

estimates to the USACE (2010) Great Lakes regional trend line, both methods were 

compared to calibrated hydrodynamic and sediment transport models that were 

completed by the USACE (Barkach JH et al, 2020).  The USACE 516(e) studies were 

completed on six of the 60 rivers included in this research: the Saginaw River watershed 

(USACE, 1999 and 2000), the Clinton River watershed (USACE, 2005), the St. Joseph 

River watershed (USACE, 2007a), the Grand River watershed (USACE, 2007b), the 

Sebewaing River watershed (USACE, 2007c), and the Ontonagon River watershed 

(USACE, 2010a).   

The Saginaw River is the largest watershed in Michigan (15,882 square 

kilometers) and due to the river’s high watershed sediment delivery to Saginaw Bay (Lake 

Huron), is arguably the most studied.  With respect to the Saginaw River watershed, the 

mean annual flow rate is 124.9 cubic meters/second. The watershed sediment delivery 
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predicted using the global BQART equation is estimated to be 290,000 tonnes/year to 

Saginaw Bay (Lake Huron). The global BQART estimate is very similar to the watershed 

sediment delivery estimate of 250,000 tonnes/year that was prepared in conjunction with 

the USACE's (1999, 2000) 516(e) program.  The USACE (2010) Great Lakes regional 

trend line predicts a watershed sediment delivery of 300,000 tonnes/year which is nearly 

identical to the global BQART watershed sediment delivery estimate of 290,000 

tonnes/year.  

The most recent USACE 516(e) study was completed on the Ontonagon River 

(USACE, 2010). The Ontonagon River covers 3,585 square kilometers and has a mean 

annual flow rate of 39.4 cubic meters/second.  Using calibrated hydrodynamic and 

sediment delivery models, the USACE estimated watershed sediment delivery of 180,000 

tonnes/year to Lake Superior. The USACE (2010) Great Lakes regional trend line and the 

global BQART equation predict watershed sediment delivery of 97,000 and 140,000 

tonnes/year, respectively. U.S. Geological Survey sediment gages with long-term records 

are rare in Michigan; however, a USGS gage with over 20 years of measurements is 

located on the Ontonagon River. Using the USGS sediment gage data, the USACE 

(2010a) estimated that the average annual watershed sediment delivery to Lake Superior 

is approximately 140,000 tonnes/year (Barkach JH et al, 2020). In this case, the global 

BQART watershed sediment delivery estimate was similar to the USACE 516(e) study 

and the watershed sediment delivery estimate completed using the USGS Ontonagon 

River sediment gage, and less similar to the USACE (2010a) Great Lakes regional trend 

line.  
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Four other USACE 516(e) studies were completed by the USACE, two on rivers 

that have mean annual flow rates of less than 30 cubic meters/second (Sebewaing River 

and the Clinton River) and two on rivers with mean annual flow rates greater than 30 

cubic meters/second (St. Joseph River and the Grand River). The Sebewaing River and 

Clinton River discharge to Lake Huron and Lake St. Clair, and have mean annual flow 

rates of 1.6 cubic meters/second and 17.6 cubic meters/second, respectively. With 

respect to the Sebewaing River, the watershed delivery estimates are 5,200 tonnes/year 

(USACE 516(e) study), 13,000 tonnes/year (USACE Great Lakes regional trend line), and 

3,200 tonnes/year (global BQART equation). With respect to the Clinton River, the 

watershed sediment delivery estimates are 73,000 tonnes/year (USACE 516(e) study), 

27,000 tonnes/year (USGS sediment gage), 63,000 tonnes/year (USACE Great Lakes 

regional trend line), and 18,000 tonnes/year (global BQART equation). In the case of the 

rivers with mean annual river flows smaller than 30 cubic meters/second, the variability 

of the watershed sediment delivery estimates is high and the BQART watershed sediment 

delivery equation typically predicts less sediment delivery than the USACE (2010) Great 

Lakes regional trend line (see Figure 9).  

The St. Joseph River and the Grand River discharge to Lake Michigan and are two 

of the largest rivers included in this research with mean annual flow rates of 132.5 cubic 

meters/second and 127.1 cubic meters/second. With respect to the Grand River, the three 

watershed sediment delivery estimates were very similar, with 250,000 tonnes/year 

(USACE 516(e) study), 280,000 tonnes/year (USACE Great Lakes regional trend line), 

and 260,000 tonnes/year (global BQART equation). With respect to the St. Joseph River, 

the watershed sediment delivery estimates are 76,000 tonnes/year (USACE 516(e) 
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study), 250,000 tonnes/year (USACE Great Lakes regional trend line), and 290,000 

tonnes/year (global BQART equation).  The variability of the watershed sediment delivery 

estimates may be due to the large number of dams located on this river.  As discussed in 

the USACE (2007b) 516(e) study, 190 dams are located within the St. Joseph River 

watershed of which 95 are considered large dams.  USACE (2007b) estimates that only 

13% of the watershed can drain directly to the river outlet and that up to 80% of the 

suspended sediment is trapped by the large network of dams located within this 

watershed.   

Given the differences in the data sets used to develop the global BQART equation 

and the USACE (2010) Great Lakes regional trend line, the BQART equation can provide 

remarkably close estimates of watershed sediment delivery especially for rivers with 

mean annual flows greater than 30 cubic meters/second. The watershed sediment 

delivery estimates calculated using the global BQART equation are comparable to the 

USACE (2010a) Great Lakes regional trend line for many Michigan watersheds and 

implies that the global and Great Lakes regional processes of soil erosion, sediment 

transport, and sediment deposition are similar.  With respect to rivers with mean annual 

flows greater than 30 cubic meters/second, the BQART equation appears to overestimate 

watershed sediment delivery in comparison the USACE (2010a) Great Lakes regional 

trend line; these higher estimates of watershed sediment delivery may be due in part to 

the value used for the relief (R) term of the BQART equation.  Examples include the 

Muskegon River and Manistee River and, to a lesser extent, Portage River, Ontonagon 

River, and Menominee River.  For the St. Joseph River, the importance of the sediment 

trapping efficiency of dams and natural lakes located within the watershed is evident 
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based on the USACE 516(e) estimate of watershed sediment delivery in comparison to 

the global BQART equation and the USACE (2020) Great Lakes regional trend line.   

2.8 Bedload Sediment Delivery Equations 

Many equations have been developed to estimate bed material load and bedload 

(USACE, 1995; Garcia MH, 2008, Gray JR and Simoes JM, 2008; USDA, 2007).  The 

Syvitski and Milliman (2007) BQART and USACE (2010) Great Lakes Regional Trend 

Line are examples of empirical watershed sediment delivery equations (see Sections 2.5 

to 2.7). Excellent summaries of bedload load transport and sediment transport equations 

are contained in Armijos et al (2021); Einstein HA (1950); Garcia MH (2008); Gomez B 

and Church M (1989); Gray JR and Simoes JM (2008); USACE (1995), and USDA (2007). 

Two approaches to bedload sediment delivery equations are used, one is based 

on direct measurement and the second is based on hydraulic parameters and sediment 

transport potential.  Because bed load travels within a few grain diameters of the river 

bed by rolling, sliding, and saltating along the bed of the river, this creates significant 

difficulties in measuring bedload in natural streams and for this reason, a significant 

majority of the bedload equations were developed from laboratory flume experiments 

(Armijos et al, 2021; Gomez B and Church M, 1989; Gray JR and Simoes JM, 2008; 

USDA, 2007). 

ASCE (1982) ranked bedload material transport equations using 40 sets of field 

data and 165 sets of laboratory flume data; with respect to bedload equations, Bagnold 

RA (1956), Meyer-Peter and Muller (1948), and Yalin MS (1963) were ranked highest.  

Similar recommendations regarding bedload sediment transport equations were included 
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in the USDA (2007) National Engineering Handbook 654, the three bedload sediment 

transport equations provided in STREAMTools Sediment Transport Module 4.0 include:  

Ackers P and White WR (1973), Meyer-Peter and Muller (1948), and Einstein HA (1950). 

Ackers P and White WR (1973) bedload equation is a function of river depth, slope, the 

D35 of the river bed material (35% of the bed material is finer), and the roughness of 

the river bed (Manning’s n). The Einstein HA (1950) bedload equation is a function of 

river depth, river slope, and the D50 of the river bed material.  Meyer-Peter and Muller 

(1948) bedload equation is based on the energy slope of the river and is a function of 

river depth, river slope, and the D50 of the river bed material.  The Meyer-Peter and 

Muller (1948) equation is a good example of a bedload sediment delivery equation and 

is presented as follows (Meyer-Peter and Muller, 1948; Armijos E et al, 2021): 

𝛾𝛾 �𝐾𝐾𝐾𝐾𝐾𝐾
𝐾𝐾𝐾𝐾
�
3/2

𝑆𝑆 = 0.47(𝛾𝛾𝑆𝑆 −  𝛾𝛾)𝑑𝑑 + 0.25𝑝𝑝𝑝𝑝1/3𝑞𝑞𝑞𝑞𝑝𝑝2/3 (9) 

where, 

qbw = submerged weight of transported sediment [tonnes/sec)/m] 

S = slope (meter/meter) 

γ = specific weight of water (tonnes/cubic meters) 

γs= specific weight of water (tonnes/cubic meters) 

pw = specific weight of water (tonnes per second2/meter4) 

Kst = bed roughness (dimensionless) 
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Kr = particle roughness (dimensionless) 

d = d50 grainsize (meter) 

With respect to the USDA (2007) NEH 654 STREAMTools bedload equations, all 

three equations are based on either laboratory flume studies (Ackers P and White WR, 

1973; Einstein HA, 1950) or bedload measurements in small structures (Meyer-Peter and 

Muller, 1948), a summary of the test conditions that served as the basis of these three 

common bedload sediment delivery equations are presented on Table 1. As shown in 

Table 1, the data used to develop these bedload equations are based laboratory flume 

experiments and field data collected from small structures (water depths of less than four 

feet deep and structure widths of less than seven feet wide). Leopold LB and 

Emmett WW (1997) summarized the problem as follows: “it would be highly desirable 

to have direct measurements of the bed-load transport in a natural river and of the 

concomitant hydraulic characteristics of the flow. The problem has been 

particularly intractable, because no sampling device has been available that 

would provide reliable and repeatable measurements of the debris load moving 

along the bed of the river.”   

Due to these limitations in collection of field data to calibrate bedload 

sediment equations, most bed-load and bed-material-load equations were 

derived from a comparatively restricted database, and their utility has been 

established on the basis of relatively few field data (Gomez and Church 1989).  

Further, although the measurements of sediment-transport rates in the laboratory can 

be quite accurate, they do not represent natural river conditions well (Gray JR and 
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Table 1.  Summary of Laboratory Test Conditions, Three Bedload Sediment Transport 
Equations (Thomas WA, Copeland RR, McComas DN, 2002: USDA, 2007) 

Ackers P and White WR (1973) Laboratory Flume Data 
Particle Size (mm) 0.4 - 7 
Specific Gravity 1.0 – 2.7 
Multiple Size Classes No 
Water Velocity (ft/sec) 0.7 - 7.1 
Depth (feet) 0.01 - 1.4 
Slope (ft/ft) 0.00006 – 0.037 
Width (feet) 0.23 - 4 
Water Temperature (°F) 46 -89 
Meyer-Peter and Muller (1948) Data Range 

Particle Size (mm) 0.4 - 29 
Specific Gravity 1.25 - 4 
Multiple Size Classes Yes 
Water Velocity (ft/sec) 1.2 – 9.4 
Depth (feet) 0.03 – 3.9 
Slope (ft/ft) 0.0004 – 0.02 
Width (feet) 0.5 – 6.6 
Water Temperature (°F) Not reported 

Einstein HA (1950) Laboratory Flume Data 
Particle Size (mm) 0.78 - 29 
Multiple Size Classes Yes 
Water Velocity (ft/sec) 0.9 – 9.4 
Depth (feet) 0.03 – 3.6 
Slope (ft/ft) 0.00037 – 0.018 
Width (feet) 0.66 – 6.6 
Water Temperature (°F) Not reported 

Simoes FJM).  Leopold and Emmett (1997) observed that a river’s ability to 

adjust its cross section to a variety of flows is a characteristic not shared by a 

fixed-wall laboratory flume. For these reasons, this research focused on the 

development of an empirical bedload watershed sediment delivery equation based 

on the characteristics of the fluvial system and watershed. 



34 

CHAPTER 3 METHODS 

This research utilized a series of geospatial data sets including digital terrain 

models, watershed boundaries, soil type, surficial geology, and land use that are readily 

available through the State of Michigan (2020) Geographic Information System (GIS) 

Open Data Portal. In addition, the Michigan Department of Environment, Great Lakes, 

and Energy (EGLE), Hydrologic Studies and Dam Safety Unit completed mean annual 

river flow and recurrence interval flow calculations for all 60 watersheds and five sub-

watersheds, and provided contributing watershed areas for 45 of the 60 watersheds.  The 

USACE-Detroit District provided extensive dredging data extending back to the early- to 

mid-1960’s for 30 watersheds that were incorporated into this research as well as 

guidance regarding current estimates of future dredging and dredging backlog data for 

each harbor and navigation channel.   

The 60 Michigan rivers included in this research encompass a total watershed area 

of 128,043 square kilometers; 119,622 square kilometers are located within in the State 

of Michigan and 8,421 square kilometers extend into adjoining States. Land use data was 

obtained from the 2011 version of the National Land Cover Database (USDA, 2011).  The 

GIS and watershed data are provided for the total watershed area and are summarized 

in an Appendix for each watershed included in this research.  Each watershed Appendix 

includes (see Appendices A through PPP): 

• A summary of watershed hydrology including:

o A map index showing the location of the watershed within the State

of Michigan

o The location of the river and tributaries (USGS, 2020)
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o The location of dams within the watershed that are listed in the

National Inventory of Dams database (USACE, 2018)

o The location and identification number of USGS gages with 20 or

more years of daily discharge records (USGS, 2020)

o An aerial photograph and coordinates of either the river outlet or

USACE navigation channel outlet

• A digital elevation map of the watershed (State of Michigan, 2020)

• A land use map of the watershed (NLCD, 2011)

• Surficial geology map of the watershed (Farrand WR and Bell DL, 1982)

With respect to watersheds that extend outside of the State of Michigan, GIS data 

from the U.S. Department of Agriculture Geospatial Data Gateway (USDA, 2019) and the 

U.S. Geological Survey (USGS, 2019a) National Map Viewer were used.   

3.1 Watershed Area 

The 60 Michigan watersheds that were included in this research range in size from 

the Falls River (48) with a contributing watershed area covering 117 square kilometers to 

the Saginaw River watershed (32) covering 15,882 square kilometers (see Figure 4; 

EGLE, 2021). Together, the area of these 60 watersheds covers 128,043 square 

kilometers of which 119,622 square kilometers are located within in the State of Michigan 

and 8,421 square kilometers extend into adjoining States.  These 60 watersheds drain 

toward four Great Lakes and their corresponding connecting channels (Figure 4).  Of the 

60 rivers included in this research, the percentage of watershed area discharging to Lake 
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Michigan, Lake Huron, Lake Superior, and Lake Erie is 56%, 25.1%, 9.9%, and 9.0% of 

the total watershed area of 128,043 square kilometers.  

The Michigan Department of Environment, Great Lakes and Energy provided 

contributing watershed areas for 45 of the 60 watersheds, and four of five sub-

watersheds. If a contributing watershed area was not available, then the total watershed 

area is listed in Table 2, Table 3, Table 4, Table 5, and Table 6.  With respect to Table 2, 

Table 3, Table 4, and Table 5, total watershed area is presented for the following rivers 

(and watershed reference numbers):  Clinton River (12), Kalamazoo River (17), Pine 

River (27), River Raisin (29), Rifle River (30), Rouge River (31), St. Joseph River (34), 

Manistique River (49), Menominee River (50), Ontonagon River (53), Portage River (55), 

Sturgeon River (58), Tahquamenon River (60), Two Hearted River (61), and Waiska River 

(62).  

3.2 Mean Annual River Flow and Recurrence Interval Flows at the 
River Outlet 

A key enabler of this research is the extensive data set that was provided by 

EGLE’s Hydrologic Studies and Dam Safety Unit.  EGLE provided the mean annual river 

flow and recurrence interval flows (1.5 year, 2.0 year, 5 year, 10 year, 25-year, 50 year, 

and 100-year) for all 60 watersheds (and five sub-watersheds) at the point where the river 

discharges into a Great Lake, Great Lake connecting channel, or reservoir. The average 

value of the mean annual flow rates of the 60 Michigan rivers included in this research is 

22 cubic meters/second, and range in value from 1.0 cubic meters/second (Days River; 

44) to 132.5 cubic meters/second (St. Joseph River; 34). The exceedance flows provide
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by EGLE’s Hydrologic Studies and Dam Safety Unit were developed from one of following 

three sources: 

• Calculation of exceedance flows using the Drainage Area Ratio to a USGS gage

using log-Pearson III statistical analysis incorporating USGS Bulletin 17C

methodology (IACWD, 1982; USGS, 2019b).

• Exceedance flows contained in an existing Federal Emergency Management

Agency (FEMA) Flood Insurance Study; virtually all FEMA Flood Insurance Studies

utilized log-Pearson III statistical analysis.

• If a USGS gage was not present in the watershed, the USGS (1984a and 1994)

Regression Method was utilized.

For 28 of the 60 watersheds and three of five sub-watersheds, the recurrence interval 

flows were calculated using annual peak flow data from a USGS gage located on the 

river, closest to the river outlet.  EGLE typically only used USGS gages that have at least 

20 years of daily discharge records (USGS, 2020). EGLE utilized USGS Bulletin 17C 

methodology (IACWD, 1982; USGS, 2019b) to calculate recurrence interval flows.  A log-

Pearson Type III statistical analysis was conducted by EGLE on annual peak flow data 

from the most downstream USGS gage located within the watershed, and adjusted using 

the Drainage Area Ratio (DAR) to estimate the recurrence interval flows at the river outlet 

to the Great Lake or connecting channel (USDA, 1972; USGS, 2005; Ries III KG, 2007; 

MDOT, 2018). 
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For 20 of the 60 watersheds and two sub-watersheds, EGLE used the flood 

discharge values reported in an existing FEMA Flood Insurance Study.  FEMA’s Flood 

Insurance Rate Maps (FIRMs) are used for regulatory purposes, so EGLE confirmed that 

the FEMA Flood Insurance Study was consistent with the FEMA Flood Insurance Rate 

Maps.  The Flood Insurance Studies and Flood Insurance Rate Maps can be found at 

FEMA’s online Map Service Center (FEMA, 2020). With respect to the exceedance flows 

developed in FEMA Flood Insurance Studies, virtually all were calculated using the 

Drainage Area Ratio (USDA, 1972; USGS, 2005; Ries III DK, 2007; MDOT, 2018) to a 

log-Pearson III statistical analysis of a USGS gage located at or near the river outlet.   

For 12 of 60 watersheds, the USGS (1984a and 1994) Regression Analysis 

method was used to determine recurrence interval flows for watersheds that do not 

contain a USGS gage.  These rivers (and watershed reference number) include:  Pine 

River (10), Elk River (13), Oqueoc River (23), Pentwater River (24), Willow Creek 

(38), Carp River (41), Days River (44), Dead River (45), Falls River (48), Munuscong 

River (52), Waiska River (62), and Whitefish River (63).  The Regression Analysis 

method was developed by USGS (1984a and 1994) and is based on Michigan 

streamflow data (Bent PC, 1970); these regression equations were developed for 

Michigan watersheds of up to 2,590 square kilometers and are based on USGS 

peak-discharge records available through 1982 and from 185 gaging stations with 10 

or more years of record (USGS, 1984b and 1994).   

There are 12 predictive variables used in the USGS (1984a, 1984b and 1994) 

Regression Analysis method to determine recurrence interval flows.  These include: 
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contributing watershed drainage area; main-channel slope; the percentage of main-

channel length that passes through swamp, lake, or pond; the slenderness ratio which is 

the square of river channel length divided by the drainage area; the 100-year, 24-hour 

rainfall event (centimeters); and the percentage of the contributing watershed covered by 

seven surficial geologic soil classifications (Farrand WR and Bell DL, 1982). The 

recurrence intervals for the USGS (1984b and 1994) Regression Analysis equations 

range up to 100 years.   

3.3 Watershed Relief 

The maximum and average watershed relief for each river and sub-watershed are 

shown in Table 2, Table 3, Table 4, Table 5, and Table 6 and represent the maximum 

and average topographic elevation subtracted from the receiving water elevation at the 

point where the river discharges to the Great Lake, Great Lake connecting channel, or 

reservoir (five sub-watersheds).  With respect to the Great Lake elevations used in this 

research, the receiving water elevation represents the long-term average elevation from 

1918 to 2018 (USACE, 2021d). The following receiving water elevations were utilized: 

Lake Superior (183.4 meters), Lake Huron and Lake Michigan (176.4 meters), Lake St. 

Clair (175.0 meters), and Lake Erie (174.2 meters). The Lake Erie watershed includes 

two Great Lakes connecting channels (the St. Clair River and the Detroit River) as well 

as Lake St. Clair (see Figure 4).   

With respect to the five sub-watershed basins, the receiving water elevation of the 

corresponding reservoir was provided by the EGLE Hydrologic Studies and Dam Safety 

Unit.  The following receiving water elevations were utilized:  Mio Dam (2A), Au Sable 
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River (293.6 meters); Brown Bridge Dam (9A), Boardman River (242.7 meters); Webber 

Dam (14A), Grand River (208.6 meters); Ford Dam (15A), Huron River (208.6 meters); 

Riley Dam (34A), St. Joseph River (265.8 meters). 

With respect to rivers that discharge to Great Lakes connecting channels such as 

the St. Clair River (Pine River, 27; Belle River, 3; and Black River-East, 6) and the Detroit 

River (Rouge River, 31), the receiving water elevation at the river outlet was calculated 

using the water surface slope of the connecting channel between the adjacent Great 

Lakes.   

Of the 60 watersheds evaluated, eight watersheds are divided into major sub-

basins typically defined by glacial moraines (EGLE, 2019; Farrand WR and Bell DL, 

1982).  These rivers (and watershed reference number) include: Au Gres River (1), Au 

Sable River (2), Pine River (10), Grand River (14), Saginaw River (32), St. Joseph River 

(34), Menominee River (50), and Portage River (55).   For these eight rivers, the maximum 

elevation of the watershed was calculated from the area-weighted maximum elevations 

of the individual sub-basins (Barkach JH et al, 2020).  For example, with respect to the 

Saginaw River, the maximum elevation of the watershed (470.0 meters) occurs in the 

Tittabawassee sub-basin which accounts for 23% of the total watershed area.  

However, the area-weighted maximum elevation for the Saginaw River is 374.0 meters 

(see Table 7). Maximum relief (R) for the Saginaw River is 197.6 meters which is 

the difference between the area-weighted maximum relief (374.0 meters) and the 

receiving water elevation of Lake Huron (176.4 meters).  
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3.4 River Slope 

The river slopes presented in Table 8, Table 9, Table 10, Table 11, and Table 12 

were calculated one of two ways.  River slopes identified as either USGS or EGLE on 

were calculated using USGS (1984b) methodology.  Using the USGS (1984b) 

methodology, the slope of the main river channel is calculated from the difference in the 

streambed elevations between points 10 and 85 percent of the distance along the main 

river channel from the river outlet to the watershed basin divide, divided by 0.75 times the 

channel length.  Using the USGS (1984b) method, the stream bed elevations were 

estimated from USGS topographic maps by extrapolating the streambed elevation data 

between topographic contour lines that cross the main river channel.  With respect to 

Tables 5-8, river slopes calculated by EGLE utilized the USGS (1984b) method and those 

designated USGS were published previously (USGS, 1984b). 

River slopes identified as WSU were calculated in a two-step process.  First, the 

difference between the surface water elevation of the most upstream USGS gage within 

the watershed and the receiving water elevation (or reservoir surface water elevation for 

five sub-watersheds) was determined.  This difference in elevation was then divided by 

the channel length between the USGS gage and the river outlet to arrive at the calculated 

river slope.  The water surface elevation at the USGS gage was calculated by adding the 

average USGS (2020) gage depth to the elevation of the USGS gage.  If the average 

river gage depth was not available, then the elevation of the USGS gage was utilized. 

The river slopes presented on Table 8, Table 9, Table 10, Table 11, and Table 12 

represent the river slope of the longest river channel reach using either the USGS (1984b) 

stream bed elevation method or the WSU water surface elevation method. 
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The slopes of the 60 Michigan rivers and five sub-watersheds that were evaluated 

in this research are relatively small and reflect Michigan’s glacial heritage.  Low gradient 

rivers are common in Michigan and throughout the Great Lakes basin.  The multiple 

glacial advances within the Great Lakes basin resulted in watersheds underlain by a 

complex sequence of glacial moraines, ice contact deposits, glacial outwash plains, and 

glacial lake bed deposits (Bent PC, 1971; Flint RF, 1971; Farrand WR and Bell DL, 1982). 

Michigan's extensive glacial heritage has resulted in relatively small differences in 

topography at the watershed scale in comparison to the elevation of the receiving water 

(the corresponding Great Lake or Great Lakes connecting channel, or reservoir). 

3.5 Watershed Curve Number 

During the late 1990’s, Geographical Information Systems (GIS) began to be used 

by the State of Michigan in conjunction with automated processing of many mapping 

functions, including the calculation of watershed runoff curve numbers (MDEQ, 2016; 

MDEQ, 2010; MDEQ, 1999).  The Hydrologic Studies Program of the Michigan 

Department of Environment, Great Lakes, and Energy (EGLE) developed a system to 

automate runoff CN calculations by creating a set of GIS lookup tables used to identify 

each soil-land use combination and its associated watershed runoff CN.  Each individual 

soil-land use combination has a runoff CN that was determined using NRCS (1986) 

methodology.   

The NRCS publishes spatial and tabular data online through its Web Soil Survey (NRCS, 

2020).  Michigan is divided into 83 Counties; each County soil classification table is 

unique, and each Michigan County has a table identifying the hydrologic soils group 
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associated with each NRCS (1986) soil classification.  To calculate the watershed runoff 

CNs, Michigan Resource Information System (MIRIS) land use data is utilized (MDNR, 

1978).  This set of shapefiles was used because its tables contain land use classification 

information set up for automated runoff CN processing.  GIS processing of the watershed 

runoff CNs involves joining the soil and land use shapefiles (MDEQ, 2010; MDEQ, 2016). 

The two shapefiles are intersected to produce a shapefile where each polygon is 

associated with a single soil-land use combination.  In this manner, one GIS shape file 

exists for each Michigan County that contains a runoff CN for each land use/soil type 

polygon.   

To calculate the composite runoff CN for a watershed, the County shapefile is 

clipped to the watershed boundary.  In many instances, the watershed in question covers 

more than one Michigan County.  In this case, the GIS shape file for each County is 

clipped and the polygons for that particular watershed are combined into a single 

shapefile used to calculate the composite watershed CNs that are presented in Tables 7-

11. The composite watershed CN is calculated by multiplying the area of each polygon

by the unique CN for that particular land use/soil type combination.  To calculate the 

watershed CN, the values of Area times Runoff CN are summed and divided by the 

watershed area (MDEQ, 2010; MDEQ, 2016; McCuen RH, 2004).    
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The watershed curve numbers presented in Table 8, Table 9, Table 10, Table 

11, and Table 12 represent the portion of the watershed located within the State of 

Michigan.  Fifty four of the 60 watersheds (and all five sub-watersheds) are located 

entirely within the State of Michigan; exceptions include the River Raisin (29) and the 

St. Joseph River (34) located in the Lower Peninsula of Michigan, and the Black 

River (40), Menominee River (50), Montreal River (51), Ontonagon River (53), and 

Presque Isle River (56) located in the Upper Peninsula of Michigan. With respect to 

the 60 rivers and five sub-watersheds that were evaluated in this research, the 

number of polygons in each watershed, the average area of each polygon, and the 

area weighted watershed curve number are presented in Table 8, Table 9, Table 10, 

Table 11, and Table 12.  In conjunction with the calculation of the watershed CNs, this 

research utilized the percentage of the watershed covered in upland wetlands, aquatic 

wetlands, reservoirs, and surface water (rivers and lakes) in the regression 

analysis discussed in Chapter 4. 

3.6 Mean Basin Precipitation and Temperature 

Mean basin precipitation and temperature for the watershed of each Great Lake 

was compiled by the NOAA Great Lakes Environmental Research Laboratory (GLERL, 

2020) utilizing the methodology developed by Hunter TS et al. (2015).  The mean basin 

precipitation and temperature for the Lake Superior watershed are 759 millimeters/year 

(1900-2014) and 3.1°C (1948-2014), respectively. The mean basin precipitation and 

temperature for the Lake Michigan watershed are 807 millimeters/year (1900-2014) and 

6.6°C (1948-2014), respectively.  The mean basin precipitation and temperature for the 
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Lake Huron watershed are 810 millimeters/year (1900-2014) and 7.0°C (1948-2014), 

respectively.   

NOAA GLERL separates the Lake Erie watershed into two sub-watersheds, Lake 

St. Clair and Lake Erie.  The Lake St. Clair watershed includes the discharge of four 

rivers, Belle River (3), Black River-East (6), Clinton River (12), and Pine River (27) 

and the four remaining rivers discharge into the Lake Erie watershed (see Tables 5 

and 11). With respect to the Lake St. Clair watershed, the mean basin 

precipitation and temperature are 855 millimeters/year (1900-2014) and 8.53°C 

(1948-2014), respectively. With respect to the Lake Erie watershed, the mean basin 

precipitation and temperature are 890 millimeters/year (1900-2014) and 9.3°C 

(1948-2014), respectively.   

3.7 Radiometric Dating of Sediment Cores, Five Reservoirs  

This research included re-evaluation of reservoir sediment accumulation 

rates based on radiometric dating using 137Cs and 210Pb for five reservoirs that 

are sub-watersheds of the Au Sable River (2), Boardman River (9), Grand River (14), 

Huron River (15), and St. Joseph River (34).  Vibracore sediment cores were collected 

for radiometric testing using a 345 pound vibracore unit that operates at 14,000 

vibrations per minute (see Figure 10).   
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Figure 10.  Photograph of the Vibracore Sampling Equipment Used to Collect 4-inch 
Sediment Cores for Radiometric Dating (GLEC, 2011) 

Radiometric testing of sediment cores to determine reservoir sedimentation rates 

was completed at the following dams (Wayne State University, 2017):   

• Mio Dam (2A), Au Sable River

• Brown Bridge Dam (9A), Boardman River

• Webber Dam (14A), Grand River

• Ford Dam (15A), Huron River

• Riley Dam (34A), St. Joseph River

With respect to this study, the depositional rates of sediment in manmade 

reservoirs were determined utilizing short-lived radionuclides, 210Pb and 137Cs, derived 

primarily from natural and anthropogenic (nuclear weapons testing) sources, respectively 

(Wayne State University, 2017).   The presence of 137Cs and 210Pb in sediments is due to 

atmospheric deposition (Alighalehbabakhani et al, 2017a; Alighalehbabakhani et al, 
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2017b; Kumar A et al, 2016; Jweda J and Baskaran M, 2011; Baskaran et al, 2015; Mabit 

et al, 2013; and Mabit et al., 2014).   

Naturally occurring atmospheric 210Pb is constantly released from the decay of 

222Rn within the 238U decay series (238U→…226Ra→ 222Rn→…210Pb); 222Rn diffuses 

primarily from terrestrial rocks and is released into the atmosphere where it undergoes 

radioactive decay to 210Pb (Baskaran M and Naidu AS, 1995; Baskaran M et al, 2015).  

Precipitation removes atmospheric 210Pb within a time scale of approximately 2-weeks 

and the 210Pb is subsequently deposited onto lakes and reservoirs where it is removed 

from the water column via adsorption on to suspended particulate matter (Jweda J and 

Baskaran M, 2011; Baskaran et al, 2014; Sanchez-Cabeza JA and Ruiz-Fernandez JC, 

2012).  The half-life of 210Pb is 22.3 years and this radiometric testing method is effective 

in dating sediments that have been deposited within the past 120 years (approximately 

five half-lives).   

Because a number of factors can influence the vertical profile of 210Pb in a 

sediment core such as erosion/redeposition and bioturbation of sediments, a second line 

of evidence is typically used to validate the 210Pb-based radiometric dating such as 137Cs 

(Baskaran et al. 2014; Mabit et al. 2014).  In contrast to 210Pb which is naturally occurring, 

the presence of 137Cs is anthropogenic and was mainly introduced into the atmosphere 

beginning in 1952 as a result of global thermonuclear atmospheric testing (Baskaran et 

al. 2014; Mabit et al. 2014).  The depositional process of 137Cs is similar to that of 210Pb; 

however, there is an important difference.  Because the deposition of 137Cs peaked in 

approximately 1963 in conjunction with the peak in worldwide atmospheric thermonuclear 
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testing, this peak provides a marker in a sediment core where the rate of subsequent 

sediment deposition can be estimated and is the basis for measuring sediment 

accumulation rates (Baskaran et al, 2011; Mabit et al, 2013).  In addition, a second 137Cs 

peak is sometimes measured in sediment cores that corresponds to the initiation of 

atmospheric thermonuclear testing during 1952 (Baskaran et al, 2014; Mabit et al., 2013). 

Since 1963, atmospheric 137Cs has steadily declined.  Although the 1986 Chernobyl 

nuclear accident resulted in a measurable increase of 137Cs in the atmosphere, this was 

negligible compared to the 137Cs derived from global fallout resulting from the peak 

atmospheric thermonuclear testing during 1963 (Jweda J and Baskaran M, 2011). 

During 2010 and 2011, vibracore sediment coring was conducted at Mio Dam (2A; 

May 2011), Brown Bridge Dam (9A; October 2010); Webber Dam (14A; July 2010), Ford 

Lake Dam (15A; December 2011), and Riley Dam (34A; July 2010).  The sediment cores 

were subsequently frozen and cut into one-centimeter-thick slices for 137Cs and 210Pb 

radiometric testing (Wayne State University, 2017).  Sample processing and radiometric 

testing procedures as well as the models used to interpret the sediment accumulation 

rates are described in detail in the following publications: Baskaran et al. (2015); Kumar 

et al. (2016); Alighalehbabakhani et al (2017a); and, Alighalehbabakhani et al (2017b).  

The radiometric data and graphs of cumulative mass depth were published in a report 

that was prepared for the USACE Detroit District and titled Sediment Yield and Dam 

Capacity in the Great Lakes Watershed (Wayne State University, 2017) 

In conjunction with this research, Dr. Mark Baskaran, Wayne State University re-

evaluated the 137Cs and 210Pb radiometric data for all sediment cores in all five reservoirs 
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utilized in this research.  With respect to the 137Cs radiometric data, a sediment core was 

selected to recalculate annual reservoir sediment delivery to the reservoir if there was 

good definition of the 1963 137Cs peak.  With respect to the 210Pb cumulative mass depth, 

a sediment core was selected to recalculate annual sediment delivery to the reservoir if 

the plotted radiometric data was linear.  An example of a sediment core that was selected 

based on the characteristics listed above is shown in Figure 11 (Sediment Core RD6, 

Riley Dam, St. Joseph River).  Radiometric data selected for re-evaluation of the reservoir 

sedimentation rate is highlighted in green tables presented in Figure 12, Figure 13, Figure 

14, Figure 15, and Figure 16.   

Vertical profile of 137Cs activity plotted against 
cumulative mass depth (Riley Dam RD6, 
from Figure 3-14; Wayne State University, 
2017) 

Vertical profile of Ln(210Pbxs) plotted against 
cumulative mass depth. (Riley Dam RD6, 
from Figure 3-78; Wayne State University, 
2017) 

Figure 11.  Radiometric Data, Sediment Core RD6, Riley Dam (34A), St. Joseph River
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The 210Pbxs-based mass accumulation rate (grams centimeter-2 per year-1) and 

137Cs-peak mass accumulation rate (grams centimeter-2 year1) were averaged and 

utilized to recalculate the sediment accumulation rate for each of the five reservoirs (see 

Figures 12-16).  The annual reservoir sedimentation accumulation rate is calculated by 

multiplying the average 137Cs and 210Pb mass accumulation rate (grams centimeter-2 

year1) times the reservoir pool surface area (square centimmeters) as reported by 

Michigan Department of Environment, Great Lakes, and Energy (EGLE) reservoir 

database (EGLE, 2020). The recalculated annual sediment accumulation rate for each 

reservoir is summarized on Table 13.   

Table 13. Comparison of Reservoir Sedimentation Rates of Five Sub-Watersheds Using 
137Cs and 210Pb Radiometric Dating  

Comparison of the re-calculated reservoir sedimentation accumulation rates for 

these five reservoirs to prior published results (Alighalehbabakhani et al, 2017a; Wayne 

State University, 2017) reveals that all three rates are very similar with respect to Webber 

Dam (14A, Grand River) and Riley Dam (34A, St. Joseph River), and within a factor of 

two with respect to Mio Dam (2A, Au Sable River), Brown Bridge Dam (9A, Boardman 

River), and Ford Lake Dam (15A, Huron River).  With respect to this research, the average 

Wayne State 
University (2017)

Alighalehbabakhani 
et al (2017a)

Annual Sediment 
Accumulation Rate, 

Revised
metric tonnes/yr metric tonnes/yr metric tonnes/yr

20,000 5,000 9,500 
2,000 2,000 1,100 

13,000 7,000 12,000 
18,000 16,000 19,000 
4,000 4,000 4,500 34A, Riley Dam:  St. Joseph River

Dam
2A, Mio Dam, Au Sable River
9A, Brown Bridge Dam:  Boardman River
15A, Ford Lake Dam, Huron River
14A, Webber Dam:  Grand River
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annual rate of sediment accumulation within these five reservoirs served as the 

dependent variable in the subsequent regression analysis discussed in Chapter 4. 

3.8 USACE-Detroit District Maintenance Dredging of Federal 
Navigation Channels and Harbors 

In conjunction with this research, the USACE-Detroit District provided extensive 

harbor and navigation channel maintenance dredging data for 30 harbors located in 

Michigan.  Of the 60 rivers included in this research, USACE maintained navigation 

channels and harbors are located at the outlets of 30 of these rivers (see Figure 4).  The 

USACE-Detroit District maintains the navigation channels subject to the Rivers & Harbors 

Act of 1899 (USACE, 2010b).  The horizontal and vertical boundaries of these navigation 

channels are defined and changes are approved by Congress via periodic amendments 

to the Rivers & Harbors Act of 1899 (USACE, 2010b).  These federal navigation channels 

represent defined boundaries both laterally and vertically (USACE, 2010b).   

The USACE-Detroit District performs annual Condition Assessments for each 

navigation channel and Harbor. The USACE Condition Assessments involve bathymetric 

surveys to estimate the amount of sediment that has accumulated in the navigation 

channel in comparison to the prior year, and that requires maintenance dredging.  In 

addition, the USACE-Detroit District updates Harbor Fact Sheets each year.  The Harbor 

Fact Sheets (USACE, 2020a) provide data regarding the history of the navigation 

channel, a summary of Rivers and Harbors Authorizations, river and navigation channel 

features, stakeholders, transportation importance and consequences of not maintaining 

the navigation channel, as well as the maintenance dredging project requirements and a 

dredging forecast (USACE, 2020a). 
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Excessive sedimentation within the USACE navigation channels and harbors can 

limit shipping (e.g. light loading of freighters) and is an ongoing issue requiring periodic 

condition assessments (bathymetric surveys) and maintenance dredging to maintain the 

project depths of the harbors, turning basins, and navigation channels.  The USACE 

Detroit District, under the authority of the Rivers and Harbors Act of 1899, exercises 

jurisdiction over these federal waterways, in this case to maintain the project depths via 

periodic maintenance dredging of the navigational channels to allow commercial and 

recreational boat traffic ("navigational servitude").    

Examples of sediment accumulation above the project depth of federal navigation 

channels located at the St. Joseph River (34) navigation channel and at Holland Harbor 

(Macatawa River, 8) are shown on Figure 17 and Figure 18, respectively. The bathymetric 

survey measurements shown in Figure 17 and Figure 18 represent depth to sediment 

relative to Low Water Datum.  Low Water Datum (and Ordinary High-Water Mark; OHWM) 

are USACE jurisdictional benchmarks for administering its regulatory program in 

navigable waterways under Section 10 of the Rivers and Harbors Act and Section 404 of 

the Clean Water Act (USACE, 2021b).  With respect to Holland Harbor, the project depths 

are 24 feet and 21 feet in the segments of the navigation channel that are shown Figure 

18. Water depths to sediment relative to LWD that are deeper than the project depth are

shown in blue, and the water depths to sediment that are shallower than the project depth 

are shown in red and are subject to future USACE-Detroit District maintenance dredging. 
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Detailed USACE dredging records of these 30 harbors and navigation channels 

typically extend back to the early- to mid-1960’s and provide important data regarding the 

rate of sediment accumulation in these federally defined navigation channels over time 

(USACE, 2021c).  Because maintenance dredging can only be conducted within the 

defined limits of a federal navigation channel (USACE, 2010b), the USACE-Detroit 

District’s dredging data was used in this research to estimate the average annual volume 

of sediment that has accumulated in the federal navigation channel since federal 

maintenance dredging commenced.   

With respect to USACE maintenance dredging, two types of sediment are 

removed, littoral sediment originating from coastal movement of sediment outside of the 

Harbor and navigation channel, and fluvial sediment originating from the river.  With 

respect to USACE dredging data, reference to an Outer Harbor dredging event refers 

maintenance dredging in front of the Harbor inlet. Inner Harbor maintenance dredging is 

predominantly fluvial sediment that is transported by the river system (see Figure 17).  

Littoral sediment includes sediment transported by longshore currents originating 

from the lake shoreline and lake bed sediment resuspended by waves.  Because most 

USACE maintenance dredging projects have historically not separated Outer Harbor 

(littoral sediment) from Inner Harbor (fluvial sediment) sediment, caution is required when 

evaluating USACE dredging data (USACE, 2010a).  An example of littoral sediment 

accumulation in front of the harbor inlet at Holland Harbor (Macatawa River, 8) is shown 

in Figure 18; as shown in Figure 19, the effect of longshore current is evident 
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with sediment accumulating on the north side and in front of the Harbor inlet, and is 

depleted on the southside of the Harbor inlet.   

The total number of maintenance dredging events and the volume of sediment 

dredged by the USACE-Detroit District from each of the 30 Harbors and navigation 

channels are summarized on Table 14.  A total of 867 USACE maintenance dredging 

events encompassing 65,424,279 yard3 of dredged sediment were compiled in this 

research.  With respect to these 30 Harbors and navigation channels, the number of 

maintenance dredging varies from four (Black River-East, 6; navigation channel) to 92 

(Grand Haven Harbor; Grand River, 14).  A number of Harbors and navigation channels 

are dredged on an annual or near annual basis by the USACE Detroit District, examples 

include:  Holland Harbor, Macatawa River (8); Grand Haven Harbor, Grand River (14); 

Monroe Harbor, River Raisin (29); Rouge River navigation channel (31); Saginaw River 

navigation channel (32), and Ontonagon River Harbor (53).  Of the 65,424,279 yard3 that 

have been dredged from these 30 Harbors and navigation channels, 24,285,102 yard3 

were dredged from Saginaw River navigation channel.  The Saginaw River watershed is 

the largest in Michigan (15,882 square kilometers), and due to commercial importance 

and the high cost of maintenance dredging, this watershed is one of the most studied 

(USACE, 1999, 2000, 2001, and 2012; Ouyang D and Bartholic J, 1997). 

Each of the 30 Harbors and associated navigation channels were evaluated by 

both USACE-Detroit District and Wayne State University to determine if the associated 

USACE-Detroit District dredging data represents either primarily fluvial or littoral 

sediment, or a combination of both.  Other Harbor and river specific considerations were 
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also evaluated to determine whether or not a particular Harbor was either retained or 

excluded from this research of fluvial sediment delivery to the river outlet.  Of the 30 

Harbors evaluated, 12 Harbors were retained and 18 Harbors were excluded, the 

basis of the decision to retain or exclude a particular Harbor is presented on Table 15. 

Retained USACE harbors and navigation channels are highlighted in green in Table 15. 

The percentage of dredged sediment attributed to fluvial and littoral sediment 

is shown on Table 15.  In most instances, Harbors were retained in this research if 

80-90% of the dredged sediment was determined to be fluvial based on the location 

of USACE maintenance dredging.  Exceptions are discussed in the following text. 

For three Harbors, the USACE-Detroit District has recently begun to 

separate maintenance dredging projects into Outer Harbor dredging (primarily littoral 

sediment) and Inner Harbor dredging (primarily fluvial sediment) and for this reason, 

these Harbors were retained in this research although the percent of littoral sediment 

ranged from 65 to 80%.  Beginning in approximately 2012, the USACE Detroit 

District estimated the percentage of sediment attributed to fluvial and littoral 

processes based on analysis of dredging data for: Holland Harbor (Macatawa River, 

8); Grand Haven Harbor (Grand River, 14), and St. Joseph River (34) Navigation 

Channel.  The basis of the separation of Outer Harbor and Inner Harbor dredging 

volumes are contained in the individual USACE-Detroit District Harbor Fact Sheet 

dredging forecast, and is based on the past 10 to 20 years of maintenance dredging 

projects (USACE, 2020a).   
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For example, at Holland Harbor (Macatawa River, 8; USACE, 2021c), the USACE-

Detroit District has separated Outer Harbor and Inner Harbor dredging projects since 

2012, and the USACE-Detroit District forecasts that the annual Outer Harbor 

maintenance dredging will average 35,000 yard3 (26,760 cubic meters) and Inner Harbor 

maintenance dredging within the federal navigation channel will  range from 45,000 to 

65,000 yard3 (34,400 to 49,700 cubic meters) every 2 to 4 years (USACE, 2021c).   The 

percentage of annual maintenance dredging attributed to littoral sediment transport 

processes of 65% was calculated by dividing the annual Outer Harbor maintenance 

dredging forecast of 35,000 yard3 (26,760 cubic meters) by the sum of the geometric 

mean of the annual Inner Harbor maintenance dredging forecast (19,270 yard3 or 14,730 

cubic meters) and the annual Outer Harbor maintenance dredging forecast (35,000 yard3 

or 26,760 cubic meters).  Using the same method, the percentage of dredged sediment 

attributed fluvial processes for the Grand Haven Harbor (Grand River, 14), and St. Joseph 

Harbor (St. Joseph River, 34) are estimated at 80% and 70%, respectively. 

With respect to the Saginaw River (32) and Ontonagon River (53), USACE 516e 

studies were used to estimate the littoral component of dredged sediment (USACE, 2000 

and 2010).  With respect to the Saginaw River navigation channel, the USACE (1999 and 

2000) prepared calibrated hydrodynamic and sediment transport models.  The annual 

sediment volume deposited in the Saginaw River navigation channel was estimated using 

HEC-6 and MIKE 21 sediment transport models (USACE, 1999 and 2000). By comparing 

the predicted sediment deposition at the river outlet in Saginaw Bay to the 1982-1999 

USACE dredging data from the portion of the USACE navigation channel located in 

Saginaw Bay (Outer Harbor), the USACE concluded that approximately 10% of the 
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dredged sediment is littoral and 90% of the sediment is fluvial sediment derived from the 

Saginaw River (USACE, 2000) 

For Ontonagon Harbor (Ontonagon River, 53), the USACE-Detroit District 

completed a bathymetric analysis of several pairs of pre- and post-dredging events to 

estimate the littoral and fluvial components of the sediment removed during USACE 

maintenance dredging of the federal navigation channel (USACE, 2010a). The USACE 

(2010a) approach to the estimate fluvial and littoral components of dredged sediment 

consisted of generating a digital surface using a Triangular Irregular Network (TIN) and 

then calculating the volume between the surfaces in the area where fluvial sediment was 

deposited (USACE, 2010a).   For several pairs of years, a post-dredging survey 

(Condition Assessment) was completed in the spring which established a baseline 

condition, and the pre-dredging survey that was taken the following spring was used to 

calculate fluvial sediment accumulation (USACE, 2010a), the difference in sediment 

volume was compared to the total amount of sediment dredged (fluvial and littoral).  Using 

this method, the littoral and fluvial components of the dredged sediment were separated 

and estimated to be 25% and 75%, respectively (USACE, 2010a). 

For three Harbors, the USACE’s estimate of fluvial sediment delivery was based 

on a portion of the USACE dredging data that was determined be representative of fluvial 

sediment delivery, these include:  Monroe Harbor, River Raisin (29; dredging contract 

years 2003 to 2007); Manistique Harbor, Manistique River (49; dredging contract years 

1963-1967); and Menominee River, Menominee Harbor (50: dredging contract years 

1968 and 1969).  
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With respect to the 12 Harbors included in this research, the volume of sediment 

dredged from the initial dredging event or the most recent Rivers and Harbors Act of 1899 

authorization through December 2019 was totaled.  To account for sediment that has 

accumulated in the federal navigation channel but has not yet been removed, the 

estimated amount of USACE maintenance dredging backlog as of December 2019 

(USACE, 2020b) within the navigation channel was added to the total amount of dredged 

sediment.  The sediment backlog for each USACE-Detroit District navigation channel is 

determined on an annual basis during the conduct of Condition Assessments 

(bathymetric surveys; USACE, 2020a); examples of bathymetric surveys completed 

during Condition Assessments are shown on Figure 17 and Figure 18.  To estimate the 

fluvial component of dredged sediment, the total amount of sediment dredged since the 

initial dredging event was adjusted to: 

• remove the estimated littoral component of dredged sediment

• add in the current sediment backlog within the federal navigation channel

based on the annual Condition Assessment (USACE, 2020b)

• and exclude dredged sediment that pre-dates an adjustment to the

dimensions of the federal navigation channel (e.g. channel deepening) that

was subject to Rivers & Harbors Act of 1899 authorization (USACE, 2010b).

A summary of the total volume of dredged sediment for each of these 12 Harbors 

are shown in Table 15. Table 15 also lists the adjustments for channel deepening subject 

to the Rivers and Harbors Act Authorization, adjustment for littoral component of dredged 
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sediment, and the basis to exclude or retain a Harbor or navigation channel from further 

analysis. 

3.8.1 USACE-Detroit District Dredging Forecasts and the Potential Impact of the 
Implementation of the USDA Conservation Reserve Program (CRP) and Sediment 
Best Management Practices During the Early 1990’s 

Review of average annual dredging volumes removed by the USACE since 

initiation of maintenance dredging in comparison to the USACE-Detroit District dredging 

forecasts (USACE, 2021c) revealed a marked decrease in the rate of sediment 

accumulation requiring maintenance dredging for 9 of the 12 Harbors and navigation 

channels that were selected for this research.  Based on analysis of the USACE dredging 

data, the decrease in average annual dredging of the USACE Navigation Channels and 

Harbors appeared to occur during the early 1990’s depending on the watershed.  At the 

suggestion of the USACE-Detroit District, the potential impact of the U.S. Department of 

Agriculture’s (USDA’s) Conservation Reserve Program (CRP) and the State of Michigan’s 

implementation of Non-Point Source Best Management Practices during the early 

1990’s were evaluated. 

USDA Farm Service Agency’s (FSA) Conservation Reserve Program is a voluntary 

program that contracts with agricultural producers so that environmentally sensitive 

agricultural land is not farmed or ranched, but instead devoted to conservation benefits; 

in return, USDA Farm Service Agency provides participants with rental payments and 

cost-share assistance, and contract duration is between 10 and 15 years (USDA, 2019). 

Across the United States, Conservation Reserve Program currently protects 
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approximately 80,940 square kilometers of topsoil from erosion by reducing water runoff 

and sedimentation in rivers and lakes (USDA, 2021).  

In each State, the area enrolled to the Conservation Reserve Program by County 

is updated on an annual basis and the enrollment data are available for the reporting 

years 1986-2019.  In Michigan, the Conservation Reserve Program began in 1986 and 

29.9 square kilometers were initially enrolled in the program.  In 1993 and 1994, the area 

subject to the Conservation Reserve Program peaked at 1,342 square kilometers and 

has declined since (see Figure 20).  

 
Figure 20. USDA (2021) Conservation Reserve Program Enrollment, State of Michigan, 
1986-2019 

In addition, during the 1990’s, the State of Michigan initiated programs to foster 

control of Non-Point Source pollution, including preparing a series of Best Management 
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Practices to control sediment discharge to rivers and streams and were widely distributed 

to communities throughout Michigan (MDEQ, 1992 and 1998). Examples of Best 

Management Practices to minimize sediment discharge to rivers and streams include 

construction of riparian buffer strips, sedimentation basins, and check dams (MDEQ, 

1992, 1998, 2017). The MDEQ sediment Best Management Practices guidance 

documents were developed and released following the publication of the MDEQ (1988) 

Nonpoint Pollution Assessment Report. 

To further evaluate the potential impact of the Conservation Reserve Program 

enrollment as well as the implementation of sediment Best Management Practices within 

the State of Michigan to reduce sediment loading to rivers and streams, an assessment 

of the 4-year rolling average of annual dredged sediment was completed on three USACE 

Harbors and navigation channels. The following Harbors and navigation channels were 

evaluated: USACE Monroe Harbor, River Raisin (29); USACE Rouge River (31) 

Navigation Channel; and the USACE Saginaw River (32) Navigation Channel.   

These watersheds were chosen based on a high frequency of USACE 

maintenance dredging events, a low estimate of the littoral component of the volume of 

sediment dredged, and with respect to the River Raisin (29) and the Saginaw River (32), 

a high percentage of the watershed containing agricultural land use (67% and 45%, see 

Appendices GG and JJ, respectively).  The Rouge River was selected based a high 

frequency of maintenance dredging events, a low estimate of the littoral component of the 

volume of sediment dredged, and because this watershed has an active watershed 
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community group that promotes Non-Point Source Pollution, Best Management Practices 

(the Friends of the Rouge River). 

Review of 4-year rolling averages of dredged sediment for Monroe Harbor (Figure 

21), Rouge River Navigation Channel (Figure 22), and the Saginaw River Navigation 

Channel (Figure 23) reveals that the 1993 date of peak Conservation Reserve Program 

participation in Michigan appears to largely coincide with the decrease in the volume of 

dredged sediment for that particular navigation channel (River Raisin; 29; Saginaw River, 

32). With respect to the Rouge River (31), a similar decrease in 4-year rolling average 

was observed and given the low percentage of agricultural land use (5%), this decrease 

may be due in part to implementation of Non-Point Source Pollution, Best Management 

Practices within the watershed. 

 

Figure 21.  USACE Monroe Harbor, River Raisin (29), 4-Year Rolling Average of Annual 
Dredged Volume 
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Figure 22. USACE Rouge River Navigation Channel (31), 4-Year Rolling Average of 
Annual Dredged Volume 

 

 

Figure 23. USACE Saginaw River Navigation Channel (32), 4-Year Rolling Average of 
Annual Dredged Volume 
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Based on these findings, the post-1993 USACE maintenance dredging data was 

utilized in this research to estimate the average annual rate of fluvial sediment delivery to 

the river outlet and was calculated by: (1) averaging the post-1993 USACE dredging data 

(1993 to 2019), (2) adding in the USACE estimate of dredging backlog through December 

2019, and (3) adjusting volume dredged to remove the estimated littoral component.    

Using the post-1993 dredging data to estimate the average annual rate of sediment 

delivery to the river outlet resulted in annual rates that were very similar to the USACE 

(2020) dredging forecasts for 9 of the 11 watersheds, exceptions include:  Black River-

East (6) and the Saginaw River (32).  The USACE-Detroit does not prepare a dredging 

forecast for Manistique River (49) so this comparison was not available. 

3.8.2 Conversion of the Average Annual Volume Dredged to Metric Tonnes 

To convert the average annual volume of dredged sediment to metric tonnes, 

USACE pre-dredge sediment quality data were assessed (see Table 16).  USACE pre-

dredge sediment quality samples are collected prior to dredging and represent composite 

samples of the dredge cut.  A total of 821 pre-dredge sediment quality samples were 

evaluated during this research and samples were collected from each of the 30 Harbors 

(see Table 16). The specific weight of sediment was calculated using the bulk density and 

percent moisture data for each sediment sample.  Then, the pre-dredge sediment quality 

sample locations were mapped, and pre-dredge sediment samples that were collected 

from the Outer Harbor (primarily littoral sediment) were removed from further 

consideration and the Inner Harbor (fluvial sediment) sample locations were retained. 

Based on analysis of the pre-dredge sediment quality data, a total of 752 pre-dredge 

sediment samples were collected from the Inner Harbor, these samples were collected 
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from 27 of the 30 Harbors.  The distribution of specific weight of the 752 fluvial sediment 

samples is shown on Figure 24. 

 

Figure 24.  Distribution of Specific Weight, 752 Pre-Dredge Sediment Samples 

With respect to specific weight of fluvial sediment from these 27 Harbors, the 

weighted average (based on the number of samples per Harbor), geometric mean, and 

mean were 63.6, 69.1, and 73.5 pounds/cubic feet of sediment, respectively.  The 

geometric mean of 69 pounds/cubic feet of sediment was utilized to convert the average 

annual volume of sediment dredged to metric tonnes for the 12 Harbors included in this 

research (see Table 17). The average annual rate of fluvial sediment accumulation within 

the selected harbors served as the dependent variable in the subsequent regression 

analysis discussed in Chapter Four.
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3.9   Assessment of Fluvial Depositional Areas, Upland and Aquatic Wetlands, 
Natural Lakes and Manmade Reservoirs 

In conjunction with the calculation of watershed Curve Numbers, this research 

included the assessment of depositional areas within each of the 60 watersheds and five 

sub-watersheds, these depositional areas include: aquatic wetlands, upland wetlands, 

natural lakes and manmade reservoirs.  The Michigan Resource Information System 

(MIRIS), Land Use/Cover Polygons (MDNR, 1978) were used to calculate the percentage 

of each watershed covered in aquatic wetlands, upland wetlands, and natural lakes.  The 

percentage of the watershed covered in manmade reservoirs was calculated from the 

EGLE (2020) dam inventory database. 

With respect to aquatic wetlands (non-forested wetlands), the following MIRIS 

Land Use designations (land use classification number) were utilized:  aquatic bed (621), 

emergent (622), and flats (623). With respect upland wetlands (forested wetlands), the 

following MIRIS Land Use designations were used:  wooded (611) and shub/scrub (622).  

With respect to natural surface water bodies, the following MIRIS Land Use designations 

were used: stream (51) and lake (52).  The MIRIS Land Use designation for reservoirs is 

53. 

Based on the initial set of regressions (discussed in Chapter 4.2 and 4.3), the 

percentage of watershed covered by manmade reservoirs and natural lakes were 

identified as important variables.  However, based on analysis of the MIRIS data (MDNR, 

1978), the percentage of watershed covered in manmade reservoirs appears to have 

been under reported in virtually all of the watersheds and is likely due to the inadvertent 

inclusion of reservoir pool surface areas in watershed areas identified as natural Lakes.   



88 
 

 
 

To assess the percentage of the watershed covered in manmade reservoirs, the 

EGLE (2020) Dam Safety Unit provided an updated inventory of dams located in 

Michigan.  Comparison to the 2018 to the 2020 inventory of dams reveals that 48 dams 

were added to the inventory that now totals 2,607 structures. In conjunction with this 

research, the EGLE dam inventory was updated to include the reservoir pool surface 

areas for 43 dams in addition to updating the location information for several hundred of 

the dams to ensure that they were located within one of the 60 watersheds and five sub-

watersheds that are the subject of this research.  Of the 2,607 dams located in Michigan, 

262 are located in the drainage areas of the Great Lakes (“Lake drainage areas”) and are 

not assigned to one of the 60 Michigan watersheds and were excluded from this research.   

Of the remaining 2,345 dams located in Michigan, 1,378 dams are located within 

the 60 watersheds and five sub-watersheds included in this research, these dams include 

FERC dams (dams regulated by the Federal Energy Regulatory Commission), 

hydropower dams, retired hydropower dams, farm ponds, and private and recreational 

dams (see Table 18).  The remaining dams are not located on rivers, rather they are used 

for other purposes such as: water supply for industrial purposes (e.g. mining, agriculture), 

stormwater retention ponds, wastewater lagoons, tailing or debris ponds, and water level 

control structures (Table 18).   
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Table 18.  Summary of Dam Type and Use, 60 Michigan Watersheds 

 

 

Because the stormwater retention ponds, water supply ponds, wastewater 

lagoons, tailing or debris ponds, and water level control structures, are not located on the 

river where their presence could impact watershed sediment delivery to the river outlet, 

the reservoir pool surface areas of these structures were not included in this research 

(examples of these structures are shown on Figure 25). 

Review of the EGLE (2020) dam inventory with respect to the 1,378 dams located 

in 60 Michigan watersheds that the subject of this research reveals that most dams are 

small.  The distribution of dam height and reservoir pool surface area are shown on Figure 

26 and Figure 27, respectively. 

Dam Type and Use Number
FERC Dam         87 
Hydropower Dam         16 
Retired Hydropower Dam       104 
Farm Pond, Private, Recreational Dam    1,171 
Water Supply Dam         67 
Stormwater Retention Pond Dam         65 
Wastewater Lagoon Dam         15 
Tailings or Debris Pond Dam         14 
Level Control Structure Dam       806 

Total Number of Dams:  2,345   
FERC Dam - a hydropower dam regulated by the Federal 
Energy Regulatory Commission.
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Figure 26. Distribution of Dam Height, 1,378 Dams Located in 60 Michigan Watersheds 

Figure 27. Distribution of Reservoir Pool Surface Areas, 1,378 Dams Located in 60 
Michigan Watersheds 
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With respect to dam height, the maximum, average, and median elevations are 64 

meters, 4.2 meters, 3.4 meters. The Victoria Dam (MI00203) on the Ontonagon River (53) 

is the highest dam in Michigan at 64 meters.  There are 69 dams within these 60 Michigan 

watersheds that have a dam height of 10 meters or larger.  Most dam heights in Michigan 

are small and reflect the low river slopes discussed previously.  Of the 1,378 dams located 

in these 60 Michigan watersheds, 1,042 dams have dam heights of less than 5 meters 

(see Figure 26).  Because most dams were built in glacial outwash deposits and have 

corresponding low river slopes, the reservoir pool surface areas are small.  The 

maximum, average, and median reservoir pool surface areas are 72 square kilometers 

(Cheboygan Dam, MI00520), 0.69 square kilometers, and 0.06 square kilometers.  Thirty-

two dams have reservoir pool surface areas greater than 5 square kilometers. Of the 

1,378 dams located in these 60 Michigan watersheds, 1,108 dams have reservoir pool 

surface areas that are less than 0.5 square kilometers (see Figure 27).   

The percentage of the watershed covered in natural surface water bodies (lakes 

and rivers) from the MIRIS land use data (MDNR, 1978) was adjusted to account for 

percentage watershed covered in reservoirs based on the reservoir pool surface area 

contained the updated EGLE (2020) dam inventory.  The total area of the watershed 

covered with reservoirs based on the MIRIS land use data (MDNR, 1978) and the updated 

EGLE (2020) dam inventory are 343 square kilometers and 1,107 square kilometers, 

respectively.   

Although the 2011 National Land Cover Database does not separate out the area 

covered in reservoirs, the percentage of the watershed covered in surface water based 
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on the MIRIS land use (MDNR, 1978) and the National Land Cover Database are very 

similar.  However, there were significant differences between the percent of the 

watershed covered in upland and aquatic wetlands based on comparison of MIRIS land 

use (MDNR, 1978) and the 2011 National Land Cover Database.  Based on analysis of 

the 2011 NLCD, the percentage of watershed covered in wetlands was much greater than 

the area calculated using the MIRIS Land Use/Cover Polygons (MDNR, 1978).  The 

difference in the percentage of watershed covered by aquatic and upland wetlands is 

likely due differences in how wetland land use was identified and categorized.  The 2011 

NLCD relies on pixel analysis of aerial photographs and the resolution is lower than the 

MIRIS land use resolution that is based on a raster file (EGLE, 2020).  Because, the 

MIRIS Land Use/Cover Polygons (MDNR, 1978) were used to calculate the watershed 

Curve Numbers used in this research and because this data set served as the baseline 

watershed inventory for the State of Michigan, the MIRIS data set was used to calculate 

the percentage of the watershed covered in upland wetlands, aquatic wetlands, and 

surface water for each of the 60 watershed and five sub-watersheds included in this 

research.      

3.10 Sediment Deposition and Reservoir Trapping Efficiency, 
Assessment of Reservoirs Trapping Efficiency Using the Brune GM 
(1953) Capacity/Inflow Methodology  

Sediment deposition occurs throughout the watershed in the form of point bars, 

mid-channel bars, and deposition within adjacent and upland wetlands.  Within a 

watershed, dams are very effective at reducing and sometimes nearly eliminating the 

downstream movement of bed material load (suspended load and bed load sediment). 
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The amount of sediment trapped by a reservoir depends on the incoming flow rate of the 

rivers that discharges to the reservoir, the capacity and geometry of the impoundment, 

and the size of the sediment particles.  An example of a dam with excessive accumulation 

of sediment within the reservoir is shown in Figure 28. 

Figure 28.  Photograph of the Cedar River Dam Spillway, Extensive Reservoir 
Deposition is Apparent on the East Side of the Cedar River Dam Reservoir, (MI00516), 
Built in 1890, Elk River Watershed (13) (Aerial Photograph, Google Earth Pro, 2021) 

The USACE (1995) has observed that reservoir trapping efficiencies of fine sand 

sized particles (particle sizes greater than 0.125 millimeters) and larger to be nearly 100 

percent; silts and clays are more difficult to settle out, but impoundments with as small a 

ratio as 0.1 of reservoir capacity to average annual rate of river inflow can retain nearly 

80-95% of the bed material load.  Depending upon the hydraulic retention time and

geometry of the impoundment, frequently, only wash load (fine silts and clays) will be 

transported through the impoundment and downstream of the dam and bedload will be 

retained (USACE, 1995).   
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The trapping efficiency (E) of a reservoir can be defined as the percentage of the 

total inflowing sediment that is retained within the reservoir: 

E = 
𝑌𝑌𝐾𝐾(𝑖𝑖𝑖𝑖)−𝑌𝑌𝐾𝐾(out)

𝑌𝑌𝐾𝐾(𝑖𝑖𝑖𝑖)
(10) 

E = trapping efficiency (expressed as a decimal or percentage) 

Ys = Sediment yield (weight units) 

(in) = sediment inflow into the impoundment 

(out) = sediment outflow out of the impoundment 

As sediment is trapped, the reservoir water storage capacity decreases and 

trapping efficiency decreases.  Factors affecting reservoir sediment trapping efficiency 

include (USACE, 1995):  

• Ratio of Reservoir Storage Capacity (cubic meters) to the Inflow Rate (cubic

meters/second) of Rivers that Discharge to the Impoundment:   The reservoir

capacity-inflow ratio is a measure of retention time. The greater the retention time,

the higher the rate of sediment deposition within the reservoir.

• Sediment Particle Size.   Settling velocity is determined based on particle size.

Evaluation of reservoir retention time in conjunction with settling velocity form the

basis of many approaches used to evaluate reservoir trapping efficiency.

Typically, only silts in clays are in suspension long enough to reach the dam outlet

structure.
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• Reservoir Shape: The shape of the reservoir affects the effective retention time

and could cause "short circuiting" in which the effective retention time becomes

much less than the retention time as determined by the reservoir capacity-inflow

ratio.

• Type of Dam Outlet: The type of dam outlet (e.g. spillway or sluice gates) can affect

the trapping efficiency by increasing or decreasing the reservoir retention time.

• Operational Conditions of the Dam: Lowering of the pool elevation of the

impoundment decreases the retention time which subsequently decrease the

reservoir trap efficiency.

There are three common methods to estimate reservoir trapping efficiency 

methods based on empirical data:  the Capacity-Watershed Method (Brown’s Curve), the 

Capacity-Inflow Method (Brune’s Curve), and the Sediment Index Method (Churchill’s 

Curve).  A brief overview of these three methods as well as assessment of reservoir 

trapping efficiency of Michigan dams using one of these methods (the Brune Curve, 1953) 

are discussed in the following text and (USACE, 1995): 

Brown CB (1943) developed a curve relating the ratio of reservoir capacity (C, in 

acre-ft) and watershed area (W, in square miles) to trap efficiency (E, in percent), using 

the following equation: 

Reservoir Trapping Efficiency (E) = 100 {1−  1

�1+𝐾𝐾𝐾𝐾𝑊𝑊�
} (11) 

where, 

K = coefficient 
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W = watershed area (miles2) 
C = reservoir capacity (acre-ft) 

Figure 29. Brown Reservoir Trapping Efficiency Curve (from Brown 1943). 

With respect to the Brown Curve (see Figure 29), the coefficient K varies from 1.0 

(coarse sediments), 0.1 (medium sediments), and 0.046 (fine sediments), with a median 

value of 0.1 (Gill, 1979).  A value for the coefficient K of 0.1 (Design Curve) was 

recommended for average conditions (Brown, 1943).  The coefficient K increases to 

account for (1) for regions of smaller and varied retention time (calculated using the 

capacity-inflow ratio), (2) as the average grain size increases, and (3) for reservoir 

operations that prevent release of sediment through sluicing or movement of sediment 

toward the outlets by pool elevation regulation (USACE, 1995). 

The Sediment Index Method (Churchill’s Curve) relates the sedimentation index 

(SI) to reservoir trapping efficiency. Churchill (1948) used Tennessee Valley Authority 

Reservoir data to generate the curve shown in Figure 30. The sedimentation index (SI) 
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of a reservoir is the period of retention (R) divided by the reservoir mean velocity; note 

that if the retention time or mean velocity cannot be obtained from field data, 

approximation can be made by assuming the effective retention time to be equal to the 

retention time as computed by using the C/I ratio (USACE, 1995).  

As discussed in USACE (1995), the period of retention (R, in seconds) can then 

be computed by obtaining the capacity (C; cubic feet) of the reservoir at the mean 

operating pool elevation and dividing by the average daily inflow rate of the river (I; 

feet3/sec). The mean velocity (V; feet/second) is obtained by dividing the average daily 

inflow rate by the average cross-sectional area of reservoir (A, square feet) in which the 

average cross-sectional area is obtained by dividing the capacity by the reservoir length 

(L; feet), at the mean operating pool elevation (USACE, 1995).  

Sedimentation Index (SI) = 
𝑃𝑃𝑃𝑃𝐾𝐾𝑖𝑖𝑃𝑃𝑃𝑃 𝑃𝑃𝑜𝑜 𝑅𝑅𝑃𝑃𝐾𝐾𝑃𝑃𝑖𝑖𝐾𝐾𝑖𝑖𝑃𝑃𝑖𝑖 (𝐾𝐾𝑃𝑃𝑠𝑠𝑃𝑃𝑖𝑖𝑃𝑃𝐾𝐾)

𝑀𝑀𝑃𝑃𝑀𝑀𝑖𝑖 𝑉𝑉𝑃𝑃𝑉𝑉𝑃𝑃𝑠𝑠𝑖𝑖𝐾𝐾𝑉𝑉 ( 𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠)
(12) 

Period of Retention (R; seconds) = 
𝑅𝑅𝑃𝑃𝐾𝐾𝑃𝑃𝐾𝐾𝑅𝑅𝑃𝑃𝑖𝑖𝐾𝐾 𝐶𝐶𝑀𝑀𝐶𝐶𝑀𝑀𝑠𝑠𝑖𝑖𝐾𝐾𝑉𝑉 (𝑜𝑜𝐾𝐾3)

𝐷𝐷𝑀𝑀𝑖𝑖𝑉𝑉𝑉𝑉 𝐼𝐼𝑖𝑖𝑜𝑜𝑉𝑉𝑃𝑃𝑤𝑤 𝑅𝑅𝑀𝑀𝐾𝐾𝑃𝑃 ( 𝑓𝑓𝑓𝑓3
sec )

(13) 

Mean Velocity (V; ft/sec) = 
𝐴𝐴𝑅𝑅𝑃𝑃𝐾𝐾𝑀𝑀𝐴𝐴𝑃𝑃 𝐷𝐷𝑀𝑀𝑖𝑖𝑉𝑉𝑉𝑉 𝐼𝐼𝑖𝑖𝑜𝑜𝑉𝑉𝑃𝑃𝑤𝑤 𝑅𝑅𝑀𝑀𝐾𝐾𝑃𝑃 (𝑓𝑓𝑓𝑓3𝑠𝑠𝑠𝑠𝑠𝑠)

𝐴𝐴𝑅𝑅𝑃𝑃𝐾𝐾𝑀𝑀𝐴𝐴𝑃𝑃 𝐶𝐶𝐾𝐾𝑃𝑃𝐾𝐾𝐾𝐾−𝑆𝑆𝑃𝑃𝑠𝑠𝐾𝐾𝑖𝑖𝑃𝑃𝑖𝑖𝑀𝑀𝑉𝑉 𝐴𝐴𝐾𝐾𝑃𝑃𝑀𝑀 𝑃𝑃𝑜𝑜 𝐾𝐾ℎ𝑃𝑃 𝐼𝐼𝐼𝐼𝐶𝐶𝑃𝑃𝐼𝐼𝑖𝑖𝑃𝑃𝐼𝐼𝑃𝑃𝑖𝑖𝐾𝐾 (𝑜𝑜𝐾𝐾2)
 (14) 

Cross Sectional Area of the Impoundment (A; ft2) = 
𝑅𝑅𝑃𝑃𝐾𝐾𝑃𝑃𝐾𝐾𝑅𝑅𝑃𝑃𝑖𝑖𝐾𝐾 𝐶𝐶𝑀𝑀𝐶𝐶𝑀𝑀𝑠𝑠𝑖𝑖𝐾𝐾𝑉𝑉 (𝑜𝑜𝐾𝐾3)
𝑅𝑅𝑃𝑃𝐾𝐾𝑃𝑃𝐾𝐾𝑅𝑅𝑃𝑃𝑖𝑖𝐾𝐾 𝐿𝐿𝑃𝑃𝑖𝑖𝐴𝐴𝐾𝐾ℎ (𝑜𝑜𝐾𝐾)

(15) 

Sedimentation Index (SI) = (CA)/I2 = (C/I2)(C/L) = (C/I)2/L (16)
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Figure 30. Churchill's Curve (from Churchill MA, 1948) 

Churchill’s Curve (Churchill MA, 1948) is presented on Figure 30 and represents 

the "percentage of incoming silt passing through reservoir" on the ordinate, which 

necessitates determining the difference between the value obtained and 100% to get the 

reservoir trapping efficiency; the term "silt" on the ordinate axis meant all the size classes 

of sediment when Churchill developed this relationship (USACE, 1995).  

Although the use of the Churchill (1948) curves may give a better prediction of 

trapping efficiency than Brune’s (1953) curve, it is very difficult to obtain the input data for 

calculating the sedimentation index; this is probably the reason why Brune’s (1953) 

approach continues to be used so extensively as opposed to that of Churchill’s (1948) 

Curve (Verstraeten G and Poesen J, 2000). 

Brune GM (1953) analyzed 44 records of reservoir trapping efficiency and 

developed the Capacity-Inflow Method (Brune’s Curve). The Brune Curve is an empirical 

relationship between reservoir trapping efficiency and the ratio of reservoir capacity to 
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mean annual inflow, both in the same volume units (USACE, 1995; Brune GM, 1953).  

The capacity inflow ratio (C/I) is the total reservoir storage capacity (C) divided by the 

average annual inflow (I) of water to the reservoir.  The capacity inflow ratio (C/I) is also 

the hydraulic retention time of the impoundment, and reflects the average number of times 

water is replaced in the reservoir during a year (USGS, 1984c).   

The Brune GM (1953) curves shown in Figure 31 reflects coarse grained sand, the 

middle curve reflects a mixture of sediment particle size (sand and silt), and the lower 

curve reflects fine grained sediments such as silts and clays (Verstraeten G and Poesen, 

J, 2000; USDA-SCS, 1983).   

Figure 31. Reservoir Trapping Efficiency Curves, Capacity Inflow Ratio (from Brune GM, 
1953) 

The Brune GM (1953) curves were used to calculate sediment trapping efficiency 

and can be described using the equations listed in Table 19 (Verstraeten G and Poesen, 

J, 2000; USDA-SCS, 1983):  
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Table 19. Equations Developed by Verstraeten G and Poesen J (2000) and USDA-SCS 
(1983) That Describe the Brune (1953) Reservoir Trapping Efficiencies Curves.  

Brune (1953) Curve C/I > 1 1 > C/I > 0.02 C/I < 0.02 
Upper Curve (gravel 

and sand) 100 100 – (0.485[ln(C/I)]2.99) 124 – (6.59[ln(C/I)]1.52) 

Medium Curve (silt 
and sand) 97 97 – (1.275[ln(C/I)]2.47) 128 – (11.51[ln(C/I)]1.304) 

Lower Curve (clay 
and silt) 94 94 – (3.38[ln(C/I)]1.92) 94 – (3.38[ln(C/I)]1.92) 

Note : [ln(C/I)] is the absolute value of the natural log of Capacity/Inflow (C/I). 

Over the years, many authors have suggested improvements to Brown’s (1943), 

Brune’s (1953), and Churchill’s (1948) approaches to sediment trap efficiency, however 

these changes typically involved either the addition of new data or minor modifications to 

the original curves (Gill MA, 1979; Dendy FE, 1974, Heinmann HG, 1981: Garg J and 

Jothiprakash J, 2008).  Of these three methods, Brune’s (1953) and Brown’s (1943) 

approaches still remain in widespread use today (Mulu A and Dwarakish GS, 2015; Garg 

J and Jothiprakash J, 2008; Minear JT and Kondolf MG, 2009).   

3.10.1 Estimated Settling Velocities of Sediment Using Stoke’s Law and Ferguson 
and Church (2004) for Sand, Silt, and Clay-sized Particles 

One possible reason that the Brown (1943), Brune (1953), and Churchill (1948) 

methods have stood the test of time, is that the trapping efficiency of reservoirs with 

respect to silt and sand sized particles is very evident based on calculation of settling 

velocities using Stoke’s Law.  Sediment deposition within the reservoir can be observed 

at many Great Lakes dams by: inspection of the reservoir, especially the area where the 

river enters the reservoir (delta deposits) from a watercraft or using aerial photographs; 
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bathymetric surveying of the reservoir to compare to the initial storage volume to the 

current storage volume; sampling of the suspended sediment where the river enters the 

reservoir and downstream of the dam during and following rainfall events; and, 

observations made during a dam removal when the sediment that has accumulated within 

the reservoir can be physically inspected. 

Stoke’s Law predicts the settling velocity of glass spheres in vertical laboratory 

tubes, however these settling velocities are conservative and apply to sediment particles 

where settling velocity is dominated by viscous drag.    Examples of settling velocities 

calculated using Stoke’s Law for sediment particle sizes common in the Great Lakes 

watershed are shown on Table 20.  As the particle size becomes larger than very fine 

sand or silt, turbulent drag in the wake behind each sediment grain slows sand sized (and 

larger) sediment as they move through the water column; settling velocity based on 

turbulent drag can be represented as follows (Ferguson RI and Church, 2004):   

Vs =     ((4)(R)(g)(d)/(3)(C2))0.5 (17) 

where, 

R = submerged specific gravity (1.65 for quartz in water) 

g = acceleration due to gravity (9.81 meters/second squared) 

d = diameter (meters) 

C2 = constant, equals 0.4 for smooth spheres and 1 for natural grains 
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A settling velocity (Vs) equation combining both Stokes Law and the effects of fluid 

drag (turbulence) was developed for natural sediment particles by Ferguson and Church 

(2004) and is expressed in the following equation:   

 
 Vs =                          Rgd2                (18) 
           C1v + (0.75C2Rgd3)0.5 
 
 where, 
 
 R = submerged specific gravity (1.65 for quartz in water) 

 g = acceleration due to gravity (9.81 meters/second squared) 

 d = diameter (meters) 

 C1 = constant with a theoretical value of 18 

 v = kinematic viscosity (1.0 x 10-6 kilograms per meter per second) 

 C2 = constant, equals 0.4 for smooth spheres and 1 for natural grains 

 
Settling velocities for a range of sediment particle sizes common to the Great Lake 

watersheds using both Stoke’s Law and the Ferguson R and Church M (2004) equation 

are presented on Table 20 and Table 21. Review of Table 20 and Table 21 shows that 

Stokes Law adequately predicts settling velocities for particles smaller than fine silt, but 

due to turbulent drag, Stokes Law greatly over predicts settling velocities of coarser sized 

sediment particles in comparison to the Ferguson R and Church M (2004) methodology 

that is based on natural grains.   
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Table 21. Settling Velocities Calculated Using Ferguson and Church (2004) Methodology 

 

Although there are other factors that affect reservoir trapping efficiency and the 

settling velocities of sediment discharged into the reservoir (e.g. water temperature, 

particle shape and density, turbulence and shear velocity, concentration affects, 

flocculation of clay sized particles, etc.), the particle size of the incoming sediment, 

reservoir geometry, and the hydraulic retention time of the reservoir (the ratio of reservoir 

capacity to the inflow rate of rivers discharging to the impoundment) are clearly critical 

factors and support observations that most Great Lakes dams/reservoirs are very 

effective in retaining sediment larger than silt and sand sized particles 

(Alighalehbabakhani et al, 2017a; Alighalehbabakhani et al, 2017b; Baskaran et al, 2015; 

Jweda J and Baskaran M, 2011; Mabit et al, 2013; Mabit et al., 2014; USACE, 1995; 

Vorosmarty et al., 2003). 

3.10.2 Estimated Reservoir Trapping Efficiency Using the Brune (1953) 
Capacity/Inflow Ratio Methodology 

To further evaluate the impact of reservoirs on fluvial sediment delivery to the river 

outlet, this research involved a preliminary assessment of the reservoir trapping efficiency 

2.00000 0.196807701 2,323.91        17,004.19        
0.50000 0.072058333 850.86           6,225.84          
0.50000 0.072058333 850.86           6,225.84          
0.25000 0.032673578 385.81           2,823.00          
0.25000 0.032673578 385.81           2,823.00          
0.06250 0.003344484 39.49             288.96            
0.06250 0.003344484 39.49             288.96            
0.00390 0.000014306 0.17               1.24                
0.00390 0.000014306 0.17               1.24                
0.00200 0.000003766 0.04               0.33                

Ferguson and Church (2004)
Settling 
Velocity 

(meter/second)

Settling 
Velocity 

(feet/second)

Settling 
Velocity 

(feet/day)

0.00000390 clay0.00000200

0.00006250 silt0.00000390

0.00025000 fine sand0.00006250

0.00050000 medium sand0.00025000

0.00200000 coarse sand0.00050000

Particle 
Diameter 
(meters)

Particle 
Diameter 

(millimeters)
USACE 

Classification
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using the Brune GM (1953) capacity/inflow methodology of the dams located within the 

60 watersheds included in this research.  Of the 1,378 dams located in fluvial systems, 

the EGLE (2020) dam inventory contained information to calculate capacity/inflows for 

approximately 58% (802) of the dams. The equations presented in Table 19 (Verstraeten 

G and Poesen, J, 2000; USDA-SCS, 1983) were used to calculated the reservoir trapping 

efficiencies with respect to this research. With respect to dam capacity (C), the Normal 

Storage volume as reported in EGLE (2020) dam inventory was utilized.  With respect to 

inflow (I), the inflow (I) is based on the ratio of the watershed area of the dam as reported 

by EGLE (2020) to the total watershed area of the river system and was applied to the 

annual mean flow at the river outlet (see Table 2, Table 3, Table 4, and Table 5).  With 

respect to the 802 reservoirs that were evaluated, the average capacity/inflow ratio is 0.19 

and the median value is 0.036, the distribution of reservoir capacity/inflows is summarized 

on Figure 32.   

 

Figure 32.  Summary of Reservoir Capacity/Inflow Ratios, 802 Reservoirs Located in 60 
Michigan Watersheds 
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The Brune GM (1953) capacity/inflow estimates of reservoir trapping efficiencies 

are summarized in Figure 33 for the following sediment particle sizes: sand and gravel 

(upper curve), silt and sand (middle curve), and clay and silt (lower curve).  Using the 

Brune GM (1953) capacity/inflow methodology, the average, estimated reservoir trapping 

efficiencies for sand and gravel, silt and sand, and clay silt are 75.6%, 68.5%, and 62.7%.  

As shown in Figure 33, Figure 34, and Figure 35, the reservoir trapping efficiencies 

decrease as a function of sediment particle size. These trapping efficiencies support 

observations and research that most Great Lakes dams/reservoirs are effective in 

retaining sediment larger than silt and sand sized particles (Alighalehbabakhani et al, 

2017a; Alighalehbabakhani et al, 2017b; Baskaran et al, 2015; Creech et al, 2010; and, 

USACE, 1995 and 2008).  For this reason, the total reservoir pool surface area within the 

60 watersheds and five sub-watersheds was included as an independent variable in the 

regression analysis discussed in Chapter Four. 

 
Figure 33. Estimated Reservoir Trapping Efficiencies for Sand and Gravel Particle 

Sizes, Brune (1953) Capacity/Inflow Methodology 
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Figure 34. Estimated Reservoir Trapping Efficiencies for Silt and Sand Sized Particles, 
Brune (1953) Capacity/Inflow Methodology 

 

 

Figure 35. Estimated Reservoir Trapping Efficiencies for Clay and Silt Sized Particles, 
Brune (1953) Capacity/Inflow Methodology 
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With respect to the reservoirs that form the five sub-watersheds where radiometric 

dating of setting cores was completed (see Section 3.7), Brune (1953) reservoir trapping 

efficiencies were calculated using the method described previously and are summarized 

on Table 22.   

Table 22.  Summary of Estimated Reservoir Trapping Efficiencies for the Mio Dam (2A), 
Boardman Dam (9A), Webber Dam (14A), Ford Dam (15A), and Riley Dam (34A) 

The reservoir trapping efficiencies for medium grained sediment (sand and silt 

sized particles) ranged from 13% (Boardman Dam, 9A) to 76% (Ford Lake Dam, 15A). 

With respect to these five reservoirs, the capacity/inflow ratio and corresponding reservoir 

trapping efficiency of coarse, medium, and fine grained sediment reflects the large river 

inflow into a reservoir whose reservoir storage capacity is typical of dams constructed in 

low gradient streams in Michigan. 

In conjunction with this research, 757 USACE pre-dredge sediment samples that 

were collected from the Inner Harbor (fluvial sediment) were evaluated with respect to 

grainsize distribution.  Of the 757 pre-dredge samples, the weight percent of fines (silts 

and clays) was measured in 738 pre-dredge sediment samples, the distribution of percent 

fines is shown on Figure 36.  Of the 757 pre-dredge sediment samples, 218 sediment 

samples have greater than 50% silt and clay sized particles (‘fines”).   

Dam ID Dam Name Watershed
Capacity/

Inflow

Sand and 
Gravel Brune 

(1953), 
Verstraeten et 

Silt and Sand 
Brune (1953), 
Verstraeten 
et al (2000)

Clay and Silt 
Brune (1953), 
Verstraeten 
et al (2000)

MI00186 Mio Dam, 2A Au Sable River 0.009 53% 40% 26%
MI00512 Boardman Dam, 9A Boardman River 0.003 27% 13% 0%
MI00206 Webber Dam, 14A Grand River 0.006 44% 30% 15%
MI00194 Ford Lake Dam, 15A Huron River 0.045 86% 76% 64%
MI00533 Riley Dam, 34A St. Joseph River 0.009 54% 40% 27%
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Figure 36.  Distribution of Percent Fines (Silt and Clay Sized Particles), 738 USACE 
Pre-Dredge Sediment Quality Samples 

 

Review of Figure 36 reveals that the distribution of percent fines is skewed towards 

coarser sediment (fine to medium grained sand) and is consistent with bedload.  

Grainsize distribution analysis was completed by the USACE on 252 of 757 pre-dredge 

sediment quality samples, and the distribution of D50 (the value of the particle diameter at 

50% in the cumulative distribution) is presented on Figure 37.  Of these 252 samples, the 

mean and median grainsizes are 0.417 millimeters and 0.267 millimeters which 

corresponds to medium grained sand.  
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Figure 37, Distribution of Sediment Particle Size, D50, 252 USACE Pre-Dredge 
Sediment Quality Samples 

 

Given the example settling velocities calculated using Stokes Law (Table 20) and 

Ferguson R and Church M (2004; Table 21) and the estimated reservoir trapping 

efficiencies presented on Figures 28-30 (Brune,1953), the grainsize distribution of the 

USACE pre-dredge sediment quality samples supports the observation that Great Lakes 

dams/reservoirs are effective in retaining fluvial silt to sand sized and larger sediment 

particles with reservoir sediment trapping efficiencies ranging from 62.7% to 75.6%.  
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CHAPTER 4 RESULTS AND DISCUSSION 

This research involved development of an empirical equation that can be utilized 

as a statistical model to describe the relationship between bedload sediment delivery to 

the river outlet and significant watershed characteristics.  This empirical equation was 

developed using step-wise regression analysis to identify predictive variables.  The 

dependent variable is the annual watershed sediment delivery to the river outlet for 12 

rivers based on USACE-Detroit District dredging data (see Table 17) and for five sub-

watersheds using 137Cs and 210Pb radiometric dating (see Table 13).  Dependent and 

independent variables are shown on Tables 23 to 28. Four sets of regression analyses 

were completed, these include: 

• Assessment of watershed variables in conjunction with prediction of mean 

annual river flow and selected recurrence interval flows using non-

transformed dependent and independent variables.  

• Assessment of watershed variables in conjunction with prediction of 

watershed sediment delivery at the river outlet using non-transformed 

dependent and independent variables, 12 watersheds  

• Assessment of watershed variables in conjunction with prediction of 

watershed sediment delivery at river outlet using non-transformed 

dependent and independent variables, 17 watersheds 

• Assessment of watershed variables in conjunction with prediction of 

watershed sediment delivery at the river outlet using natural log transformed 

dependent and independent variables, 17 watersheds. 
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The dependent and independent variables for each of the 60 watersheds and five 

sub-watersheds are shown on Table 23, Table 24, Table 25, Table 26, Table 27, and 

Table 28.  With respect to watershed sediment delivery estimates of 12 watersheds where 

fluvial sediment delivery is based on USACE dredging data, these watersheds are 

highlighted in green.  A yellow highlight identifies the five sub-watersheds where fluvial 

sediment delivery is based on 137Cs and 210Pb radiometric dating. Each of the four sets 

of stepwise regression analyses are further discussed in the following text. 

4.1 Assessment of Watershed Variables in Conjunction with the 
Prediction of Mean Annual River Flow and Selected Recurrence 
Interval Flows 

Due to their significant importance on watershed sediment transport, the initial 

focus of the regression analyses was the determination of watershed characteristics 

important to the prediction of mean annual river flow and recurrence interval flows.  The 

mean annual river flow and recurrence interval flows were evaluated for the 60 

watersheds relative to the following watershed characteristics: watershed curve number, 

maximum watershed relief, river slope, average annual Great Lake basin precipitation 

and temperature, and the percentage of the watershed covered by seven NLCD (2011) 

land use classifications (water, developed land, barren land, shrubland, grassland, 

agriculture and wetlands).   

4.1.1 Relationship Between River Slope and Watershed Area 

The relationship between river slope and watershed area is shown on Figure 38.  

The average slope of these 60 Michigan rivers is 0.0013 meter/meter. As expected, there 
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is higher variability in river slopes among smaller watersheds, and the average slope of 

the watershed decreases as watershed area increases (see Figure 38).   

Thirty-six of the 60 Michigan watersheds evaluated in this research have 

watershed areas less than 1,000 square kilometers; for these 36 watersheds, the average 

river slope is 0.00155 meter/meter with a standard deviation of 0.00128 meter/meter. The 

average slope (and standard deviation) of rivers with watershed areas ranging from 1,000 

to 4,000 square kilometers is 0.00117 meter/meter (0.00098 meter/meter) and the 

average slope of rivers with watershed areas greater than 4,000 square kilometers is 

0.00076 meter/meter (0.00041 meter/meter). As shown in Figure 38, the average river 

slope and standard deviation decrease as watershed area increases. 

 

 
 
Figure 38. Relationship Between River Slope and Watershed Area 
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4.1.2 Watershed Curve Number 

The area weighted watershed curve number for these 60 Michigan watersheds is 

69.9, and the area weighted watershed curve numbers for the Michigan rivers that drain 

to Lake Superior, Lake Michigan, Lake Huron, and Lake Erie are 71.1, 68.2, 70.0, and 

77.5, respectively (see Table 23 and Table 24). With the exception of the Lake Erie 

watershed, the Lake Superior, Lake Michigan, and Lake Huron watersheds are 

dominated by forest land, wetlands, and agriculture.  The relative differences in the area-

weighted watershed curve numbers for these Great Lakes watersheds are explained by 

land use and soil classification.  Approximately half of the 60 Michigan watersheds 

evaluated in this research contain over 40% forest land and the average watershed 

contains 38.1% forest land.  In addition, agricultural lands and wetlands dominate these 

60 Michigan watersheds. Of the 60 watersheds evaluated, the average watershed area 

contains 21.5% agricultural land use and 21.9% wetlands. Thirty-four of the 60 Michigan 

watersheds included in this research contain greater than 15% wetlands.  

Urban land use (identified as "Developed" in Table 27 and Table 28) constitutes 

an important percentage of watershed area for basins where Michigan's largest cities 

are located. The watershed with the highest percentage of urban development is the 

Rouge River within the City of Detroit (84.1%) with a watershed CN of 81.5 (Table 11). 

Other examples of watersheds that contain an elevated percentage of urban land use 

include the Macatawa River watershed (34.1 %; near the City of Holland, Michigan) with 

a watershed CN of 75.9; the Clinton River watershed (55.6%; north of the City of Detroit) 

with a watershed CN of 77.5; the Huron River watershed (32.8%; west and south of the 
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City of Detroit) with a watershed CN of 73.9; and the Saginaw River watershed (12.7%; 

encompassing the cities of Flint, Saginaw, and Bay City) with a watershed CN of 75.5.  

The rivers that drain the Lake Erie watershed have an area weighted watershed 

CN of 77.5 (Table 11) that is reflected in the elevated percentages of urban land use 

within this basin; these rivers and watershed reference number include: Stoney Creek 

(35), the Pine River (27), the Belle River (3), the Rouge River (31), the Black River-East 

(6), the Clinton River (12), the Huron River (15), and the River Raisin (29).  The 

watersheds for these eight rivers cover 11,549 square kilometers. The area weighted 

watershed CN of 77.5 was calculated from 383,577 polygons with an average polygon 

area of 0.035 square kilometers (Table 11). The watersheds of these eight rivers drain 

extensive urban areas stretching from the City of Port Huron located on the north end of 

the St. Clair River (Black River-East watershed; 6), including the City of Detroit, and 

extending to the south to the City of Monroe (River Raisin watershed; 29) located on 

western edge of Lake Erie (see Figure 4). 

As shown on Table 27 and Table 28, the watersheds draining to Lake Superior, 

Lake Michigan, and Lake Huron have land use dominated by forest land, wetland, and 

agriculture.  Excluding the urbanized Lake Erie watershed, the watershed CNs for the 

Lake Superior watershed (71.1), Lake Michigan watershed (68.2), and Lake Huron 

watershed (70.0) are similar.  Figure 39 represents a comparison of watershed CN and 

watershed area for all 60 Michigan rivers.  Unlike river slope, there is no significant 

relationship between watershed CN and watershed area. 
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Figure 39. Relationship Between Watershed Curve Number and Watershed Area 

Mean annual discharge or runoff per unit area is calculated by dividing the total 

mean annual river flow by the watershed area and these values are presented in Table 

8, Table 9, Table 10, Table 11, and Table 12.  The mean annual river flow is comprised 

of both surface water runoff and indirect groundwater discharge to rivers that drain the 

watershed.  Due in large part to Michigan’s glacial history, many rivers are located in 

permeable glacial outwash deposits and coarse textured glacial deposits (Farrand WR 

and Bell DL, 1982) and mean annual discharge of many Michigan rivers is composed 

primarily of groundwater (USGS, 2005).  Based on a study of Great Lake basin water 

supply, USGS (1998) found that 22% to 42% of water entering the individual Great Lakes 

originated as indirect groundwater discharge from the rivers that drain the watershed and 

that overland surface water runoff ranged from 9% to 24% (the balance consists of over 

lake precipitation).   
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With respect to the individual Great Lakes, water entering Lake Superior was 

comprised of 11% surface water runoff and 33% indirect groundwater discharge, and the 

balance (56%) consisted of over lake precipitation (USGS, 1998).  With respect to water 

entering Lake Michigan, Lake Huron, and Lake Erie, surface water runoff represents 9%, 

16%, and 24% while indirect groundwater discharge from rivers represents 35%, 42%, 

and 22%, respectively (USGS, 2009).  Using the hydrograph separation method at 195 

gaging stations, USGS (1998) found that the majority of mean annual river flow is 

comprised of indirect groundwater discharge within the Lake Superior watershed (75%), 

Lake Michigan watershed (79%), and Lake Huron watershed (72%), while indirect 

groundwater flow represented about half (48%) in the Lake Erie basin.  These data 

support the Great Lake watershed CNs discussed previously, where the rivers that drain 

the Lake Erie watershed have an area weighted watershed CN of 77.5 that is reflected 

in the elevated percentages of urban land use within this basin. The area weighted 

watershed CNs for the Michigan rivers that drain the Lake Superior watershed (71.1), 

Lake Michigan watershed (68.2), and Lake Huron watershed (70.0) reflect land use 

dominated by forest land, wetland, and agriculture. 

4.1.3 Regression Analysis, Mean Annual River Flow and Recurrence Interval Flows 

v. Fourteen Watershed Characteristics

Previous research has confirmed a strong relationship between the prediction of 

mean annual river flow and watershed area in Michigan rivers.  With respect to the 60 

Michigan rivers included in this research, Barkach JH et al. (2020) found that the 
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prediction of mean annual river flow is strongly correlated to watershed area with an R2 

of 0.95 (see Figure 40).  

Figure 40.  Relationship Between Mean Annual River Flow and Watershed Area 
(Barkach JH et al, 2020) 

A recent study prepared for the State of Michigan’s EGLE (Stantec, 2014) found a 

similar strong relationship between watershed area and mean annual river flow for 28 

southern Michigan watersheds ranging in size from 24.8 square kilometers to 1,412 

square kilometers with correlation coefficients ranging from 0.84 to 0.94.  Syvitski and 

Milliman (2007) also found a strong correlation between mean annual river flow and 

watershed area with respect to the 488 rivers in their global database that cover 63% of 

the Earth’s surface; their analysis of variables associated with watershed sediment 

delivery found the highest correlates to mean annual river flow (Q) were watershed area 

(R2 =0.75) and relief (R2=0.25).   



126 

In conjunction with this research, other watershed characteristics were evaluated 

relative to the prediction of mean annual river flow and selected recurrence interval flows. 

These additional characteristics include: watershed CN, maximum watershed relief, river 

slope, mean precipitation and basin temperature of the four Great Lake watersheds, and 

the percentage of the watershed covered by the following NLCD (USDA, 2011) land use 

categories: water, developed land, barren land, shrubland, grassland, agriculture and 

wetlands.  

An example regression of all 14 independent variables versus 2-year recurrence 

interval flow is shown on Table 29.  Review of Table 29 reveals that most important 

watershed characteristics with respect to the prediction of the 2-year recurrence interval 

flow is watershed area (A) and watershed curve number (CN) with P-values of 1.9 E-19 

and 0.018 respectively. In conjunction with the step-wise regression analyses, watershed 

characteristics that were not predictive of 2-year recurrence interval flow include: 

maximum watershed relief, river slope, mean precipitation and temperature of the four 

Great Lake watersheds, and the percentage of the watershed covered by water, 

developed land, barren land, shrubland, grassland, agriculture and wetlands based on 

the 2011 NLCD (USDA, 2011).  The importance of the watershed area and watershed 

curve number as independent variables was repeated for all of the recurrence intervals 

that were evaluated during this research, these include: 1.5-year, 2.0-year, 10-year, 25-

year, 50-year and 100-year.  
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Table 29.  Example Regression, 2-year Recurrence Interval Flow v. All Variables 

With respect to mean annual river flow, the most important variables were 

watershed area followed by watershed curve number and maximum watershed relief. 

An example regression of mean annual river flow to watershed area, watershed curve 

number, maximum watershed relief and river slope is shown on Table 30. Watershed 

characteristics that were not predictive of mean annual river flow include: river slope, 

mean precipitation and temperature of the four Great Lake watersheds, and the 

percentage of the watershed covered by water, developed land, barren land, shrubland, 

grassland, agriculture and wetlands based on the NLCD (USDA, 2011).  

Regression Statistics
Multiple R 0.947
R Square 0.897
Adjusted R Square 0.865
Standard Error 53.244
Observations 60

ANOVA
df SS MS F Significance F

Regression 14 1112451.78 79460.84 28.03 1.36189E-17
Residual 45 127572.35 2834.94
Total 59 1240024.13

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%
Intercept 954.970 1576.085 0.606 0.548 -2219.428 4129.369 -2219.428 4129.369
Watershed Area (kilometers2) 0.041 0.003 15.299  1.9E-19 0.036 0.047 0.036 0.047
Watershed Curve Number (CN) 5.774 2.360 2.447 0.018 1.021 10.526 1.021 10.526
Relief (meters) -0.039 0.138 -0.280 0.781 -0.317 0.240 -0.317 0.240
River Slope (m/m) -9447.030 9444.078 -1.000 0.323 -28468.380 9574.321 -28468.380 9574.321
Precipitation, NOAA, 2015 (mm/year) 0.346 0.909 0.381 0.705 -1.485 2.176 -1.485 2.176
Mean Watershed Temp., NOAA, (°C) -10.852 17.335 -0.626 0.534 -45.765 24.062 -45.765 24.062
Water -1846.526 1467.528 -1.258 0.215 -4802.280 1109.228 -4802.280 1109.228
Developed -1615.885 1438.057 -1.124 0.267 -4512.280 1280.510 -4512.280 1280.510
Barren 1488.385 2949.461 0.505 0.616 -4452.134 7428.904 -4452.134 7428.904
Forest -1428.055 1405.863 -1.016 0.315 -4259.609 1403.500 -4259.609 1403.500
Shubland -2115.046 1598.591 -1.323 0.192 -5334.773 1104.682 -5334.773 1104.682
Grassland -1129.028 1600.757 -0.705 0.484 -4353.118 2095.063 -4353.118 2095.063
Agriculture -1592.338 1440.806 -1.105 0.275 -4494.269 1309.593 -4494.269 1309.593
Wetlands -1586.215 1451.630 -1.093 0.280 -4509.949 1337.519 -4509.949 1337.519
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Table 30.  Example Regression, Mean Annual River Flow v. Watershed Area, Watershed 
CN, Maximum Relief, and River Slope 

Based on regression analysis, the relationship between mean annual river flow 

(Qm) as a function of watershed area, watershed CN, and relief is presented in Equation 

1 (R2 = 0.97).   

Mean Annual River Flow (Qm) = 17.3 + 0.0091(A) – 0.2608(CN) + 0.017(R)    (19) 

where, 

A = watershed area, square kilometers

CN = watershed CN, unitless 

R = maximum watershed relief, meters 

As shown in Figure 41, the addition of watershed CN and maximum relief (R) to 

watershed area (A) marginally improves the prediction of mean annual river flow and the 

Regression Statistics
Multiple R 0.983865
R Square 0.96799
Adjusted R Square 0.965662
Standard Error 5.767229
Observations 60

ANOVA
df SS MS F Significance F

Regression 4 55319.25 13829.81 415.797523 2.17137E-40
Residual 55 1829.351 33.26093
Total 59 57148.6

Coefficientstandard Erro t Stat P-value Lower 95% Upper 95%
Intercept 14.92415 8.39374 1.778009 0.08093047 -1.897282355 31.74557866
Watershed Area (kilometers2) 0.008908 0.000256 34.79334 3.86E-39 0.00839455 0.009420682
Watershed Curve Number (CN) -0.22676 0.11093 -2.04414 0.0457 -0.449066802 -0.00444823
Relief (meters) 0.027358 0.01052 2.60043 0.012 0.00627422 0.048440988
River Slope (m/m) -1348.99 860.3654 -1.56792 0.123 -3073.196706 375.224992
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resulting R2 is 0.97 in comparison to mean annual river flow as a function of only 

watershed area (R2 = 0.95 see Figure 40) 

With respect to prediction of recurrence interval flows (1.5-year, 2.0-year, 10-year, 

25-year, 50-year, and 100-year), the regression equation variable analysis and the P-

values associated with watershed area, watershed CN, relief, and river slope are 

presented in Table 31.  The most important variables are watershed area and watershed 

CN, and the R2 of the resulting regression equations ranges from 0.87 (1.5-year and 2.0-

year recurrence interval flow) to 0.80 (100-year recurrence interval flow).  The strong R2 

of the predicted versus actual 2-year and 10-year recurrence interval flows as a function 

of watershed area (A) and watershed CN are shown in Figure 42 and Figure 43, 

respectively.  As shown in Table 31, with respect to the prediction of mean annual river 

flow as well as the recurrence interval flows, the dominant watershed characteristic is 

watershed area.   
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Watershed area has been referred to as the "great integrator" (Syvitski 

and Kettner, 2008).  The complex glacial geology of Michigan and the resulting low 

gradient streams, as well as the low percentage of developed land in the 

majority of 60 watersheds evaluated in this research, likely explains why there is a 

strong correlation between the mean annual river flow to watershed area, watershed 

CN, and relief (see Figure 41).  With respect to the 1.5-year, 2.0-year, 10-year, 25-

year, 50-year, and 100-year recurrence interval flows, the R2 of the regression 

equations for these 60 Michigan rivers as a function of watershed area and watershed 

CN ranged from 0.80 to 0.87 (see Table 31).  As shown in Figure 42 and Figure 

43 and summarized in Table 31, preliminary estimates of recurrence interval flows 

can be reasonably determined from two variables, watershed area and watershed 

CN, with respect to the prediction of recurrence interval flows. 

4.2. Regression Set 1, Analysis of Watershed Variables in Conjunction 
with Prediction of Bedload Watershed Sediment Delivery at the River 
Outlet Using Non-Transformed Dependent and Independent Variables, 
12 Watersheds 

To identify predictor variables, the second set of regressions focused on non-

transformed watershed sediment delivery estimates (dependent variable) and 15 

watershed characteristics (independent variables).  In this set of regressions, the 

dependent variable is watershed sediment delivery estimates to the river outlet based on 

USACE-Detroit District dredging data (12 rivers; see Table 17). The following 15 

independent variables were considered, they include: 

• Watershed Area (square kilometer)
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• Percent of Watershed, Total Surface Water Area (EGLE, 1978) MIRIS Land Use

• Percent of Watershed, Total Reservoir Pool Surface Area, EGLE (2020) Dam

Inventory

• Percent of Watershed, Total Aquatic Wetlands (EGLE, 1978) MIRIS Land Use

• Percent of Watershed, Total Upland Wetlands (EGLE, 1978) MIRIS Land Use

• Mean Annual River Flow (cubic meters/second)

• 1.5-year Recurrence Interval Flow (cubic meters/second)

• 2.0-year Recurrence Interval Flow (cubic meters/second)

• 5-year Recurrence Interval Flow (cubic meters/second)

• Watershed Curve Number (unitless)

• River Slope (meter/meter)

• Relief: Net Watershed Elevation Difference, Maximum Watershed Elevation

(meter)

• Relief: Net Watershed Elevation Difference, Average Watershed Elevation (meter)

• Mean Basin Temperature (°C)

• Population Density (people/square kilometer)

Review of the correlation coefficients (Table 32) reveals the strong relationship 

between watershed area and mean annual river flow and recurrence interval flows 

discussed in the Section 4.1.  The correlation coefficients between watershed area and 

mean annual river flow, 1.5-year, 2-year, and 5-year recurrence intervals is 0.98, 0.92, 

0.92, and 0.90.  In addition, as expected, there is also a strong correlation (0.63) between 

maximum watershed relief and river slope.  
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Lastly, there is also a significant correlation (0.52) between maximum (and 

average) watershed relief and the total reservoir pool surface area.  Inspection of the 

digital elevation models contained in Appendices B to PPP in comparison to the location 

of dams reveals that most of the dams located in fluvial systems are located on the edges 

of the watershed where the river slopes are greatest.  Many rivers (and dams) in Michigan 

are located in glacial outwash deposits flanked by glacial moraines, an example is the 

Loud Dam (MI00178) on the Au Sable River (see Figure 44). 

Figure 44.  Loud Dam, MI00178, Au Sable River (2) (Google Earth Pro, 2021) 

As discussed in Section 3.1, most of the dams in Michigan are small with dam 

heights of less than five meters. Michigan's extensive glacial heritage has resulted in 

relatively small differences in topography at the watershed scale in comparison to the 

elevation of the receiving water (the corresponding Great Lake or Great Lakes connecting 

channel, or reservoir). As discussed in Section 3.9, of the 1,378 dams located in these 60 
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Michigan watersheds, 1,042 dams have dam heights of less than 5 meters (see Figure 

26).  Because most dams were built in glacial outwash deposits and have corresponding 

low river slopes, the reservoir pool surface areas are also small.  The mean and median 

reservoir pool surface areas are 0.69 square kilometers and 0.06 square kilometers, 

respectively (see Figure 27). 

Regression analysis of watershed sediment delivery estimates based on USACE-

Detroit District dredging data for 12 rivers in comparison to 10 watershed characteristics 

are summarized on Table 33, Table 34, and Table 35.  A total of 26 regressions were 

completed.  Review of Table 33, Table 34, Table 35 reveals that of the river flows 

considered, the 1.5-year recurrence interval flow was most important, followed by the 

annual mean flow and 2-year recurrence interval flow.  Other important variables include: 

watershed area, percent of the watershed covered in surface water, reservoirs, aquatic 

wetlands, and upland wetlands. Regressions 1-18, 1-19, and 1-21 have good significance 

(<0.05), good R2 (0.98 to 0.99), and many of the p-values of the independent variables 

were less than 0.05.  However, when these regression equations were applied to the 60 

watersheds and five sub-watersheds, negative estimates of watershed sediment delivery 

occurred at the 38 to 39 of the 65 total watersheds included in this research.
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4.3. Regression Set 2, Analysis of Watershed Variables in Conjunction 
with the Prediction of Bedload Watershed Sediment Delivery at the 
River Outlet Using Non-Transformed Dependent and Independent 
Variables, 17 Watersheds 

This set of regressions includes all 17 watersheds and was conducted to gain 

insight into identification of predictor variables with the addition of the five watersheds 

whose watershed sediment delivery estimates are based 137Cs and 210Pb radiometric 

dating (see Table 13). Non-transformed dependent and 15 independent variables were 

evaluated and are listed in Section 4.2.   

Nineteen regressions were completed using these 15 independent variables.  The 

step-wise regressions are summarized on Table 36 and Table 37. Review of Table 36 

and Table 37 reveals that of the river flows considered, the 1.5-year recurrence interval 

flow was the most important, followed by the mean annual flow and 2-year recurrence 

interval flow.  Other important variables include: watershed area and the percentage of 

the watershed covered in surface water (natural lakes, rivers and streams). Regressions 

2-16 to 2-19 had acceptable significance (<0.05) and elevated R2 (0.68 to 0.80) and at

least some of the p-values of the independent variables were less than 0.05 (watershed 

area and the 1.5-year recurrence interval flow); however, when these regression 

equations were applied to the 60 watersheds and five sub-watersheds, negative 

estimates of watershed sediment delivery occurred at 17 to 35 watersheds. Eighteen of 

the 19 regressions produced large numbers of negative estimates of watershed sediment 

delivery to the river outlet with the exception of regression 2-15 which is a function of only 

watershed area.  Although the significance of regression 2-15 was less than 0.05 (0.03) 

and P-value for watershed area was 0.032, the corresponding R2 was low, only 0.271. 
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4.4 Regression Set 3, Analysis of Watershed Variables in Conjunction 
with Prediction of Bedload Watershed Sediment Delivery at the River 
Outlet Using Natural Log Transformed Dependent and Independent 
Variables, 17 Watersheds 

As with Regression Set 2, Regression Set 3 utilized 17 watershed sediment 

delivery estimates consisting of 12 watershed sediment delivery estimates based on 

USACE-Detroit District dredging data (12 rivers; see Table 17) and five watersheds 

sediment delivery estimates based 137Cs and 210Pb radiometric dating (see Table 13).  

Eighteen independent variables were considered, they include: 

• Watershed Area (square kilometer)

• Percent of Watershed, Total Surface Water Area (EGLE, 1978) MIRIS Land Use

• Percent of Watershed, Total Reservoir Pool Surface Area, EGLE (2020) Dam

Inventory

• Percent of Watershed, Total Aquatic Wetlands (EGLE, 1978) MIRIS Land Use

• Percent of Watershed, Total Upland Wetlands (EGLE, 1978) MIRIS Land Use

• Mean Annual River Flow (cubic meters/second)

• 1.5-year Recurrence Interval Flow (cubic meters/second)

• 2.0-year Recurrence Interval Flow (cubic meters/second)

• 5-year Recurrence Interval Flow (cubic meters/second)

• Watershed Curve Number (unitless)

• River Slope (meter/meter)

• Relief: Net Watershed Elevation Difference, Maximum Watershed Elevation

(meter)

• Relief: Net Watershed Elevation Difference, Average Watershed Elevation (meter)
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• Mean Basin Temperature (°C)

• Population Density (people/square kilometer)

• Percent of Watershed, Total Surface Water and Aquatic Wetlands

• Percent of Watershed, Total Wetlands (Upland and Aquatic)

• Percent of Watershed, Total Surface Water and Reservoirs

The natural log transformed dependent (watershed sediment delivery estimates) 

and independent variables are shown on Table 38.  Correlation coefficients of the 

independent variables are shown on Table 32.  Review of Table 32 reveals the strong 

correlation between watershed area and mean annual river, and 1.5-year, 2-year, and 5-

year recurrence interval flows.  In addition, strong correlations were also observed 

between reservoir pool surface area and river slope and relief (average and maximum 

water elevation). 

Forty-two regressions were completed and are summarized on Table 39, Table 

40, Table 41, Table 42, and Table 43. Review of Table 39, Table 40, Table 41, Table 42, 

and Table 43 reveals that a significance of less than 0.05 was observed in 19 of 42 

regressions.  Due to the natural log transformation of the dependent and independent 

variables (USGS, 2021), all of the regressions equations result in positive estimates of 

bedload watershed sediment delivery at the river outlet. 
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Of these 42 regressions, Regression 3-36 provided the best balance of 

significance (0.014), R2 (0.538), and relative low p-values for the following independent 

variables (see Table 42):   

• 1.5 year recurrence interval flow (P-value: 0.002),  

• percent of watershed covered in upland and aquatic wetlands (P-value: 0.149),  

• percent of the watershed covered in reservoirs (p-value: 0.387).   

With respect to Regression 3-36, the regression summary is presented in Table 

44. As discussed in Section 4.1.3, because watershed area is highly correlated with the 

1.5-year recurrence interval flow, watershed area can be removed from the regression 

equation 3-36 without reduction in significance (see Section 4.1.3 and Table 42).  Review 

of the residual plots reveals that the three independent variables (1.5-year recurrence 

interval flow; percentage of the watershed covered in wetlands, aquatic and upland; and, 

total reservoir pool surface area) are distributed randomly about zero (see Table 42).  In 

addition, the normal probability plot of Regression 3-36 is linear. 

Table 44.  Regression 3-36 Summary Statistics 

 

Regression Statistics
Multiple R 0.740
R Square 0.547
Adjusted R Square 0.443
Standard Error 0.833
Observations 17

ANOVA
df SS MS F Significance F

Regression 3 10.9049 3.6350 5.2417 0.014
Residual 13 9.0151 0.6935
Total 16 19.9200

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 3.901 1.7149 2.2749 0.040 0.1965 7.6061
Total Wetland -0.694 0.4527 -1.5342 0.149 -1.6724 0.2834
Reservoir Pool Surface 0.150 0.1674 0.8943 0.387 -0.2120 0.5114
1.5 year Recurrence Flow 0.858 0.2171 3.9527 0.002 0.3890 1.3269
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  The Regression 3-36 bedload watershed sediment delivery equation is presented 

as follows: 

Qb = EXP(3.901) * EXP(-0.694)LN(W) * EXP(0.150)LN(R) * EXP(0.858)LN(Q1.5)         (20) 

Where, 

Qb – Bedload Watershed Sediment Delivery (tonnes/year) 

Q1.5 – 1.5-year Recurrence Interval Flow at the River Outlet (cubic meters/second) 

W - Percent of the Watershed Covered in Both Upland and Aquatic Wetlands 

(EGLE, 1978 MIRIS Land Use) 

R - Percent of the Watershed Covered in Reservoirs (EGLE, 2020 updated dam 

inventory) 

With respect to the independent variables, 1.5-year recurrence interval flow is the 

most important (P-value: 0.002), and had consistently lower P-values than either annual 

mean flow or 2-year recurrence interval flow in Regression Sets 1,2, and 3.  As discussed 

in Section 2.2, the 1.5-year recurrence interval flow is associated with ‘bankfull flow” and 

is the flow rate where the river performs the most work (e.g. transporting sediment).  Due 

to the strong correlation between watershed area and the 1.5-year recurrence interval 

flow, the removal of watershed area from Regression 3-36 results in an improvement in 

significance from 0.031 (Regression 3-42; Table 43) to 0.014 (Regression 3-36; Table 

42).  
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With respect to regression 3-36, the percentage of the watershed covered in total 

wetlands (aquatic and upland) was determined to be an important predictor variable. In 

conjunction with the 1.5-year recurrence interval flow and the total percentage of 

watershed covered in wetlands, the percentage of the watershed covered in reservoirs 

was also determined to be an effective predictor variable of bedload watershed sediment 

delivery to the river outlet.  As discussed in Section 3.10.2, although most dams in 

Michigan are small, they are effective at retaining sediment that would otherwise be 

transported in fluvial systems to the river outlet.   

Review of Table 45 reveals that the predicted watershed sediment delivery 

estimates using Regression 3-36 in comparison to the estimated watershed sediment 

delivery estimates based on USACE dredging data and radiometric dating are within +/- 

70% for 13 of the 17 watersheds.  The average difference between predicted watershed 

sediment delivery using regression 3-36 and the watershed delivery estimates based on 

USACE dredging data and radiometric dating was -31%.   

The largest differences based on total metric tonnes between predicted sediment 

delivery using regression 3-36 and the watershed sediment delivery estimates based on 

either USACE dredging data or radiometric dating were noted at the Saginaw River (32), 

Grand River (14), St. Joseph River (34) and the Menominee River (50).  With the 

exception of the Saginaw River (32), the predicted watershed sediment delivery using 

regression 3-36 were lower than the watershed sediment delivery estimates based on  
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USACE dredging data for Grand River (14), St. Joseph River (34) and the Menominee 

River (50).   

Of these four rivers, the Saginaw River had the largest total difference where the 

predicted annual watershed sediment delivery using regression 3-36 is 65,000 metric 

tonnes per year in comparison to the 190,000 metric tonnes per year based on USACE 

dredging data.  Note, that with respect to the USACE’s (2020) annual maintenance 

dredging forecast of 180,000 metric tonnes for the Saginaw River, 155,000 metric tonnes 

is forecast for the Entrance Channel located in Saginaw Bay and 25,000 metric tonnes is 

forecast for the Upper Saginaw River navigation channel (Inner Harbor).  The littoral 

component of sediment delivery was estimated by USACE (2020) to be 10% (see Table 

15) but based on the USACE (2020) dredging forecast, the littoral component could be 

much larger; further research is needed to separate fluvial and littoral sediment within the 

Saginaw River navigation channel. 

With respect to the Grand River (14), the predicted annual watershed sediment 

delivery using regression 3-36 is 41,000 metric tonnes per year in comparison to the 

10,000 metric tonnes per year based on USACE dredging data.  With respect to the St. 

Joseph River (34), the predicted annual watershed sediment delivery using regression 3-

36 is 28,000 metric tonnes per year in comparison to the 12,000 metric tonnes per year 

based on USACE dredging data. With respect to the Grand River (14) and St. Joseph 

River (34), the differences in predicted sediment delivery using regression 3-36 in 

comparison to the watershed sediment delivery estimates based on USACE dredging 

data may be to the presence of large depositional areas near the river outlet (Figure 45).  
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With respect to the Grand River (14), a large depositional area covering 15 square 

kilometers is located a short distance from the river outlet.  Although smaller, similar areas 

of channel widening and large depositional areas are located near the river outlet of the 

St. Joseph River (34) and are shown on Figure 45.   The impact of natural lakes and 

depositional areas in close proximity to the river outlet in conjunction with the prediction 

of watershed sediment delivery is a topic of further research.  With respect to the 

Menominee River (50), the large difference in the predicted annual watershed sediment 

delivery using regression 3-36 (23,000 metric tonnes per year) in comparison to the 7,300 

metric tonnes per year based on USACE dredging data is likely due to the reservoir 

trapping efficiency of the Park Mill Dam (MI00531) that is located approximately six 

kilometers from the river outlet (see Figure 45). 

Of the watersheds where USACE 516e studies were completed, the USACE-

Detroit District completed a bathymetric analysis of several pairs of pre- and post-

dredging events at the Ontonagon Harbor (Ontonagon River, 53) to estimate the littoral 

and fluvial components of the sediment removed during USACE maintenance dredging 

of the federal navigation channel (USACE, 2010a).  The USACE (2010) approach to the 

estimate fluvial and littoral components of dredged sediment consisted of generating a 

digital surface using a Triangular Irregular Network (TIN) and then calculating the volume 

between the surfaces in the area where fluvial sediment was deposited (USACE, 2010a).   

This method also provides a good estimate of bedload sediment delivery to the river 

outlet.  As shown in Table 45, the estimated watershed sediment delivery using USACE 

dredging data is 30,000 metric tonnes per year and is in close agreement with the 
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predicted bedload sediment delivery using Regression 3-36 of 24,000 metric tonnes per 

year. 

The percentage of bedload calculated using Regression 3-36 in comparison to the 

estimated total watershed sediment delivery estimated using the USACE (2010) Great 

Lakes Regional Trend Line for all 65 watersheds is presented Figure 46.  The mean and 

median values of the percentage of bedload to total watershed sediment delivery are 

19.4% and 13.3% and are within the range of 5-20% reported by USGS (2011) and similar 

to 10% that has been reported by others (MacArthur RC et al, 2008; USACE, 1995). 

 

Figure 46.  Percentage of Bedload Sediment Delivery in Comparison to Total Watershed 
Sediment Delivery  
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The Regression 3-36 predicted bedload watershed sediment delivery and the 

watershed sediment delivery based on the USACE (2010a) trendline and the BQART 

Equation for all 60 watersheds and five sub-watersheds are sumarized on Table 46 and 

Table 47.    In addition,  Table 46 and Table 47 list the the bedload watershed sediment 

delivery using regression 3-36 nomalized to watershed area as well as the percent 

bedload  described previously.  With respect to Regression 3-36, the predicted bedload 

watershed sediment delivery to the river outlet and at the corresponding sub-watersheds 

for the Grand River (14) and St. Joseph River (34) normalized to watershed area are 

similar.  For the Grand River (14) at Grand Haven Harbor and the Weber Dam (14A), the 

bedload watershed sediment delivery as a function of watershed area are 2.9 

tonnes/year/kilosquare meter and 2.3  tonnes/year/kilosquare meter, respectively.  For 

the St. Joseph River (14) and the Riley Dam (34A), the bedload watershed sediment 

delivery as a function of watershed area are 2.3 tonnes/year/kilosquare meter and 4.5  

tonnes/year/kilosquare meter, respectively.  Although these are only two comparisons,  

Regression 3-36 provides good agreement of predicted bedload sediment delivery within 

the sub-watersheds of the Grand River (14) and St. Joseph River (34). 
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Table 46.  Comparison of Regression 3-36 Predicted Bedload Sediment Delivery and 
Watershed Sediment Delivery Predicted Using the USACE (2010) Trendline and the 
BQART Equation, Watersheds 1-30 

 

 

 

 

Watershed 
Reference 
Number River USACE Harbor

Predicted 
Sediment 
Delivery, 

Regression Set 
3-36 

(tonnes/yr)

Predicted 
Sediment 
Delivery, 

Regression           
Set 3-36 

(tonnes/yr/km2)

 
Sediment 
Delivery, 
BQART 

Equation 
(Syvitski and 

Milliman, 
2007) 

(tonnes/yr)

Watershed 
Sediment 
Delivery, 

USACE (2010) 
Great Lakes 

Regional 
Trend Line 
(tonnes/yr)

Percent Bedload: 
Predicted Bedload 

Discharge as a 
Percentage of Total 

Watershed 
Sediment Delivery 

(USACE 2010 
Trendline)

1 Au Gres River Point Lookout Harbor 4,900 7.8 11,000 25,000 19%
2 Au Sable River Au Sable Harbor 11,000             2.5 140,000           110,000           10%

2A Au Sable River NA; Mio Dam 7,100                2.6 58,000             79,000             9%
3 Belle River NA 10,000             17.2 15,000             24,000             42%
4 Betsie River Frankfort Harbor 2,100                3.4 22,000             25,000             8%
5 Big Sable NA 2,400                5.7 15,000             19,000             13%
6 Black River (East) Black River 13,000             7.1 37,000             58,000             23%
7 Black River (West) South Haven Harbor 3,000                4.1 13,000             29,000             11%
8 Macatawa River Holland Harbor 13,000             29.5 2,000               20,000             68%
9 Boardman NA 4,400                7.8 25,000             24,000             19%

9A Boardman River  NA; Brown Bridge Dam 3,300                10.5 10,000             15,000             22%
10 Pine River Charlevoix Harbor 8,000                9.9 36,000             31,000             26%
11 Cheboygan River Cheboygan Harbor 13,000             3.6 110,000           99,000             13%
12 Clinton River Clinton River 5,200                2.5 18,000             63,000             8%
13 Elk River NA 6,700                6.5 44,000             37,000             18%
14 Grand River Grand Haven Harbor 41,000             2.9 260,000           280,000           15%

14A Grand River NA; Webber Dam 10,000             2.3 95,000             115,000           9%
15 Huron River NA 7,300                3.2 19,000             68,000             11%

15A Huron River NA; Ford Dam 6,700                3.3 16,000             62,000             11%
17 Kalamazoo River Saugatuck Harbor 11,000             2.1 140,000           130,000           8%
18 Kawkawlin River NA 5,600                9.6 5,400               24,000             23%
19 Lincoln River NA 1,400                5.3 4,700               13,000             11%
20 Manistee River Manistee Harbor 13,000             2.9 230,000           110,000           11%
22 Muskegon River Muskegon Harbor 15,000             2.3 310,000           150,000           10%
23 Oqueoc River NA 1,800                4.9 7,500               17,000             11%
24 Pentwater River Pentwater Harbor 6,300                14.6 11,000             19,000             33%
25 Pere Marquette RiverLudington Harbor 4,800                2.8 70,000             54,000             9%
26 Pigeon River Caseville Harbor 2,400                6.4 5,100               17,000             14%
27 Pine River NA 17,000             32.8 9,100               21,000             77%
28 Platte River NA 1,300                3.6 15,000             17,000             8%
29 River Raisin Monroe Harbor 21,000             7.7 85,000             79,000             27%
30 Rifle River NA 8,000                8.2 42,000             36,000             22%
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Table 47.  Comparison of Regression 3-36 Predicted Bedload Delivery and Watershed 
Sediment Delivery Predicted Using the USACE (2010) Trend line and the BQART 
Equation, Watersheds 31-63 

 

 

 

 

Watershed 
Reference 
Number River USACE Harbor

Predicted 
Sediment 
Delivery, 

Regression Set 
3-36 

(tonnes/yr)

Predicted 
Sediment 
Delivery, 

Regression           
Set 3-36 

(tonnes/yr/km2)

 
Sediment 
Delivery, 
BQART 

Equation 
(Syvitski and 

Milliman, 
2007) 

(tonnes/yr)

Watershed 
Sediment 
Delivery, 

USACE (2010) 
Great Lakes 

Regional 
Trend Line 
(tonnes/yr)

Percent Bedload: 
Predicted Bedload 

Discharge as a 
Percentage of Total 

Watershed 
Sediment Delivery 

(USACE 2010 
Trendline)

31 Rouge River Rouge River 18,000             14.9 8,900               42,000             43%
32 Saginaw River Saginaw River 65,000             4.1 290,000           300,000           21%
33 Sebewaing River Sebewaing River 13,000             48.9 3,200               13,000             100%
34 St. Joseph River St. Joseph Harbor 28,000             2.3 290,000           250,000           11%

34A St. Joseph River NA; Riley Dam 6,100                4.5 31,000             46,000             13%
35 Stoney Creek NA 6,600                20.8 5,200               15,000             44%
36 Thunder Bay River Alpena Harbor 11,000             3.6 87,000             87,000             13%
37 White River White Lake Harbor 5,600                4.7 50,000             41,000             14%
38 Willow Creek NA 1,000                3.9 4,000               12,000             8%
39 Au Train NA 1,900                6.7 8,000               14,000             14%
40 Black River (Gogebic) Black River Harbor 9,900                14.9 26,000             26,000             37%
41 Carp River NA 2,600                6.0 7,400               19,000             14%
42 Cedar River Cedar River Harbor 1,700                1.7 18,000             36,000             5%
43 Chocolay River NA 4,300                10.8 22,000             18,000             24%
44 Days River NA 600                   3.9 3,500               8,900               7%
45 Dead River Presque Isle Harbor 4,100                9.7 27,000             19,000             22%
46 Escanaba River NA 7,100                3.0 89,000             70,000             10%
47 Ford River NA 4,300                3.6 39,000             42,000             10%
48 Falls River NA 2,300                19.9 7,200               6,900               33%
49 Manistique River Manistique Harbor 8,500                2.2 110,000           100,000           8%
50 Menominee River Menominee Harbor 23,000             2.2 290,000           220,000           11%
51 Montreal River NA 6,700                9.6 26,000             28,000             24%
52 Munuscong River NA 5,700                12.2 9,100               20,000             28%
53 Ontonagon River Ontonagon Harbor 24,000             6.8 140,000           97,000             25%
54 Pine River NA 4,000                5.6 10,000             28,000             14%
55 Portage River Keweenaw Waterway 11,000             4.4 97,000             75,000             15%
56 Presque Isle River NA 7,000                7.5 50,000             34,000             20%
57 Rapid River NA 1,900                5.4 6,600               16,000             12%
58 Sturgeon River NA 1,600                2.9 10,000             23,000             7%
60 Tahquamenon River NA 4,600                2.2 30,000             64,000             7%
61 Two Hearted River NA 500                   0.9 14,000             22,000             2%
62 Waiska River NA 2,200                5.7 5,400               17,000             13%
63 Whitefish River NA 3,100                3.9 22,000             31,000             10%
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CHAPTER 5 CONCLUSIONS 

The purpose of this research was to determine if an empirical equation can be 

developed as a statistical model to describe the relationship between bedload watershed 

sediment delivery to the river outlet and significant watershed characteristics.  This 

research involved regression analysis to identify key variables characteristic of the fluvial 

system and watershed to predict watershed sediment delivery of bedload to the river 

outlet of 60 Michigan rivers and five sub-watersheds. 

The identification of predictor variables was conducted by evaluating the 

dependent variable which consisted of 17 watershed sediment delivery estimates based 

on 12 watershed sediment delivery estimates developed from USACE-Detroit District 

dredging data and five watersheds sediment delivery estimates based 137Cs and 210Pb 

radiometric dating.  Eighteen independent variables were considered in the regression 

analysis, they include: 

• Watershed Area (square kilometers) 

• Percent of the Watershed Covered in Natural Surface Water Bodies 

• Percent of the Watershed Covered in Reservoirs Located on Rivers 

• Percent of Watershed Covered in Aquatic Wetlands Use 

• Percent of Watershed Covered in Upland Wetlands  

• Mean Annual River Flow (cubic meters/second) 

• 1.5-year Recurrence Interval Flow (cubic meters/second) 

• 2.0-year Recurrence Interval Flow (cubic meters/second) 

• 5-year Recurrence Interval Flow (cubic meters/second) 
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• Watershed Curve Number (unitless) 

• River Slope (meter/meter) 

• Relief: Net Watershed Elevation Difference Based on the Maximum Watershed 

Elevation (meter) 

• Relief: Net Watershed Elevation Difference Based on the Average Watershed 

Elevation (meter) 

• Mean Basin Temperature (°C) 

• Population Density (people/square kilometer) 

• Percent of Watershed Covered in Natural Surface Water Bodies and Aquatic 

Wetlands 

• Percent of Watershed Covered in Total Wetlands (Upland and Aquatic) 

• Percent of Watershed Covered in Natural Surface Water Bodies and Manmade 

Reservoirs 

Eighty-seven regressions were completed using both non-transformed and natural 

log transformed dependent and independent variables.  Based on the natural log normal 

regression analyses of dependent and independent variables, Regression 3-36 provided 

the best balance of significance (0.014), R2 (0.538), and relative low P-values for the 

following three predictor variables (see Table 42):   

• 1.5 year recurrence interval flow (P-value: 0.002),  

• percent of watershed covered in upland and aquatic wetlands (P-value: 0.149),  

• percent of the watershed covered in manmade reservoirs (P-value: 0.387).   
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The Regression 3-36 bedload watershed sediment delivery equation is presented 

as follows: 

Qb = EXP(3.901) * EXP(-0.694)LN(W) * EXP(0.150)LN(R) * EXP(0.858)LN(Q1.5) 

where, 

Qb – Bedload Watershed Sediment Delivery (tonnes/year) 

Q1.5 – 1.5-year Recurrence Interval Flow at the River Outlet (cubic meters/second) 

W - Percent of the Watershed Covered in Both Upland and Aquatic Wetlands 

(EGLE, 1978 MIRIS Land Use) 

R - Percent of the Watershed Covered in Reservoirs (EGLE, 2020 updated dam 

inventory) 

 Review of the residual plots reveals that the three independent variables (1.5-year 

recurrence interval flow; percentage of the watershed covered in wetlands, aquatic and 

upland; and, total reservoir pool surface area) are distributed randomly about zero. In 

addition, the normal probability plot of regression 3-36 is linear. 

Review of the predicted watershed sediment delivery estimates using Regression 

3-36 in comparison to the estimated watershed sediment delivery estimates based on 

USACE dredging data and radiometric dating are within +/- 70% for 13 of the 17 

watersheds.  The largest differences (based on total metric tonnes) between the predicted 

sediment delivery using regression 3-36 and the watershed sediment delivery estimates 
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based on either USACE dredging data or radiometric dating were noted for the Saginaw 

River (32), Grand River (14), St. Joseph River (34) and the Menominee River (50).   

Of the four rivers, the Saginaw River (32) has the largest difference between 

predicted sediment delivery using Regression 3-36 (65,000 metric tonnes/year) and the 

watershed sediment delivery estimate based on USACE dredging data (190,000 metric 

tonnes/year).  This difference may be attributed in part to differences in the USACE’s 

estimate of the separation of fluvial and littoral sediment at the river outlet; the percentage 

of maintenance dredging attributed to littoral sediment transport could be much larger 

than 10% that was utilized in this research.  With respect to the Grand River (14) and St. 

Joseph River (34), the underprediction of watershed sediment delivery using Regression 

3-36 is likely due to the impact of large depositional areas located in close proximity to 

the river outlet.  With respect to the Menominee River (50), the difference in the predicted 

annual watershed sediment delivery using regression 3-36 (23,000 metric tonnes per 

year) in comparison to the 7,300 metric tonnes per year based on USACE dredging data 

is likely due to the reservoir trapping efficiency of a large dam (Park Mill Dam, MI00531) 

that is located approximately six kilometers from the river outlet. 

The percentage of bedload predicted using Regression 3-36 in comparison to the 

estimated total watershed sediment delivery estimated using the USACE (2010a) Great 

Lakes Regional Trend Line is within the reported range of other published studies.  The 

mean and median values of the percentage of bedload to total watershed sediment 

delivery for the 60 watersheds and five sub-watersheds included in this research are 
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19.4% and 13.3% and are within the range of 5-20% reported by USGS (2011) and similar 

to 10% that has been reported by others (MacArthur RC et al, 2008; USACE, 1995). 

Of the watersheds where USACE 516e studies were completed, the USACE-

Detroit District completed a bathymetric analysis at the Ontonagon Harbor (Ontonagon 

River, 53) of several pairs of pre- and post-dredging events to estimate the littoral and 

fluvial components of the sediment removed during USACE maintenance dredging of the 

federal navigation channel (USACE, 2010a).  This method also provides a good estimate 

of bedload sediment delivery to the river outlet of Ontonagon Harbor.  As shown in Table 

45, the estimated watershed sediment delivery using USACE dredging data is 30,000 

metric tonnes per year and is in close agreement with the predicted bedload sediment 

delivery using Regression 3-36 of 24,000 metric tonnes per year. 

This research was successful in demonstrating that bedload watershed sediment 

delivery can be estimated from characteristics of the river and watershed.  Areas of future 

study to improve Regression 3-36 are discussed in Chapter 6. 
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CHAPTER 6 AREAS OF FURTHER RESERACH 
 

Based on this research, several suggestions follow to continue to improve the 

predictive capabilities of the bedload watershed sediment delivery described in 

Regression 3-36, these include: 

 Increase the Number of Estimates of Watershed Sediment Delivery By 

Conducting Radiometric Dating of Sediment Cores at RESSED Reservoirs Located in 

Michigan.  The regression analysis completed during this research was based 17 

estimates of watershed sediment delivery, 12 using USACE dredging data and five using 

radiometric dating.  Increasing the number of data sets could be accomplished by 

conducting radiometric dating and bathymetric surveys of RESSED reservoirs located in 

Michigan (Table 48 and Figure 47), in addition to completing the analysis of fluvial and 

watershed characteristics as presented in this research.   

Of the 21 RESSED reservoirs located in Michigan, radiometric dating has already 

completed at one reservoir (Ford Dam, 15A; RESSED 22-029; WSU, 2017), and one 

reservoir is located in the Lake Area of the Pine River (10L; RESSED 23-001) and not 

within one of the 60 watersheds included in this research.  Eighteen of the 19 remaining 

RESSED reservoirs are located in southeast Michigan within the Huron River (16), River 

Raisin (29) and Rouge River (31) watersheds and one reservoir is located in the Manistee 

River (20) watershed (see Table 48).   Note that watershed sediment delivery estimates 

that were completed at the RESSED reservoirs located in Michigan were incorporated 

into the USACE (2010) Great Lakes Regional Trend Line.  Increasing the number of 
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comparisons from 17 may increase both the significance and R2 of the revised bedload 

sediment delivery equation. 

Incorporate Additional Harbors Where the USACE Has Separated Outer Harbor 

and Inner Harbor Dredging Projects.  Beginning in 1999 and culminating in 2014, a period 

of below average Great Lakes water levels (USACE, 2021d) resulted in increased 

maintenance dredging of commercial, State and Federally maintained Harbor inlets and 

navigation channels which resulted in an increased focus on the beneficial re-use of 

dredged sediment for beach replenishment and other coastal projects (GLC, 2001; 

USEPA and USACE, 2007).  During 2018, the State of Michigan revised testing 

requirements for dredged sediment to facilitate beneficial reuse of sediment that contains 

greater than 90% sand (EGLE, 2018).  Going forward, the USACE-Detroit District plans 

to expand the separation of Outer and Inner Harbor maintenance dredging projects to 

facilitate beneficial reuse of dredged sediment (USACE, 2019c).  If this occurs, it is 

possible that additional USACE Harbors and navigation channels with high estimated 

littoral components of dredged sediment could be included in a future update of this 

research, especially those located on Lake Michigan and Lake Superior. 

Incorporate Additional Pre-Dredge Sediment Quality Data to Improve the 

Conversion of the Volume of Dredged Sediment to Metric Tonnes.  The USACE-Detroit 

District typically conducts 5-10 pre-dredge sediment quality assessments at USACE 

navigation channels and harbors each year.  This research would involve continued 

update the physical characteristics of the fluvial dredged sediment to improve the 

conversion of the volume of dredged sediment to metric tonnes. 
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Conduct Additional Regression Analyses to Further Evaluate the 2011 NLCD Land 

Use Data as Predictor Variables of Bedload Watershed Sediment Delivery.  As discussed 

in this research, the percentage of the watershed covered by the following 2011 NLCD 

land use categories were not predictive of bedload sediment delivery at the river outlet, 

these include:  water, developed land, barren land, shrubland, grassland, agriculture and 

wetlands.   Based on analysis of the 2011 NLCD watershed land use data, the percentage 

of watershed covered in wetlands was much greater than the wetland areas identified in 

the MIRIS Land Use/Cover Polygons (MDNR, 1978).  The difference in the percentage 

of watershed covered by aquatic and upland wetlands is likely due differences in how the 

wetland area was identified and categorized.  The 2011 NLCD relies on pixel analysis of 

aerial photographs, and the resolution is lower than the MIRIS land use resolution that is 

based on a raster file (EGLE, 2020).   

Because, the MIRIS Land Use/Cover Polygons (MDNR, 1978) were used to 

calculate the watershed Curve Numbers used in this research and because this data set 

served as the baseline wetland inventory for the State of Michigan, the MIRIS data set 

was used to calculate the percentage of the watershed covered in upland wetlands, 

aquatic wetlands, and surface water for each of the 60 watershed and five sub-

watersheds included in this research.   Further, there were significant differences between 

the percent of the watershed covered in upland and aquatic wetlands based on 

comparison of MIRIS land use (MDNR, 1978) and the 2011 National Land Cover 

Database.  Given the ease of access of obtaining the NLCD land use data, especially in 

States other than Michigan, further evaluation of the 2011 NLCD land use data could be 

warranted to develop an equation that could be used in other Great Lakes states.  
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Expand the Assessment of the Impact of Reservoir Trapping Efficiency on Fluvial 

Sediment Delivery to the River Outlet.  This research incorporated the use of total 

reservoir pool surface area to account for the impact of reservoirs on fluvial sediment 

delivery to the river outlet.  Of the 1,378 dams located in fluvial systems, the EGLE (2020) 

dam inventory contained information to calculate approximate capacity/inflows to 

estimate reservoir trapping efficiency for approximately 58% (802) of the dams. Given the 

effectiveness of manmade reservoirs at retaining fluvial sediment, additional research 

could be completed to conduct an updated assessment of reservoir trapping efficiency 

utilizing the mean annual river flows and watershed mapping tools present in the USEPA 

(2021) Watershed Assessment, Tracking & Environmental Results System (WATERS) 

that is now available in Michigan.  In addition, research could be conducted to re-evaluate 

the watershed area of each reservoir and to develop a basin-wide trapping efficiency 

methodology similar to the method proposed by Vorosmarty et al (2003).
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APPENDIX B. AU GRES RIVER WATERSHED (1) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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1, AU GRES RIVER WATERSHED 

Elevation 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 
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1, AU GRES RIVER WATERSHED 

Land Use 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
75.0
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1, AU GRES RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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1, AU GRES RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX C. AU SABLE RIVER WATERSHED (2) 

Surface Hydrology 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Stream Gages includes only active gages and gages with 20+ years of discharge records since 1950 
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2, AU SABLE RIVER WATERSHED  

Elevation  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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2, AU SABLE RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
55.9
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2, AU SABLE RIVER WATERSHED 

Surficial Geology  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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2, AU SABLE RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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NIDID Dam Name Longitude Latitude
National ID Official Name Decimal Degrees Decimal Degrees

MI01810 Lake St Helen Lake Level Control -84.46333 44.40833
MI02460 Upper Boron Dam -84.30000 44.77333
MI00318 Bills Dam -84.15000 44.68167
MI00322 Davis Dam -84.18333 44.70167
MI00326 Dumka Dam -84.22166 44.64333
MI00332 Big Bradford Lake Level Control Structure -84.715 44.855
MI00339 7th Spectacle Lake Dam -84.40166 44.885
MI00350 Robinson Creek Flooding Dam -84.585 44.44333
MI00562 Big Creek Dam -84.37334 44.79167
MI00590 Conners Marsh Dam -84.42869 44.67985
MI00738 Glen Lake Dam -84.295 44.70833
MI00964 Forest Dunes Lake Dam -84.53167 44.58833

USACE's National Inventory of Dams (NID)

STA ID Station Name Longitude Latitude Active
4135500 AU SABLE RIVER AT GRAYLING, MI -84.712529 44.659737  
4135600 EAST BRANCH AU SABLE RIVER AT GRAYLING, MI -84.705584 44.668904  
4135700 SOUTH BRANCH AU SABLE RIVER NEAR LUZERNE, MI -84.455575 44.614738 yes
4136000 AU SABLE RIVER NEAR RED OAK, MI -84.292515 44.676959 yes
4136500 AU SABLE RIVER AT MIO, MI -84.131117 44.660014 yes

3

USGS Stream Gage's

Number of Active USGS Stream Gage's in Drainage Area (2009)

APPENDIX D. AU SABLE RIVER WATERSHED, MIO DAM (2A) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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Size of Drainage Area 3328.97 km²
Maximum 471.00 m
Minimum 289.00 m
Average 372.52 m

Standard Deviation 25.25 m

Mio Dam
Elevation Statistics

2A, AU SABLE RIVER WATERSHED, MIO DAM 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All Elevation Measurements with Respect to North American Datum 1983 
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2A, AU SABLE RIVER WATERSHED, MIO DAM 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
51.7
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2A, AU SABLE RIVER WATERSHED, MIO DAM 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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2A, AU SABLE RIVER WATERSHED, MIO DAM 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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NIDID Dam Name Longitude Latitude
National ID Official Name Decimal Degrees Decimal Degrees

MI00186 Mio -84.13170 44.66090
MI01810 Lake St Helen Lake Level Control -84.46333 44.40833
MI02460 Upper Boron Dam -84.30000 44.77333
MI00318 Bills Dam -84.15000 44.68167
MI00322 Davis Dam -84.18333 44.70167
MI00326 Dumka Dam -84.22166 44.64333
MI00332 Big Bradford Lake Level Control Structure -84.715 44.855
MI00339 7th Spectacle Lake Dam -84.40166 44.885
MI00350 Robinson Creek Flooding Dam -84.585 44.44333
MI00562 Big Creek Dam -84.37334 44.79167
MI00590 Conners Marsh Dam -84.42869 44.67985
MI00671 Okie Kauffman Dam -84.075 44.72167
MI00674 Blamer Dam -84.12167 44.68833
MI00738 Glen Lake Dam -84.295 44.70833
MI00964 Forest Dunes Lake Dam -84.53167 44.58833

USACE's National Inventory of Dams (NID)

STA ID Station Name Longitude Latitude Active
4135500 AU SABLE RIVER AT GRAYLING, MI -84.712529 44.659737
4135600 EAST BRANCH AU SABLE RIVER AT GRAYLING, MI -84.705584 44.668904
4135700 SOUTH BRANCH AU SABLE RIVER NEAR LUZERNE, MI -84.455575 44.614738 yes
4136000 AU SABLE RIVER NEAR RED OAK, MI -84.292515 44.676959 yes
4136500 AU SABLE RIVER AT MIO, MI -84.131117 44.660014 yes
4136900 AU SABLE RIVER NEAR MC KINLEY, MI -83.837778 44.612778 yes

4

USGS Stream Gage's

Number of Active USGS Stream Gage's in Drainage Area (2009)

2B, AU SABLE RIVER WATERSHED, ALCONA DAM 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 

USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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Size of Drainage Area 3940.97 km²
Maximum 471.00 m
Minimum 246.00 m
Average 365.58 m

Standard Deviation 31.82 m

Alcona Dam Watershed
Elevation Statistics

APPENDIX E. AU SABLE RIVER WATERSHED, ALCONA DAM (2B) 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All Elevation Measurements with Respect to North American Datum 1983 
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2B, AU SABLE RIVER WATERSHED, ALCONA DAM 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from National Land Cover Database 2011 (NLCD 2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
52.1
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2B, AU SABLE RIVER WATERSHED, ALCONA DAM 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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2B, AU SABLE RIVER WATERSHED, ALCONA DAM 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX F.  BELLE RIVER WATERSHED (3) 

Surface Hydrology 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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3, BELLE RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 
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3, BELLE RIVER WATERSHED 

Land Use 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend

EGLE Runoff Curve Number
79.1
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3, BELLE RIVER WATERSHED 

Surficial Geology 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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3, BELLE RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX G.  BETSIE RIVER WATERSHED (4) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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4, BETSIE RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

All Elevation Measurements with Respect to North American Datum 1983 
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4, BETSIE RIVER WATERSHED  

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
57.0
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4, BETSIE RIVER WATERSHED 

Surficial Geology 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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4, BETSIE RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  
 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 



205 
 

 
 

APPENDIX H.  BIG SABLE WATERSHED (5) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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5, BIG SABLE WATERSHED 

Elevation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

All Elevation Measurements with Respect to North American Datum 1983 
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5, BIG SABLE WATERSHED  

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

 

EGLE Runoff Curve Number
61.8
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5, BIG SABLE WATERSHED 

Surficial Geology 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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5, BIG SABLE WATERSHED 

Surficial Geology (Simplified) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX I.  BLACK RIVER WATERSHED, EAST (6) 

Surface Hydrology 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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6, BLACK RIVER WATERSHED (EAST) 

Elevation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
All Elevation Measurements with Respect to North American Datum 1983 
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6, BLACK RIVER WATERSHED (EAST) 

Land Use  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
76.8
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6, BLACK RIVER WATERSHED (EAST) 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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6, BLACK RIVER WATERSHED (EAST)  

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 
 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX J.  BLACK RIVER WATERSHED, WEST (7) 

Surface Hydrology 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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7, BLACK RIVER WATERSHED (WEST)  

Elevation 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All Elevation Measurements with Respect to North American Datum 1983 
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7, BLACK RIVER WATERSHED (WEST)  

Land Use  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
69.1
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7, BLACK RIVER WATERSHED (WEST) 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 



219 
 

 
 

7, BLACK RIVER WATERSHED (WEST) 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX K.  MACATAWA RIVER WATERSHED (8) 

Surface Hydrology 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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8, MACATAWA RIVER WATERSHED 

Elevation  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 



222 
 

 
 

8, MACATAWA RIVER WATERSHED 

Land Use  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
75.9
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8, MACATAWA RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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8, MACATAWA RIVER WATERSHED  

Surficial Geology (Simplified) 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX L.  BOARDMAN RIVER WATERSHED (9) 

Surface Hydrology 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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9, BOARDMAN RIVER WATERSHED 

Elevation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 
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9, BOARDMAN RIVER WATERSHED 

Land Use  

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
56.1
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9, BOARDMAN RIVER WATERSHED  

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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9, BOARDMAN RIVER WATERSHED 

Surficial Geology (Simplified) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX M.  BOARDMAN RIVER WATERSHED, BROWN BRIDGE POND (9A) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 

USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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Size of Drainage Area 395.74 km²
Maximum 396.00 m
Minimum 243.00 m
Average 316.04 m

Standard Deviation 27.64 m

Brown Bridge Dam 
Elevation Statistics

9A, BOARDMAN RIVER WATERSHED, BROWN BRIDGE POND 

Elevation 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

All Elevation Measurements with Respect to North American Datum 1983 
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9A, BOARDMAN RIVER WATERSHED, BROWN BRIDGE POND 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
53.3
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9A, BOARDMAN RIVER WATERSHED, BROWN BRIDGE POND 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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9A, BOARDMAN RIVER WATERSHED, BROWN BRIDGE POND 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX N.  PINE RIVER WATERSHED (10) 

Surface Hydrology 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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10, PINE RIVER WATERSHED  

Elevation 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 
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10, PINE RIVER WATERSHED 

Land Use 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

 

EGLE Runoff Curve Number
61.5
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10, PINE RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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10, PINE RIVER WATERSHED 

Surficial Geology (Simplified) 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX O.  CHEBOYGAN RIVER WATERSHED (11) 

Surface Hydrology  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and USACE’s National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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11, CHEBOYGAN RIVER WATERSHED  

Elevation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 
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11, CHEBOYGAN RIVER WATERSHED 

Land Use 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

 

EGLE Runoff Curve Number
61.5
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11, CHEBOYGAN RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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11, CHEBOYGAN RIVER WATERSHED 

Surficial Geology (Simplified) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX P.  CLINTON RIVER WATERSHED (12) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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12, CLINTON RIVER WATERSHED  

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
All Elevation Measurements with Respect to North American Datum 1983 
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12, CLINTON RIVER WATERSHED 

Land Use 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
77.5
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12, CLINTON RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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12, CLINTON RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX Q.  ELK RIVER WATERSHED (13) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 



251 
 

 
 

13, ELK RIVER WATERSHED 

Elevation 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All Elevation Measurements with Respect to North American Datum 1983 
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13, ELK RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use 

SystemLegend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

60.3
EGLE Runoff Curve Number
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13, ELK RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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13, ELK RIVER WATERSHED 

Surficial Geology (Simplified) 

 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX R.  GRAND RIVER WATERSHED (14) 

Surface Hydrology 
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14, GRAND RIVER WATERSHED 

Dam Identification and USGS Streamgages 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 

USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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14, GRAND RIVER WATERSHED  

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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14, GRAND RIVER WATERSHED 

Land Use  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

 

EGLE Runoff Curve Number
75.2
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14, GRAND RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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14, GRAND RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX S.  GRAND RIVER WATERSHED, WEBBER DAM (14A) 

Surface Hydrology 
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14A, GRAND RIVER WATERSHED, WEBBER DAM  

Dam Identification and USGS Streamgages 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                  
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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Size of Drainage Area 7447.63 km²
Maximum 381.00 m
Minimum 190.00 m
Average 260.12 m

Standard Deviation 28.81 m

Webber Dam
Elevation Statistics

14A, GRAND RIVER WATERSHED, WEBBER DAM  

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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14A, GRAND RIVER WATERSHED, WEBBER DAM (14A) 

Land Use  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

 

EGLE Runoff Curve Number
76.0
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14A, GRAND RIVER WATERSHED, WEBBER DAM  

Surficial Geology (Original)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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14A, GRAND RIVER WATERSHED, WEBBER DAM  

 Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX T.  HURON RIVER WATERSHED (15) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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15, HURON RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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15, HURON RIVER WATERSHED 

Land Use 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
73.9
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15, HURON RIVER WATERSHED  

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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15, HURON RIVER WATERSHED  

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX U.  HURON RIVER WATERSHED, FORD LAKE (15A) 

Surface Hydrology 
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15A, HURON RIVER WATERSHED, FORD DAM  

Dam Information and USGS Streamgages 

 
 

 
 
 

 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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Size of Drainage Area 2085.58 km²
Maximum 363.00 m
Minimum 208.00 m
Average 284.84 m

Standard Deviation 18.23 m

Ford Lake
Elevation Statistics

15A, HURON RIVER WATERSHED, FORD DAM  

  Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All Elevation Measurements with Respect to North American Datum 1983 
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15A, HURON RIVER WATERSHED, FORD DAM  

Land Use 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

 

EGLE Runoff Curve Number
73.0
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15A, HURON RIVER WATERSHED, FORD DAM  

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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15A, HURON RIVER WATERSHED, FORD DAM 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX V.  KALAMAZOO RIVER WATERSHED (17) 

Surface Hydrology 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 
Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 

USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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17, KALAMAZOO RIVER WATERSHED 

Dam Identification and USGS Streamgages 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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17, KALAMAZOO RIVER WATERSHED 

Elevation  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
All Elevation Measurements with Respect to North American Datum 1983 
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17, KALAMAZOO RIVER WATERSHED 

Land Use 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

 

EGLE Runoff Curve Number
70.8
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17, KALAMAZOO RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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17, KALAMAZOO RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX W.  KAWKAWLIN RIVER WATERSHED (18) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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18, KAWKAWLIN RIVER WATERSHED  

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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18, KAWKAWLIN RIVER WATERSHED  

 Land Use 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
79.2
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18, KAWKAWLIN RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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18, KAWKAWLIN RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX X.  LINCOLN RIVER WATERSHED (19) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 

USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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19, LINCOLN RIVER WATERSHED 

Elevation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

All Elevation Measurements with Respect to North American Datum 1983 
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19, LINCOLN RIVER WATERSHED 

Land Use  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

 

EGLE Runoff Curve Number
67.4
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19, LINCOLN RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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19, LINCOLN RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX Y.  MANISTEE RIVER WATERSHED (20) 

Surface Hydrology  
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20, MANISTEE RIVER WATERSHED 

Dam Information and USGS Streamgages 

 

 

 

 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 

 



296 
 

 
 

20, MANISTEE RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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20, MANISTEE RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 
 

EGLE Runoff Curve Number
54.1
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20, MANISTEE RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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20, MANISTEE RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX Z.  MUSKEGON RIVER WATERSHED (22) 

Surface Hydrology 
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22, MUSKEGON RIVER WATERSHED 

Dam Information and USGS Streamgages 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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22, MUSKEGON RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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22, MUSKEGON RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

 

EGLE Runoff Curve Number
63.9
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22, MUSKEGON RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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22, MUSKEGON RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX AA.  OCQUEOC RIVER WATERSHED (23) 

Surface Hydrology 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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23, OCQUEOC RIVER WATERSHED  

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 
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23, OCQUEOC RIVER WATERSHED 

Land Use  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

MDEQ CN Calculation
64.6
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23, OCQUEOC RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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23, OCQUEOC RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX BB.  PENTWATER RIVER WATERSHED (24) 

Surface Hydrology  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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24, PENTWATER RIVER WATERSHED 

Elevation 

  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 
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24, PENTWATER RIVER WATERSHED 

  Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 
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24, PENTWATER RIVER WATERSHED 

Surficial Geology 

  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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24, PENTWATER RIVER WATERSHED 

Surficial Geology (Simplified) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX CC.  PERE MARQUETTE RIVER WATERSHED (25) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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25, PERE MARQUETTE RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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25, PERE MARQUETTE RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
58.7
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25, PERE MARQUETTE RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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25, PERE MARQUETTE RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX DD.  PIGEON RIVER WATERSHED (26) 

Surface Hydrology 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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Size of Drainage Area 376.00 km²
Maximum 251.00 m
Minimum 177.00 m
Average 205.67 m

Standard Deviation 19.43 m

Pigeon Watershed
Elevation Statistics

26, PIGEON RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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26, PIGEON RIVER WATERSHED 

Land Use 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

MDEQ Curve Number
80.6
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26, PIGEON RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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26, PIGEON RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX EE.  PINE RIVER WATERSHED (27) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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27, PINE RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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27, PINE RIVER WATERSHED 

Land Use  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

77.6
EGLE Runoff Curve Number
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27, PINE RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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27, PINE RIVER WATERSHED  

Surficial Geology (Simplified) 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX FF.  PLATTE RIVER WATERSHED (28) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 

USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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28, PLATTE RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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28, PLATTE RIVER WATERSHED  

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

 

EGLE Runoff Curve Number
54.1
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28, PLATTE RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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28, PLATTE RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX GG.  RAISIN RIVER WATERSHED (29) 

Surface Hydrology 
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29, RAISIN RIVER WATERSHED  

Dam Information and USGS Streamgages 

 
 

 
 
 

 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 



338 
 

 
 

29, RAISIN RIVER WATERSHED  

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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29, RAISIN RIVER WATERSHED 

Land Use  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
79.2
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29, RAISIN RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States 
and 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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29, RAISIN RIVER WATERSHED  

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States 
and 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX HH.  RIFLE RIVER WATERSHED (30) 

Surface Hydrology  
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30, RIFLE RIVER WATERSHED 

Dam Information and USGS Streamgages 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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30, RIFLE RIVER WATERSHED 

Elevation 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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30, RIFLE RIVER WATERSHED 

Land Use 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

 

67.0
EGLE Runoff Curve Number
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30, RIFLE RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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30, RIFLE RIVER WATERSHED 

Surficial Geology (Simplified) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX II.  ROUGE RIVER WATERSHED (31) 

Surface Hydrology 
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31, ROUGE RIVER WATERSHED 

Dam Information and USGS Stream Gages 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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31, ROUGE RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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31, ROUGE RIVER WATERSHED 

Land Use 

   

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
81.5
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31, ROUGE RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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31, ROUGE RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX JJ.  SAGINAW RIVER WATERSHED (32) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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32, SAGINAW RIVER WATERSHED  

Dam Information 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 

USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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32, SAGINAW RIVER WATERSHED  

Elevation 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 
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32, SAGINAW RIVER WATERSHED  

Land Use 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
75.5
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32, SAGINAW RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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32, SAGINAW RIVER WATERSHED  

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX KK.  SEBEWAING RIVER WATERSHED (33) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950    
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33, SEBEWAING RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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33, SEBEWAING RIVER WATERSHED 

Land Use  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
78.9
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33, SEBEWAING RIVER WATERSHED  

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 



364 
 

 
 

33, SEBEWAING RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX LL.  ST. JOSEPH RIVER WATERSHED (34) 

Surface Hydrology 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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34, ST. JOSEPH RIVER WATERSHED 

Dam Information and USGS Streamgages 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
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34, ST. JOSEPH RIVER WATERSHED  

Elevation 

  

 

 

 

 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 
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34, ST. JOSEPH RIVER WATERSHED 

Land Use 

  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
72.4
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34, ST. JOSEPH RIVER WATERSHED 

Surficial Geology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States  
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34, ST. JOSEPH RIVER WATERSHED 

Surficial Geology (Simplified) 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States  



371 
 

 
 

 

APPENDIX MM.  ST. JOSEPH RIVER WATERSHED, RILEY DAM (34A) 

Surface Hydrology 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Stream Gages includes only active gages and gages with 20+ years of discharge records since 1950 
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34A, ST. JOSEPH RIVER WATERSHED, RILEY DAM  

Elevation 

 

 

 

 

 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 
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34A, ST. JOSEPH RIVER WATERSHED, RILEY DAM  

Land Use 

  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
75.4
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34A, ST. JOSEPH RIVER WATERSHED, RILEY DAM  

Surficial Geology  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States  
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34A, ST. JOSEPH RIVER WATERSHED, RILEY DAM  

Surficial Geology (Simplified) 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States  
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APPENDIX NN.  ST. JOSEPH RIVER WATERSHED, GOSHEN POND DAM (34B) 

Surface Hydrology 
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34B, ST. JOSEPH RIVER WATERSHED, GOSHEN POND DAM  

Dam Information and USGS Streamgages 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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34B, ST. JOSEPH RIVER WATERSHED, GOSHEN POND DAM  

Elevation 

  

 

 

 

 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 
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34B, ST. JOSEPH RIVER WATERSHED, GOSHEN POND DAM  

Land Use 

  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 
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34B, ST. JOSEPH RIVER WATERSHED, GOSHEN POND DAM  

Surficial Geology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States  
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34B, ST. JOSEPH RIVER WATERSHED, GOSHEN POND DAM  

Surficial Geology (Simplified) 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States  
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APPENDIX OO.  STONY CREEK RIVER WATERSHED (35) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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35. STONY CREEK RIVER WATERSHED  

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All Elevation Measurements with Respect to North American Datum 1983 
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35, STONY CREEK RIVER WATERSHED 

Land Use  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
75.7
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35, STONY CREEK RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources  
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35, STONY CREEK RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources  
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APPENDIX PP.  THUNDER BAY RIVER WATERSHED (36) 

Surface Hydrology 
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36, THUNDER BAY RIVER WATERSHED 

Dam Information and USGS Streamgages 

 

 

 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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36, THUNDER BAY RIVER WATERSHED 

Elevation 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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36, THUNDER BAY RIVER WATERSHED 

Land Use 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
66.8
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36, THUNDER BAY RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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36, THUNDER BAY RIVER WATERSHED 

Surficial Geology (Simplified) 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX QQ.  WHITE RIVER WATERSHED (37) 

Surface Hydrology   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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37, WHITE RIVER WATERSHED 

Elevation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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37, WHITE RIVER WATERSHED  

Land Use  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
60.6
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37, WHITE RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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37, WHITE RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX RR.  WILLOW CREEK WATERSHED (38) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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38, WILLOW CREEK WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All Elevation Measurements with Respect to North American Datum 1983 
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38, WILLOW CREEK WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
79.0
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38, WILLOW CREEK WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources  
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38, WILLOW CREEK WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources  
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APPENDIX SS.  AU TRAIN WATERSHED (39) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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39, AU TRAIN WATERSHED  

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All Elevation Measurements with Respect to North American Datum 1983 
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39, AU TRAIN WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
67.4
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39, AU TRAIN WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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39, AU TRAIN WATERSHED  

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 



408 
 

 
 

APPENDIX TT.  BLACK RIVER (GOGEBIC) WATERSHED (40) 

              Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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40, BLACK RIVER (GOGEBIC) WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All Elevation Measurements with Respect to North American Datum 1983 
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40, BLACK RIVER (GOGEBIC) WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
77.6
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40, BLACK RIVER (GOGEBIC) WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States 
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40, BLACK RIVER (GOGEBIC) WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States 
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APPENDIX UU.  CARP RIVER WATERSHED (41) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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41, CARP RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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41, CARP RIVER WATERSHED  

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
72.8
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41, CARP RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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41, CARP RIVER WATERSHED  

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX VV.  CEDAR RIVER WATERSHED (42) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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42, CEDAR RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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42, CEDAR RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database  2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
76.8
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42, CEDAR RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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42, CEDAR RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX WW.  CHOCOLAY RIVER WATERSHED (43) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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43, CHOCOLAY RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All Elevation Measurements with Respect to North American Datum 1983 
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43, CHOCOLAY RIVER WATERSHED 

Land Use  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
63.5
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43, CHOCOLAY RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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43, CHOCOLAY RIVER WATERSHED 

Surficial Geology (Simplified)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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       APPENDIX XX.  DAYS RIVER WATERSHED (44) 

    Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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44, DAYS RIVER WATERSHED  

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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44, DAYS RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
69.8
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44, DAYS RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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44, DAYS RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX YY.  DEAD RIVER WATERSHED (45) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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45, DEAD RIVER WATERSHED 

Elevation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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45, DEAD RIVER WATERSHED  

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
65.6
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45, DEAD RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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45, DEAD RIVER WATERSHED  

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX ZZ.  ESCANABA RIVER WATERSHED (46) 

Surface Hydrology 
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46, ESCANABA RIVER WATERSHED 

Dam Information and USGS Streamgages  

 

 
 

 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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46, ESCANABA RIVER WATERSHED 

Elevation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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46, ESCANABA RIVER WATERSHED 

Land Use  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
65.1
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46, ESCANABA RIVER WATERSHED  

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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46, ESCANABA RIVER WATERSHED  

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX AAA.  FORD RIVER WATERSHED (47) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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47, FORD RIVER WATERSHED  

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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47, FORD RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
70.2
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47, FORD RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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47, FORD RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX BBB.  FALLS RIVER WATERSHED (48) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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48, FALLS RIVER WATERSHED  

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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48, FALLS RIVER WATERSHED 

Land Use  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
60.9
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48, FALLS RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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48, FALLS RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX CCC.  MANISTIQUE RIVER WATERSHED (49) 

Surface Hydrology 
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49, MANISTIQUE RIVER WATERSHED 

Dam Information and USGS Streamgages 

 

 
 

 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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49, MANISTIQUE RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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49, MANISTIQUE RIVER WATERSHED 

 Land Use  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

67.7
EGLE Runoff Curve Number
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49, MANISTIQUE RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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49, MANISTIQUE RIVER WATERSHED 

Surficial Geology (Simplified)  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX DDD.  MENOMINEE RIVER WATERSHED (50) 

Surface Hydrology 
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50, MENOMINEE RIVER WATERSHED 

Dam Identification and USGS Streamgages 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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50, MENOMINEE RIVER WATERSHED 

Elevation 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

All Elevation Measurements with Respect to North American Datum 1983 
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50, MENOMINEE RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

68.7
EGLE Runoff Curve Number
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50, MENOMINEE RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States  
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50, MENOMINEE RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States  
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APPENDIX EEE.  MONTREAL RIVER WATERSHED (51) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 

USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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51, MONTREAL RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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51, MONTREAL RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
76.8
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51, MONTREAL RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States 
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51, MONTREAL RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States 
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APPENDIX FFF.  MUNUSCONG RIVER WATERSHED (52) 

Surface Hydrology 
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Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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52, MUNUSCONG RIVER WATERSHED 

Elevation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

All Elevation Measurements with Respect to North American Datum 1983 
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52, MUNUSCONG RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
75.7
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52, MUNUSCONG RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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52, MUNUSCONG RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX GGG.  ONTONAGON RIVER WATERSHED (53) 

         Surface Hydrology 
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53, ONTONAGON RIVER WATERSHED 

Dam Information and USGS Streamgages 

 

 

 

 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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53, ONTONAGON RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All Elevation Measurements with Respect to North American Datum 1983 
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53, ONTONAGON RIVER WATERSHED 

Land Use 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 

 
 

 
 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 



480 
 

 
 

53, ONTONAGON RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States 
and 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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53, ONTONAGON RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States 
and 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX HHH.  PINE RIVER WATERSHED (54) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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54, PINE RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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54, PINE RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
71.1
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54, PINE RIVER WATERSHED  

Surficial Geology 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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54, PINE RIVER WATERSHED  

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX III.  PORTAGE RIVER WATERSHED (55) 

Surface Hydrology 
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55, PORTAGE RIVER WATERSHED  

Dam Information and USGS Streamgages 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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55, PORTAGE RIVER WATERSHED  

Elevation 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 
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55, PORTAGE RIVER WATERSHED 

Land Use 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

72.8
EGLE Runoff Curve Number
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55, PORTAGE RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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55, PORTAGE RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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                          APPENDIX JJJ.  PRESQUE ISLE RIVER WATERSHED (56) 

                                   Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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56, PRESQUE ISLE RIVER WATERSHED 

Elevation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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56, PRESQUE ISLE RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
76.0
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56, PRESQUE ISLE RIVER WATERSHED 

Surficial Geology 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States 
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56, PRESQUE ISLE RIVER WATERSHED  

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from United States Geological Survey Surficial Geology Map of the Conterminous United States 
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APPENDIX KKK.  RAPID RIVER WATERSHED (57) 

Surface Hydrology 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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57, RAPID RIVER WATERSHED  

Elevation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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57, RAPID RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
71.7
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57, RAPID RIVER WATERSHED  

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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57, RAPID RIVER WATERSHED  

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 



503 
 

 
 

APPENDIX LLL.  STURGEON RIVER WATERSHED (58) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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58, STURGEON RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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58, STURGEON RIVER WATERSHED 

Land Use  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

63.4
EGLE Runoff Curve Number
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58, STURGEON RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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58, STURGEON RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 



508 
 

 
 

APPENDIX MMM.  TAHQUAMENON RIVER WATERSHED (60) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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60, TAHQUAMENON RIVER WATERSHED  

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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60, TAHQUAMENON RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

68.3
EGLE Runoff Curve Number
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60, TAHQUAMENON RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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60, TAHQUAMENON RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX NNN.  TWO HEARTED RIVER WATERSHED (61) 

  Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages include only active gages and gages with 20+ years of discharge records since 1950 
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61, TWO HEARTED RIVER WATERSHED 

Elevation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
All Elevation Measurements with Respect to North American Datum 1983 
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61, TWO HEARTED RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

66.8
EGLE Runoff Curve Number
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61, TWO HEARTED RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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61, TWO HEARTED RIVER WATERSHED  

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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APPENDIX OOO.  WAISKA RIVER WATERSHED (62) 

Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 

USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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62, WAISKA RIVER WATERSHED 

Elevation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All Elevation Measurements with Respect to North American Datum 1983 
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62, WAISKA RIVER WATERSHED 

Land Use 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 

Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 
Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

72.6
EGLE Runoff Curve Number
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62, WAISKA RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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62, WAISKA RIVER WATERSHED 

Surficial Geology (Simplified) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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                 APPENDIX PPP.  WHITEFISH RIVER WATERSHED (63) 

                Surface Hydrology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from USGS National Hydrography Dataset and National Inventory of Dams 
USGS Streamgages includes only active gages and gages with 20+ years of discharge records since 1950 
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63, WHITEFISH RIVER WATERSHED 

Elevation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

All Elevation Measurements with Respect to North American Datum 1983 
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63, WHITEFISH RIVER WATERSHED 

Land Use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained from National Land Cover Database 2011 (NLCD2011) for the Conterminous United States 
Classifications Aggregated into 9 Land Use Categories in Accordance with Modified Anderson Land Use System 

Legend Color Scheme Adapted from NLCD 2011 Land Cover Classification Legend 

EGLE Runoff Curve Number
69.9
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63, WHITEFISH RIVER WATERSHED 

Surficial Geology 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources 
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63, WHITEFISH RIVER WATERSHED 

Surficial Geology (Simplified)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data Obtained by 1982 Quaternary Geology map of Michigan published by Michigan Department of Natural Resources
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This research involved development of an empirical equation using regression 

analysis to predict bedload sediment delivery to the river outlet of 60 Michigan rivers and 

five sub-watersheds. Watershed sediment delivery is the total amount of sediment 

generated within a watershed and delivered to the river outlet over a particular timeframe. 

Estimation of watershed sediment delivery involves an understanding of the complex 

processes of soil erosion, sediment transport, and sediment deposition. The total 

sediment load transported by a river to the river outlet consists of dissolved load, wash 

load (silts and clays), and bed material load. Bed material load consists of suspended 

load and bed load.  Suspended load is the portion of the bed material load that is lifted by 

turbulence to travel within the water column above the river bed at elevations greater than 

a few sediment grain diameters.  Prediction of bed load sediment delivery at the river 

outlet was the focus of this research and is the portion of the bed material load that travels 

within a few grain diameters of the river bed and moves by rolling, sliding, and saltating 
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along the bed of the river.  With respect to the regression analysis, the dependent variable 

was the measured watershed sediment delivery estimates based on (1) analysis of U.S. 

Army Corps of Engineers dredging data at federally maintained Harbors and navigation 

channels at the outlets of 12 Michigan rivers, and (2) watershed sediment delivery 

estimates based on the results of 137Cs and 210Pb radiometric dating of sediment cores 

collected from five Michigan reservoirs. Eighteen characteristics of the fluvial system and 

watershed were evaluated using step-wise regression analysis. Based on log normal 

transformation of the dependent and independent variables, a regression equation was 

developed to predict bedload sediment delivery to the river outlet using three predictor 

variables: the 1.5-year recurrence interval flow of the river, the percent of the watershed 

covered in upland and aquatic wetlands, and the percent of the watershed covered in 

manmade reservoirs.   
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