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ABSTRACT 

Lake sturgeon (Acipenser fulvescens) were historically abundant in the Huron-

Erie Corridor (HEC), a 160 km river/channel network composed of the St. Clair River, 

Lake St. Clair, and the Detroit River that connects Lake Huron to Lake Erie. In the HEC, 

most natural lake sturgeon spawning substrates have been eliminated or degraded as a 

result of channelization and dredging.  To address significant habitat loss in HEC, multi-

agency restoration efforts are underway to restore spawning substrate by constructing 

artificial spawning reefs. The main objective of this study was to conduct post-

construction monitoring of lake sturgeon egg deposition and larval emergence near two 

of these artificial reef projects; Fighting Island Reef in the Detroit River, and Middle 

Channel Spawning Reef in the lower St. Clair River.  We also investigated seasonal and 

nightly timing of larval emergence, growth, and vertical distribution in the water column 

at these sites, and an additional site in the St. Clair River where lake sturgeon are known 

to spawn on a bed of ~100 year old coal clinkers. From 2010-12, we collected viable eggs 

and larvae at all three sites indicating that these artificial reefs are creating conditions 

suitable for egg deposition, fertilization, incubation, and larval emergence.  The 

construction methods and materials, and physical site conditions present in HEC artificial 

reef projects can be used to inform future spawning habitat restoration or enhancement 

efforts.  The results from this study have also identified the likelihood of additional 

uncharacterized natural spawning sites in the St. Clair River. 

In addition to the field study, we conducted a laboratory experiment involving 

actual substrate materials that have been used in artificial reef construction in this system.  

Although coal clinkers are chemically inert, some trace elements can be reincorporated 
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with the clinker material during the combustion process.  Since lake sturgeon eggs and 

larvae are developing in close proximity to this material, it is important to measure the 

concentration of potentially toxic trace elements. This study focused on arsenic, which 

occurs naturally in coal and can be toxic to fishes. Total arsenic concentration was 

measured in samples taken from four substrate treatments submerged in distilled water; 

limestone cobble, rinsed limestone cobble, coal clinker, and rinsed coal clinker.  Samples 

were taken at three time intervals: 24 hours, 11 days, and 21 days.  ICP-MS analysis 

showed that concentrations of total arsenic were below the EPA drinking water standard 

(10 ppb) for all samples.  However, at the 24 hour sampling interval, a two way repeated 

measures ANOVA with a Holm-Sidak post hoc analysis (α= 0.05) showed that the mean 

arsenic concentration was significantly higher in the coal clinker substrate treatment then 

in the rinsed coal clinker treatment (p=0.006), the limestone cobble treatment (p<0.001), 

rinsed limestone cobble treatment (p<0.001) and the control (p<0.001) Additionally, 

mean arsenic concentration was significantly higher in the rinsed coal clinker treatment 

than the limestone cobble treatment (p=0.001), the rinsed limestone cobble treatment 

(p=0.009) and the control (p=0.002).  While the effects of specifically exposing 

developing lake sturgeon to arsenic remain unstudied, the concentrations of total arsenic 

measured in this study are orders of magnitude lower than the EPA standards for fresh 

water aquatic life.  
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INTRODUCTION 

 The first chapter of this thesis involved investigating the early life stages of lake 

sturgeon near artificial reefs in the Huron-Erie Corridor (HEC).  The main objective of 

this study was to monitor these artificial reefs for egg deposition and larval emergence 

and also investigate seasonal and nightly timing of larval emergence, growth, and vertical 

distribution in the water column.   

 In the HEC, lake sturgeon spawn on coal clinkers, a waste product of coal 

combustion, in two locations (Manny and Kennedy 2002, Nichols et al. 2003, Caswell et 

al. 2004).  Additionally, in 2004, coal clinkers were used as a reef substrate material in 

the construction of the Belle Isle Spawning Reef (Read and Manny 2006).  Since lake 

sturgeon eggs and larvae are developing in close proximity to this material, it is important 

to investigate the potential toxicity of coal clinkers.  The second chapter of this thesis 

involved measuring the concentration of total arsenic in samples collected from actual 

reef construction substrate materials (limestone & coal clinkers) that had been submerged 

in water. 

The spawning reef construction materials, methods, and site conditions discussed in 

these two chapters can help inform future spawning site restoration, enhancement, or 

creation projects. 
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1.1 ABSTRACT1

Lake sturgeon (Acipenser fulvescens) were historically abundant in the Huron-

Erie Corridor (HEC), a 160 km river/channel network composed of the St. Clair River, 

Lake St. Clair, and the Detroit River that connects Lake Huron to Lake Erie. However, at 

the turn of the 19th century, lake sturgeon populations were dramatically reduced due to 

many factors including overexploitation, barriers to migration, and habitat loss.  In the 

HEC, most natural lake sturgeon spawning substrates have been eliminated or degraded 

as a result of channelization and dredging.  To address significant habitat loss in HEC, 

multi-agency restoration efforts are underway to restore spawning substrate by 

constructing artificial spawning reefs. The main objective of this study was to conduct 

post-construction monitoring of lake sturgeon egg deposition and larval emergence near 

two of these artificial reef projects; Fighting Island Reef in the Detroit River, and Middle 

Channel Spawning Reef in the lower St. Clair River.  We also investigated seasonal and 

nightly timing of larval emergence, growth, and vertical distribution in the water column 

at these sites, and an additional site in the St. Clair River where lake sturgeon are known 

to spawn on a bed of ~100 year old coal clinkers. From 2010-12, we collected viable eggs 

and larvae at these sites indicating that these artificial reefs are creating conditions 

suitable for egg deposition, fertilization, incubation, and larval emergence.  The 

construction methods and materials, and physical site conditions present in HEC artificial 

reef projects can be used to inform future spawning habitat restoration or enhancement 

efforts.  The results from this study have also identified the likelihood of additional 

uncharacterized natural spawning sites in the St. Clair River. 

 

                                                             
1 The material contained in this chapter is planned for submission to the Journal of 
Applied Ichthyology 
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1.2 INTRODUCTION 

Lake sturgeon (Acipenser fulvescens) were historically abundant in the Huron-

Erie Corridor (HEC),  a 160 km river/channel network composed of the St. Clair River 

(SCR), Lake St. Clair, and the Detroit River (DR) that connects Lake Huron to Lake Erie 

(Post 1890, Harkness and Dymond 1961,  Hay-Chmielewski and Whelan 1997).  This 

highly developed binational waterway forms a border between the eastern Lower 

Peninsula of Michigan, and western Ontario.  In the 19th and 20th centuries, lake sturgeon 

populations were dramatically reduced in the Great Lakes basin (Harkness and Dymond 

1961, Smith 1968, Wells and McLain 1973). Prior to 1860, commercial fisherman 

commonly removed and discarded lake sturgeon, considering them to be nuisance by-

catch (Harkness and Dymond 1961, Baker 1980).  Lake sturgeon populations were 

further reduced when their economic potential was realized in the late 1800s. Until 

fishing restrictions were enacted in the early 1900s, sturgeon were heavily harvested for 

many products including their flesh, eggs, skin, and swim bladders (Harkness and 

Dymond 1961, Smith 1968, Wells and McLain 1973).  Additionally, lake sturgeon 

populations have been negatively affected by barriers to migration paths and the loss of 

spawning/nursery habitat (Auer 1996, Rochard et al.1990) 

Similar to other regions in the Great Lakes basin, lake sturgeon population 

declines were evident in HEC by the late 1800s ( Harkness and Dymond 1961, Hay-

Chmielewski and Whelan 1997).  This trend is highlighted in data compiled by Baldwin 

et al. (2009) which shows a decrease in commercial lake sturgeon production in Lake St. 

Clair from 494,869 kg in 1879, to 126,099 kg in 1885.  As of 2012, the Michigan 

Department of Natural Resources permitted a limited harvest (one lake 
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sturgeon/angler/year) in SCR and Lake St. Clair from 16 July to 30 September.  No 

harvest is allowed in the DR, or in Canadian waters of the HEC.   

Goodyear et al. (1982 a, b) provided historical evidence (mostly anecdotal) of 

lake sturgeon spawning at 15 sites within the HEC.  Prior to 2009, only three spawning 

sites in this area were known to be active (Manny and Kennedy 2002, Nichols et al. 

2003, Caswell et al. 2004).  In the SCR, the largest site is in the headwaters region near 

the international Blue Water Bridge (Manny and Kennedy 2002,  Nichols et al. 2003) 

(Table 1).  The second known site, North Channel Reef (NCR) is an “accidental” 

artificial reef in the North Channel of the lower SCR (Manny and Kennedy 2002, Nichols 

et al. 2003) (Table 1).  This reef was created by the deposition of coal clinker (referred to 

as “coal cinder” by other references) from coal powered steamships at the turn of the 19th 

century (Baker 1980).  The third known site is near Zug Island in the DR, where lake 

sturgeon spawn on glacial gravel and coal clinkers (Caswell et al. 2004, Manny and 

Kennedy 2002) (Table 1).   

In the HEC, most natural limestone beds and cobble, important sturgeon 

spawning substrates, have been eliminated or degraded as a result of channelization and 

dredging (Larson 1981, Manny 2006, Roseman et al. 2011a).   To address significant 

habitat loss in the HEC, multi-agency restoration efforts are underway to restore 

spawning substrate by constructing artificial reefs (Table 1, Appendix A).  The objective 

of creating these artificial reefs is to enhance or establish additional spawning habitat for 

native fishes including lake sturgeon (Manny 2006, Roseman et al. 2011a).  The HEC is 

recognized as an Area of Concern (AOC) by the International Joint Commission.  In 

order to delist the HEC as an AOC, 14 beneficial use impairments (BUI) must be 
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addressed, one of which is the loss of fish and wildlife habitat.  The goal of replacing or 

enhancing 10% of historic spawning substrate in the system has been established by 

resource managers as one part of the effort to delist the BUI for habitat in the HEC (E. 

Roseman pers. comm.) 

From 2004 to 2012, three artificial reefs have been built in the HEC; the Middle 

Channel Reef (MCR) in the SCR, the Belle Isle Spawning Reef (BISR) and Fighting 

Island Reef (FIR) in the DR (Table 1).  Post-construction assessment of fish response is 

essential to evaluate the effectiveness of artificial reef placement and fish use in this 

system.   

Little is known about the early life history of lake sturgeon in the HEC, and only a 

few studies in the have specifically examined the larval phase of lake sturgeon in this 

system (Nichols et al. 2003, Roseman et al. 2011a).  Comprehensive knowledge of larval 

lake sturgeon abundance, distribution, emergence, drift, growth, and survival is limited in 

this system, but is necessary to fully understand the response of lake sturgeon to 

artificially constructed spawning reefs.  Primarily, this study investigated lake sturgeon 

egg deposition, larval abundance, seasonal and diel timing of emergence, growth, and 

vertical distribution in the water column near FIR in 2011-12.  The relationship between 

substrate type and larval emergence was examined at FIR.  In 2011-12, pre-reef 

construction and preliminary post-construction monitoring of lake sturgeon egg 

deposition and larval abundance near MCR were conducted.  Additionally, larval lake 

sturgeon abundance, seasonal and diel timing of emergence, drift, growth, and vertical 

distribution in the water column were examined near NRC in 2010-12. The results of this 

study will provide information to managers, agencies, and constituents on ability of 
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artificial reef structures provide conditions suitable for egg deposition, incubation, and 

larval emergence.  This study will also help to build a more comprehensive understanding 

of the biology of lake sturgeon early life history in the HEC. 

1.3 METHODS 

1.3.1 Study Sites 

In 2008, FIR was constructed  in Canadian waters near the northeast shore of 

Fighting Island in the DR (Roseman et al. 2011a) (Figure 1, Table 1).   FIR consists of 12 

experimental reef beds containing four repeating substrate treatments (Roseman et al. 

2011a) (Figure 1, Table 1). Prior to reef construction, investigations conducted by Boase 

and Kennedy (2008) did not find lake sturgeon spawning activity near the proposed reef 

site.   

In 2012, MCR was constructed near the north end of the Middle Channel in the 

lower SCR (Figure 2) (Table 1).  The reef consists of nine reef beds containing three 

repeating substrate treatments (Figure 2, Table 1).   

The NCR is located in the North Channel of the lower SCR where lake sturgeon 

spawn on a bed of aged coal clinker (Baker 1980) (Figure 2, Table 1).  The substrate and 

physical attributes of this site were characterized by Manny and Kennedy (2002).   

1.3.2 Egg Sampling 

During the spring season of 2010-12, egg mats were used to sample egg deposition 

and estimate egg density using methods and materials described by Roseman et al. 

(2011b).  One egg mat gang consisted of three furnace filter egg mats.  Weather and 

water conditions permitting, all egg mat gangs were retrieved on a weekly basis 
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(Appendix B).  Egg mats were inspected thoroughly, and all eggs were counted and 

removed.  The clean egg mats were then re-deployed. Water depths at all egg mat sites 

can be found in Table 2. 

At FIR in 2011, one egg matt gang was deployed on each reef bed A-L from 1 April 

to 13 June, and at two upstream sites (2B & 2C) from 11 April to13 June (Figure 1, 

Appendix B). In 2012, one egg mat gang was deployed on each reef bed A-F and two 

downstream sites (4B & 4C) from 24 April to 15 May, and two upstream sites (2B & 2C) 

from 24 April to 11 May (Figure 1, Appendix B).  The westernmost reef beds (I-L) were 

not sampled in 2012 because the substrate materials were covered by sand (G. Kennedy, 

pers. comm.).   

In the lower SCR in 2010, 16 egg mat gangs were deployed from 14 April to 6 July 

(Figure 2, Appendix B).  In 2011, 16 egg mat gangs were deployed from 12 April to 2 

August (Figure 2, Appendix B).  In 2012, 12 egg mat gangs were deployed from 28 

March to 5 June (Figure 2, Appendix B).   

1.3.3 D-Frame Drift Net Larval Sampling 

D-frame drift nets were used to target emerging larval lake sturgeon following 

methods in Auer and Baker (2002) with modifications for deep water sampling found in 

Roseman et al. (2011b).  The D-frame net specifications were described by Roseman et 

al. (2011b).  Weather and water conditions permitting, D-frames were usually deployed 

at night from ~20:00 to ~ 06:00 hours, and retrieved on a ~ 2 hour cycle. D-frame 

samples were preserved in 95% ethanol.  Flow measurements taken with General 

Oceanics, INC Model 2030R Mechanical Standard Rotor flow meters placed in the center 

of the net opening were unusable due to clogging by heavy vegetation and debris.  In 
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2012, water velocity readings were recorded with a Marsh McBirney Flo-Mate TM Model 

2000 flow meter at all 2012 D-frame sites approximately 0.5 m above the river bottom, 

but not in the net opening.  

At FIR in 2011, since lake sturgeon eggs were not detected, D-frame sampling 

occurred only on 6 and 7 June.  Two nets were placed below each reef bed (A-D) and at 

two upstream sites (Table 4).  At FIR in 2012, D-frame sampling was conducted 

biweekly from 15 May until 5 June.  Sampling efforts were focused on reef beds A-D, 

where the highest egg densities were collected in 2012.  Four nets were placed directly 

upstream (sites 1-4) of the reef beds and four were positioned directly downstream (sites 

5-8) (Figure 3, Table 3).   

At NCR in 2010, D-frame night sampling was conducted on 8, 9, and 29 June.  

On June 8 and 9, nets were sampled on an hourly basis from approximately 21:00 to 

02:00 hours.  On 29 June, sampling times were shortened to approximately 30 minutes 

due to an influx of Holopedium spp.  Two nets were placed directly downstream of the 

reef, and two nets were placed approximately 0.18 km upstream in the North Channel 

(sites 1, 3-5) (Figure 4).   

In the lower SCR in 2011, sampling efforts were focused on sites near NCR in the 

North Channel.  Sampling locations were the same as 2010, with the addition of two nets 

placed approximately 1.4 km downstream of NCR (sites 8 & 9) (Figure 4). Conditions 

permitting, sampling was conducted 3 nights per week from 13-30 June. Thereafter, 

sampling was reduced to one night per week until 13 July. Additionally, on 20 and 22 

June, four nets were placed in the Middle Channel (sites 11-14) (Figure 4).   
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In the lower SCR in 2012, weekly and biweekly D-frame sampling was conducted 

in the North Channel near NCR and in the Middle Channel near MCR, from 5 June to 2 

July.  In the North Channel, three of the 2011 sites were changed; the location of site 1 

was moved to site 2, and sites 4 and 5 were adjusted so one net sampled directly 

downstream of NRC, and one sampled directly upstream (sites 6 &7) (Figure 4).  Site 10 

was added, but was only sampled on 13 June (Figure 4).   In the Middle Channel, 2 nets 

were placed below MCR, and 2 nets were placed directly upstream (sites 15-18) (Figure 

4).  Reef construction was only partially completed at the time of sampling, and it was 

necessary to move sites 15 and 16 ~100 m downstream (sites 19 &20) (Figure 4).  Day 

time D-frame drift sampling was conducted in the North and Middle Channels.  In the 

North Channel, sites 2, 6, and 7 were sampled for 1-2 hours on 7, 11, 18, 22, 27 June & 2 

July, between ~13:00-17:00 hours.  In the Middle Channel, sites 19 and 20 were sampled 

on 7 June from approximately 14:00-19:30 hours.  

1.3.4 Depth-Stratified Larval Sampling 

Depth-stratified sampling was conducted in 2012, adapting a sampling design 

developed by D’ Amours et al. (2011) in the Des Prairies River in Quebec, Canada. 

Onset Hobo Pendent light/temperature meters (Model: UA-002-6) were attached to 

conical nets at 0.5 meters below the surface, mid-depth, and 0.5 meters above the river 

bottom. 

Downstream of FIR at site S-1, one string of six 30 cm conical nets was fished at 

depths of 0.5, 1.0, 3.5, 4.0, 7.0, 7.5 m to assess vertical distribution of emerging and 

drifting larvae. To set the gear, a large trap net anchor was placed 30 m upstream of the 

sampling site.  The trap net anchor was attached to 30 m of line, and a downstream 
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cement anchor.  The string of conical nets was attached to the cement anchor at the river 

bottom, and large buoy at the surface.  Stratified sampling took place between ~20:00-

03:00 hours and was conducted biweekly from 15 May until 4 June.   

In the lower SCR one stratified sampling site S-1 was established in North 

Channel on the same nights as D-frame sampling (Figure 4).  The sampling rig consisted 

of three 30 cm conical nets fished at depths of 1.0, 5.0, 9.5 meters and sampling took 

place between ~ 20:00-06:00 hours. An additional site S-2 was sampled on 11 June at the 

same depth intervals as site S-1.  

1.3.5 Sampling Processing & Larval Fish Identification 

 All D-frame and stratified drift samples were preserved in 95% ethanol.  In 2011-

12, larval samples collected in the St. Clair River were transported to USGS Great Lakes 

Science Center (GLSC) laboratory facilities in Ann Arbor, MI and stored at 4ºC until 

processing.    In compliance with the Convention on International Trade in Endangered 

Species of Wild Fauna and Flora (CITES) collection permits, samples collected from 

Canadian waters near FIR were transferred across the U.S.-Canada border following 

CITES chain of custody protocol.   In 2011, samples collected near FIR were stored at 

Ontario Ministry of Natural Resources (OMNR) Lake Erie Management Unit facilities in 

Wheatley, ON until they were transferred to USGS GLSC facilities.  In 2012, samples 

collected near Fighting Island were stored at the University of Windsor Fisheries Ecology 

Laboratory in La Salle, ON.  They were then moved to OMNR Lake Erie Management 

Unit facilities where they were processed, and the transferred to USGS GLSC facilities.  

All samples collected near FIR were stored at ambient room temperature.  
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 At the laboratory, all larval fish were removed from field sample bottles and stored 

in 95% ethanol.  Using a microscope and digital analysis software (Image Pro Plus), 

digital images of each larval lake sturgeon were recorded.  We took images of multiple 

physical features and any physical abnormalities at three magnifications (60x, 120x, 

250x).  Total length (TL) was measured using image analysis software for each sturgeon 

larvae.   

1.3.6 Statistical Analysis 

SigmaPlot 12.3 statistical analysis software was used to perform linear regression 

analysis to examine the relationship between larval lake sturgeon TL and sampling date 

(α= 0.05).  This software was also used to perform a one-way repeated measures 

ANOVA, using substrate treatment and sampling date as the interaction terms (α= 0.05).  

 To estimate the nightly timing of larval emergence, when a larval lake sturgeon 

was collected, the midpoint time between net deployment and retrieval times was binned 

into 4- 2 hour sampling periods in the DR; 20:00-21:59 hours, 22:00-23:59 hours, 24:00-

2:00 hours, 2:00-4:00 hours.  In the SCR, an additional sampling bin was added: 4:00-

6:00 hours. 

1.4 RESULTS 

1.4.1Egg Deposition 

 In 2011, sampling effort did not detect lake sturgeon eggs at FIR.  Water 

temperatures were 1.4ºC on April 1st, and reached 18ºC by the end of the sampling 

period on 13 June.  In 2012, eggs were collected from all substrate types (reef beds A-F) 

and 0.5 km downstream at site 4B on 9 May; water temperature was 13.1ºC (Figure 1, 

Figure 5).  Highest egg densities were collected from reef beds A-D (A=677 eggs/m², 



19 
 

B=587 eggs/m², C=372 eggs/m², D=233 eggs/m²), and an average of 203eggs/m² were 

collected from all sites (Figure 1, Figure 5). 

  In 2010 in the lower SCR, lake sturgeon eggs were collected from NCR (site 

13) on 26 May (186 eggs/m²), 2 June (286 eggs/m²), and 23 June (18 eggs/m²) when 

water temperatures were between 14.6-19.3ºC (Figure 2, Figure 6).  In 2011, the highest 

egg density of all three sampling years (1722 eggs/m²) was collected from NCR (site 13) 

on 8 June when the water temperature was 13.1°C.  On 14 June, a single egg (4 eggs/ m²) 

was collected at this site when water temperatures were 13.3ºC (Figure 2, Figure 6).  In 

2012, lake sturgeon eggs were collected from NRC (site 13) (50 eggs/m²) (Figure 2, 

Figure 6) and from MCR (site 22) (222 eggs/m²) on 30 May when water temperatures 

had reached approximately 15ºC (Figure 2).  

1.4.2 Larval D-Frame and Depth-Stratified Sampling 

1.4.2.1 Fighting Island Reef 

In 2011, sampling effort did not detect larval lake sturgeon.  Water temperatures 

ranged between 18.5 -19.4ºC during the sampling period.   In 2012, 34 larvae (14.9 ± 3.9 

SD mm TL) were collected directly upstream and downstream of FIR. The majority of 

larvae (91.2%) were collected from sites downstream of the constructed reef beds (Table 

4).  Approximately 44% of larvae were collected on 15 May, when water temperatures 

ranged from 14.6-15.1ºC (Figure 7) Yolk sacs were present in 95% of larvae collected on 

15 and 17 May (Figure 8).  Of the 21 larvae (11.89 ± 0.85 SD mm TL) collected on 15 

and 17 May, 86% of individuals (11.84 ± 0.85 SD mm TL) did not have distinctive eye 

pigment, and 53% of all larvae collected near FIR exhibited this characteristic (Figure 9). 

The majority of larvae (65%) were collected between 20:00-00:00 hours (Figure 10). 
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Linear regression analysis indicated a significant positive relationship between 

sampling date and average TL of individuals collected reef bed sites (R² = 0.995, DF=5, 

p<0.001) (Figure 7).  Over the 15 day sampling period, larval lake sturgeon TL increased 

approximately 0.81 mm/day (Figure 7).  A one-way repeated measures ANOVA found 

no significant difference in the larval lake sturgeon CPUEs (larval lake 

sturgeon/hr/sampling night) between the four sites (4-8) directly downstream of reef bed 

treatments A-D (p=0.241, DF=27) (Table 4).  

A total of two larval lake sturgeon were collected downstream of FIR in the 

stratified sampling gear at site S-1 when water temperatures ranged between 16.5-17.1ºC.  

One partial yolk sac larvae (16.72 mm TL) was collected on 21 May approximately 1.0 m 

below the surface.  The other was a non-yolk sac larvae (18.17 mm TL) collected on 23 

May approximately 0.5 m above the river bottom.   

1.4.2.2 Lower St. Clair River 

In 2010, 11 larval lake sturgeon (18.86 ± 1.11 SD mm TL) were collected from 

sites in the North Channel near NCR when the water temperature was 18.3ºC.  Five 

larvae (18.4 ± 0.88 SD mm TL) were collected on 8 June; one had full yolk sac, two had 

partially absorbed yolk sacs, and two were non-yolk sac larvae.   Six larvae (19.25 ± 1.20 

mm SD TL) were collected on 9 June; one had a full yolk sac and 5 were non-yolk sac 

larvae.  Larval lake sturgeon CPUEs for all sampling nights ranged from 0 – 0.29 

sturgeon/hour and 64% of larvae were collected from sites (1 & 3) positioned upstream of 

NCR (Figure 4, Table 5).  

In 2011, a total of 51 larval lake sturgeon (19.07 ± 1.95 SD mm TL) were 

collected from the North Channel near NCR when water temperatures were between 
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14.4-16.5ºC during the sampling period.   Larvae were first detected at sites 3 and 8 on 17 

June (Figure 4).  Larvae were not collected from sites directly downstream of NCR until 

20 June, when the highest CPUE (0.36 sturgeon/hour) from all North Channel sites 

combined was measured (Figure 11). Of larvae collected in the North Channel, 39% were 

collected upstream of NCR (Table 5). Linear regression analysis indicated a significant 

positive relationship between sampling date and average total length of individuals 

collected in North Channel (R² = 0.903, DF = 4, p = 0.013) (Figure 11). Over 13 days of 

sampling, larval lake sturgeon TL increased 0.34 mm/day. Full yolk sacs were present in 

9 larvae, 78% of which were collected from sites located downstream of NCR.  

Additionally, three lake sturgeon larvae were collected from the Middle Channel at site 

11 (Figure 4, Table 5).  Two of these larvae (19.01 ± 2.35 mm TL) were collected on 20 

June when the water temperature was 16.7ºC; one was a non-yolk sac larvae, and one had 

a partially absorbed yolk sac.  The other larvae (16.57 mm TL) had a partially absorbed 

yolk sac and was collected on 22 June when the water temperature was 16.1ºC. 

In 2012, a total of 81 lake sturgeon larvae (19.15 ± 2.13 SD mm TL) were 

collected from the North Channel when temperatures were between 14.5- 17°C.  Larvae 

were first collected from sites 2, 3, 6, and 8 on 5 June. Of these larvae, 79% were 

collected from sites 2, 3, and 6, all of which are sites upstream of NCR (Figure 4, Table 

5).  The highest CPUE (0.93 sturgeon/hour) of all North Channel sites combined was 

collected on this night (Figure 12, Table 5). Of all larvae collected in the North Channel, 

60% were collected from sites upstream of NCR (Table 5). Linear regression analysis did 

not show a significant relationship between sampling date and average total length of 

larvae collected from the North Channel (R²=0.128, DF =4, p=0.555) (Figure 12).  Full 
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yolk sacs were present in 14 larvae, 71% of which were collected from the site 7 

positioned directly downstream of NCR (Figure 4).  On 5 June, one yolk sac larvae 

(13.53 mm TL) was collected from site 6 that did not have distinct eye pigment. 

In 2012, 35 larvae (19.45 ±1.67 SD mm TL) were collected from the Middle 

Channel near MCR, when water temperatures ranged from 14.5-16.8ºC (Table 5). The 

highest CPUE (0.95 sturgeon/hr) was detected on 19 June (Figure 13).  Linear regression 

analysis did not detect a significant relationship between sampling date and average total 

length of larvae collected from the North Channel (R²=0.375, p=0.58) (Figure 13). The 

majority of larvae (60%) were collected from sites positioned of upstream MCR, and full 

yolk sacs were present in 2 larvae (Table 5).   

Lake sturgeon larvae were not collected during day time sampling or in any depth 

stratified samples.  In 2010, all larvae were collected between 21:00 and 02:00.  In 2011, 

the majority of larvae were collected between 24:00 and 2:00 hours, and in 2012 the 

majority of larvae were collected between 2:00 and 4:00 hours (Figure 14).   

 

1.5 DISCUSSION 

It is well established that loss of spawning habitat or access to spawning habitat is 

detrimental to sturgeon populations (Rochard 1990, Auer 1996, Daugherty et al. 2008).  

To address this problem, various agencies and groups have constructed or enhanced 

sturgeon spawning habitat in multiple American, Canadian, and Russian river systems 

(Khoroshko and Vlasenko 1974, Johnson et al. 2006, Dumont et al. 2011, Roseman et al. 

2011a).  These restoration projects have demonstrated varying degrees of success in 

terms of short and long term post-construction lake sturgeon use.  A literature review by 
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Kerr et al. (2011) summarized that coarse substrate material, and clean interstitial spaces 

within the substrate are often present in successful construction projects.  There is 

evidence that historic channelization of the HEC reduced the amount of coarse substrate 

available for spawning, a problem the artificial reefs were created to alleviate. Monitoring 

of sturgeon response to artificially constructed or enhanced spawning grounds is critical 

to the process of establishing and refining construction methods, materials and conditions 

that satisfy life history requirements for sturgeon. 

1.5.1 Fighting Island Reef 

This study found that lake sturgeon continue to use FIR as a spawning ground, 

and viable eggs and larvae were collected from constructed reef bed sites.  Lake sturgeon 

eggs were first collected from the reef beds in 2009, one year after reef construction, and 

again in 2010 (Roseman et al. 2011a).  Lake sturgeon larvae (7 individuals) were first 

collected in 2009, and larval sampling was not conducted in 2010 (Roseman et al. 

2011a).  Sampling conducted in this study did not result in the collection of lake sturgeon 

eggs or larvae in 2011.  If spawning did occur, it is possible that larval emergence was 

missed because the water temperature had already reached ~19ºC when larval sampling 

began, which was ~4ºC warmer than when the majority of drifting larvae were collected 

in 2012, and sturgeon are known to spawn at 10-15°C (Kempinger 1988, Auer and Baker 

2002).  

In 2012, average egg density was estimated to be 203 egg/ m² near FIR. These 

density estimates were higher than egg densities reported by Roseman et al. (2011a) in 

2009 (102 eggs/m²) and 2010 (12 eggs/m²). While an increase in estimated egg density in 

2012 is an encouraging result, this does not necessarily mean there was a higher 
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incidence of adult spawning activity.  Since the egg sampling method used in the HEC 

presents only a weekly snapshot of total sturgeon egg deposition each season, more 

intensive sampling would provide better estimates of egg density and spatial distribution.  

In this case, sampling effort was balanced with logistical constraints, and the need to 

minimize disturbance to spawning adults.   

In 2012, larval emergence downstream of each substrate type was documented, 

but a significant difference in CPUE (sturgeon/hr) of larval sturgeon between the four 

substrate types (reef beds A-D) was not observed.  It is possible that adult lake sturgeon 

do not exhibit a spawning substrate preference between these reef materials, or that some 

condition or combination of conditions such as depth, slope, water velocity, or where 

spawned eggs physically settle have a stronger influence over where the highest larval 

emergence occurs. The power of this analysis was reduced due to sedimentation of the 

western reef beds, eliminating adult sturgeon spawning on those substrate replicates, 

which reduced our ability to detect substrate preference. Interestingly, the spatial pattern 

of larval emergence did not follow the egg density pattern.  The lowest larval CPUE 

value was collected from the shallowest reef bed (A), which had the highest egg 

densities, and higher CPUE values were detected directly downstream of the deeper reef 

beds B-D, which had lower egg densities.   

In this study, a high proportion (53%) of emerging lake sturgeon yolk sac larvae 

collected in 2012 did not have distinctive eye pigment.  Of the 21 larvae (11.89 ± 0.85 

SD mm TL) collected on 15 and 17 May, 86% of individuals (11.84 ± 0.85 SD mm TL) 

did not have distinctive eye pigment.  These larvae were similar in appearance to an 

image published by Harkness and Dymond (1961) of a newly hatched larval lake 
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sturgeon.  Additionally, the lack of eye pigment characteristic observed in this study was 

similar to images of newly hatched larvae of green sturgeon (Acipenser medirostris) and 

white sturgeon (Acipenser transmontanus) that had been reared in hatchery facilities 

(Deng et al. 2002, Wang et al. 2006).   This indicates the likelihood that the emerging 

larvae collected in this study had hatched very recently.  This result is concerning, as it is 

well established that after hatching, lake sturgeon larvae typically spend a several days  in 

the substrate while their yolk sacs are absorbed before they emerge and drift downstream 

(Kempinger 1988, LaHaye et al. 1992, Auer 1996, Auer and Baker 2002).  Additionally, 

while the lack of eye pigment in emerging and drifting lake sturgeon larvae may be 

present in other systems, it is not commonly reported.   

Potentially, excessively fast water velocities could flush larvae from the substrate 

prematurely; however, the water velocities measured near FIR on 8 June (0.48-0.70 m/s) 

fell within the range of water velocities at measured at known spawning sites in the HEC 

(Manny and Kennedy 2002). Additionally, lack of eye pigment was detected in one larval 

sturgeon collected from the lower SCR, where water velocities measured on 19 and 15 

June were considerably slower than those measured near FIR (Table 5). Furthermore, 

these velocities were also similar to the water velocities measured near artificial 

spawning sites in other rivers where egg deposition has been confirmed; the St. Lawrence 

River (0.52 & 0.60 m/s) (Johnson et al. 2006) and the Des Prairie River (1.0 m/s) 

(Dumont et al. 2011).  

It is also a possibility that larvae lacking eye pigment were prematurely forced 

from their eggs.  Studies in the Volga River, Russia found that the ability of the egg 

membrane or chorion to resist rupturing varies among sturgeon species based on their 
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spawning locations; essentially sturgeon eggs deposited at upstream locations were more 

resistant to rupturing than the species that spawn further downstream (Nikolsky 1963 as 

cited in Auer 1996).   It is possible that the adults that spawned on the reef in 2012 may 

have been better adapted to some other area in the system that has different 

environmental conditions.  However, the conditions at this site are similar to other known 

spawning sites in the HEC in terms of depth, water velocity and water temperature 

(Manny and Kennedy 2002, Nichols et al. 2003, Caswell et al. 2004).  Additionally, 

Goodyear et al. (1980b) provided evidence of historic spawning near FIR 

Larvae lacking distinct eye pigment were collected downstream of all four 

substrate types.  This suggests that a particular substrate type did not provide better or 

worse conditions for developing eggs/larvae, in terms of providing adequate interstitial 

spaces, places for eggs to adhere, or current refuge. Further research should be done to 

assess viability and fate of these larvae that may to be emerging, or forced out 

prematurely from the substrate, and the factors leading to this unusual occurrence. 

1.5.2 Lower St Clair River 

In 2010-12, this study found that lake sturgeon continue to use NCR as a 

spawning ground, and viable eggs and larvae were collected near this site.  Lake sturgeon 

eggs and larvae were first detected near NCR by Nichols et al. (2003).  In 1998, these 

authors estimated the average egg density on the reef to be 2084 eggs/m² and collected a 

total 31 larvae and in 1999, they estimated the average egg density to be 2958 eggs/m² 

and collected six live larvae and 23 dead larvae.   In 2010-12, the average yearly 

estimates of egg density were lower than those estimated by Nichols et al. (2003); these 
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authors employed a more intensive sampling regime, and it is possible that 2010-12 egg 

densities are underestimated.  

In 2010-12, we collected larvae upstream of NRC in the North Channel.  This 

result indicates that lake sturgeon could be spawning at additional locations that have not 

yet been identified; however our egg mat sampling network has not detected additional 

spawning sites.  Another possibility is that these larvae drifted from the Blue Water 

Bridge spawning grounds located near the headwaters of the SCR approximately 65 km 

upstream.  However, since we do not know the exact timing of adult spawning and larval 

emergence at this site, we are unable to determine if larvae originated from the Blue 

Water Bridge site. To sample for larval sturgeon using D-frames at this site is not feasible 

due to heavy shipping traffic, however, scuba surveys would be helpful to investigate the 

timing of adult spawning and larval emergence.  

 In 2011, prior to reef construction in the Middle Channel, sampling efforts did not 

result in egg collection; however, 2 of the 3 larvae collected there had partial yolk-sacs.  

This result suggests that spawning either occurred in the Middle Channel undetected, or 

there are additional unknown spawning sites in close proximity upstream.  It is unlikely 

that if the larvae collected in the middle channel originated from the Blue Water Bridge 

site that they would still have yolk sacs by the time they drifted ~65 km to our sampling 

sites, providing further evidence that larvae are originating from additional unidentified 

spawning grounds closer to the Middle Channel. 

 In 2012, at MCR, egg deposition was first detected by USGS SCUBA divers on 

25 May, before reef construction was completed in the Middle Channel (Greg Kennedy, 

USGS, pers. comm.).  Eggs were collected on egg mats for the first time on 30 May.  
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This is an encouraging result; egg deposition had not been detected in the Middle 

Channel for two spawning seasons prior to reef construction.   Interestingly, the majority 

(60%) of larvae were collected from sites positioned directly upstream of the newly 

constructed spawning reefs, again suggesting that larvae are originating from unidentified 

spawning locations upstream.  Larvae collected upstream of the reef were an average of 

19.63 ± 1.76 mm TL.  This size is approximately 5 mm smaller than larvae collected by 

Auer and Baker (2002) 61 river km downstream of the spawning ground in the Sturgeon 

River, Baraga County, MI, suggesting it is probably not likely that they originated from 

the Blue Water Bridge spawning grounds, located ~ 65km upstream.  The ability to 

pinpoint the start of egg deposition at the Blue Water Bridge spawning grounds, and a 

more extensive egg mat sampling network in the lower could help to identify the origins 

of these larvae. 

1.5.3 Diel Timing of Larval Emergence 

 This study detected the majority of larval lake sturgeon emergence and drift 

occurred between 20:00 and 04:00 hours in the HEC.  While sampling effort did not 

encompass an entire 24 hour period, larval emergence or drift was not detected during 

any day time sampling.  These results are in agreement with many studies in other 

systems that have found that the majority of emergence and drift occurs between dusk 

and dawn. (Kempinger 1988, D’Amours 2001, Smith and King 2005, Johnson et al. 

2006, Dumont et al. 2011). 

1.5.4 Depth Stratified Larval Sampling 

 In 2012, only 2 lake sturgeon larvae were collected in depth-stratified sampling 

gear; 1 larvae was collected from 1 m above the river bottom, and the other was detected 
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1 m below the water’s surface.  With such a small sample size it is difficult to 

characterize these results.  While it is interesting that a larvae was collected near the 

surface at a place of 8.5 m, further study is need to determine if this is the result of larval 

sturgeon behavior, dying or weak larvae, disturbance, or random variation. Larval lake 

sturgeon were not detected in depth-stratified sampling gear in the SCR.  Depth-stratified 

effort was considerably less than D-frame sampling effort, which may have contributed 

to the small sample sizes. 

1.5.5 Future Work 

 Near FIR, future monitoring should include assessing the survival of emerging 

larvae that do not have distinct eye pigment.  Additionally, throughout the HEC, it will be 

important to estimate the number of adults involved in spawning on the artificial reefs.  

This type of data is lacking in HEC at both natural spawning sites and artificial reef sites.  

This is important because it is possible that attracting lake sturgeon to artificial reefs 

could disperse the spawning adults too much, and actually be detrimental to reproductive 

success.  This study identified the likelihood of additional uncharacterized spawning sites 

in the St. Clair River.  It will be important to try and identify these sites by using scuba 

surveys or extending the egg mat sampling network.   

1.5.5 Conclusions 

These results provide further evidence that introducing artificial reef materials in 

the HEC can attract adult lake sturgeon spawning activity, and provide conditions 

suitable for egg deposition, incubation, and larval emergence.  The construction methods 

and materials, and site conditions used in these projects can be used to inform future 

spawning habitat restoration or enhancement efforts.  This study has also identified the 
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likelihood of additional uncharacterized natural spawning sites between the known sites 

in the lower SCR and the Blue Water bridge spawning site.    
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2.1 ABSTRACT 

Lake sturgeon (Acipenser fulvescens) are known to spawn on coal clinker, a waste 

material produced by coal combustion, in the Huron-Erie Corridor (HEC).  Although coal 

clinkers are chemically inert, some trace elements can be reincorporated with the clinker 

material during the combustion process.  Since lake sturgeon eggs and larvae are 

developing in close proximity to this material, it is important to measure the 

concentration of potentially toxic trace elements. This study focused on arsenic, which 

occurs naturally in coal and can be toxic to fishes.  A laboratory experiment was 

conducted to measure total arsenic concentration in samples taken from four substrate 

treatments submerged in distilled water; limestone cobble, rinsed limestone cobble, coal 

clinker, and rinsed coal clinker.  Samples were taken at three time intervals: 24 hours, 11 

days, and 21 days.  ICP-MS analysis showed that concentrations of total arsenic were 

below the EPA drinking water standard (10ppb) for all samples.  However, at the 24 hour 

sampling interval, a two way repeated measures ANOVA with a Holm-Sidak post hoc 

analysis (α= 0.05) showed that the mean arsenic concentration was significantly higher in 

the coal clinker substrate treatment then in the rinsed coal clinker treatment (p=0.006), 

the limestone cobble treatment (p<0.001), rinsed limestone cobble treatment (p<0.001) 

and the control (p<0.001) Additionally, mean arsenic concentration was significantly 

higher in the rinsed coal clinker treatment than the limestone cobble treatment (p=0.001), 

the rinsed limestone treatment (p=0.009) and the control (p=0.002).  While the effects of 

specifically exposing developing lake sturgeon to arsenic remain unstudied, the 

concentrations of total arsenic measured in this study are orders of magnitude lower than 

the EPA standards for fresh water aquatic life.  
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2.2 INTRODUCTION 

Lake sturgeon (Acipenser fulvescens) are known to spawn on coal clinker/bottom 

ash (referred to as “coal cinder” by other sources) at two locations in the Huron-Erie 

Cooridor (HEC) (Manny and Kennedy 2002, Nichols et al. 2003, Caswell et al. 2004) .  

One spawning site is in the North Channel of the lower St. Clair River (SCR) where 

clinkers were deposited by coal powered steamships at the turn of the 19th century (Baker 

1980).  The other site is near Zug Island in the Detroit River (DR).  In 2004, coal clinkers 

were used as a substrate material in the construction of the Belle Isle Spawning Reef in 

the DR (Read and Manny 2006). 

 Coal clinkers are an unreactive waste material produced by coal combustion.  The 

chemical content of clinkers depends on the source of the parent coal, but is usually 

composed of silicon dioxide (SiO2), iron oxide (Fe2O3), and aluminum oxide (Al2 

O3) (Benson a Bradshaw 2011).  Goodarzi et al. (2011) established a class of trace 

elements found in coal including arsenic, nickel, lead, and sulfur that can volatilize when 

heated and then can condense within the combustion system.  These trace elements can 

become reincorporated with the clinker material (Goodarzi 2011).   Since lake sturgeon 

eggs and larvae are developing in close proximity to this material, it is important to 

measure the concentration of potentially toxic trace elements. 

 The trace element examined in this study was arsenic, which occurs naturally in 

much of the world’s coal.  Arsenic was chosen for analysis because fishes are known to 

be sensitive to acute and chronic exposure to arsenic, which can cause suffocation, gill 

damage, liver damage, and physical abnormalities (Sorenson 1991, Irwin 1997).  The 

objective of this study was to measure the concentration of total arsenic sampled from 
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actual artificial reef building materials (coal clinkers, limestone cobble) submerged in 

distilled water over a 21 day period.  We predicted that higher concentrations of total 

arsenic would be present in the coal clinker treatments.  We also examined if first 

removing fine particulate matter by rinsing substrates with distilled water effected the 

concentration of arsenic in each substrate treatment.  We predicted that higher 

concentrations would be present in the coal clinker treatment than the rinsed coal clinker 

treatment. 

2.3 METHODS 

Substrate treatments were submerged in distilled water and sampled at three time 

intervals: 24 hours, 11 days, and 21 days.  These time intervals approximately mimic 

what developing lake sturgeon would encounter at 24 hours after egg deposition, hatch 

(11 days) and emergence (21 days).   Ideally, flowing water would have been run over 

substrates to simulate river-like conditions, but for this preliminary analysis the objective 

was only to determine if arsenic concentrations were present at detectable levels. There 

were three replicates of each substrate treatment; Limestone cobble, rinsed limestone 

cobble, coal clinkers, and rinsed coal clinkers (Table 6).   

Fifteen cylindrical glass jars (2.84 L) with lids were washed with 10% HCL 

solution, then rinsed 6 times with distilled water.  Approximately 1.8 kg /1.73L of 

limestone cobble were placed into 6 of the jars (3 rinsed, 3 not rinsed). Approximately 

680 g/1.73 L of modern coal clinkers were placed into 6 of the jars (3 rinsed, 3 not 

rinsed).  The remaining 3 jars were filled with 1.5 L of distilled water and served as 

controls.  For “rinsed” treatments, weighed quantities of substrate (1.8 kg limestone 

cobble, 680 g modern coal boiler slag) were placed on a fiberglass screen. Substrates 
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were rinsed with approximately 7.5 L of distilled water, and gently agitated.   The screen 

was washed with 10% HCL solution, and then rinsed with distilled water between each 

replicate. 

 After substrates were placed in jars, 1.5 L of distilled water was added.  Jar lids 

were sealed with parafilm.  Jars were exposed to ambient room temperature (19-20ºC) 

and were generally kept in darkness. After approximately 24 hours, 15 ml water samples 

were transferred with disposable 10 and 5 ml pipette tips and pipette aid to acid-washed 

Erlenmeyer flasks.  Immediately after sampling, a vacuum pump was used to filter each 

sample through Watman no.1 filter paper (7 cm) placed in a Buchner funnel.  Filtered 

samples were transferred to 50 ml falcon tubes, digested with 0.015 ml of nitric acid and 

then stored at -80ºC.  This process was repeated on 16 and 26 April 2012 for a total of 45 

water samples.  Water samples were analyzed for total arsenic content using ICP-MS 

U.S. Environmental Protection Agency (EPA) Method 200.8 by Whitewater Associates 

in Amassa, MI on 6 February 2012. 

2.3.1 Statistical Analysis 

 SigmaPlot 12.3 statistical analysis software was used to perform a 2-way repeated 

measures ANOVA, using substrate treatment and sampling date as the interaction terms 

(α= 0.05). The Holm-Sidak method was used for post-hoc analysis (α= 0.05). 

 

2.4 RESULTS 

  Total arsenic levels were below the EPA drinking water standard (10 ppb) for all 

samples (Table 7).  A 2-way repeated measures ANOVA found statistically significant 

differences between mean arsenic concentration in substrate treatments (p=0.004, DF=4), 
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mean arsenic concentration by date (p=0.007, DF=2), and a significant treatment date 

interaction (p<0.001, DF=8) (Table 8).   

Holm-Sidak post-hoc analysis found that within the coal clinker treatment, there 

were statistically significant differences in mean arsenic concentration between the mean 

concentration at 24 hours, and the mean concentration at both 11 (p<0.001), and 21 days 

(p<0,001) (Figure 15).  This post-hoc analysis also found within the rinsed coal clinker 

treatment there were statistically significant differences in mean arsenic concentration 

between the mean concentration at 24 hours, and the mean concentration at both 11 

(p=0.001), and 21 days (p<0,001) (Figure 16).  

At the 24 hour sampling interval, this post hoc analysis showed that the mean 

arsenic concentration was significantly higher in the coal clinker substrate treatments 

then in the rinsed coal clinker treatment (p=0.006), and the limestone cobble treatment 

(p<0.001), the rinsed limestone cobble treatment (p<0.001) and the distilled water control 

(p<0.001) (Table 3). Additionally, mean arsenic concentration was also significantly 

higher in the rinsed coal clinker substrate treatment than the limestone cobble treatment 

(p=0.001) the rinsed limestone treatment (p=0.009) and the distilled water control 

(p=0.002). 

These differences were not observed at the 11 day and 24 hour sampling interval, 

except for one pair at the 11 day sampling period where the mean total arsenic 

concentration of the rinsed limestone cobble was significantly larger that the distilled 

water control (p=0.008). 
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2.5 DISCUSSION 

 As predicted, mean concentration of total Arsenic was significantly higher in both 

the coal clinker and rinsed coal clinker treatments than in the limestone and rinsed 

limestone treatments, and distilled water control.  Additionally, as expected, mean 

concentration of total Arsenic was higher in the coal clinker treatment than in the rinsed 

coal clinker treatment. Most concentrations of total arsenic were only slightly above the 

detectable limit, and all water samples would be considered safe for human consumption 

in terms of total arsenic concentration.  Additionally, EPA guidelines recommend that 

levels of acute exposure for fresh water organisms to arsenic should be below 340 ppm 

and levels of chronic exposure should be below 150 ppm, which are several orders of 

magnitude larger than the concentrations measured in this study (EPA 1995) 

Furthermore, because arsenic was measured as total arsenic, it is unknown what 

form(s) of arsenic were present in the samples.  Primarily, there are two forms of arsenic 

present in water; arsenite (As+3) and arsenate (As+5) (Irwin 1997).  Generally, As+3 

exposure is more toxic to living organisms (Sorenson 1991, Irwin 1997).  Future work 

should consider employing arsenic speciation analysis to get a better understanding of 

toxicity risks. 

Mean total arsenic concentration decreased over time in both the coal clinker and 

rinsed coal clinker treatments.  This is likely because arsenic/arsenic compounds are 

heavier than water and are accumulating at the bottom of the jar.  Allowing arsenic 

contaminated water to remain undisturbed for periods of time is actually a process called 

sedimentation and has been studied in the past as a potential method of treating arsenic 
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contaminated drinking water in rural areas of developing countries (Han et al. 2002, 

Ahmed et al. 2001).  

 Future work should include methods for either a flowing water system to mimic 

actual river conditions, or water agitation such as an aquarium bubbler, periodic stirring 

of the substrate, or agitating the substrate before taking samples.   Additionally, water 

samples should be taken from the interstitial spaces of the substrate treatments.  In natural 

systems, lake sturgeon eggs often settle in interstitial spaces, and larvae remain here for 

several days after hatching (Kempinger 1988, LaHaye et al. 1992, Auer 1996, Auer and 

Baker 2002).  Sampling from interstitial spaces in the substrate better simulate what 

materials developing lake sturgeon eggs and larvae would potentially be in contact with. 
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Figure 1:  2011-12 egg mat sampling sites near/on FIR in the DR.  Sites A-L and sites 
2B and 2C were sampled in 2011.  Sites A-F and site 2B, 2C, 4B, and 4C were sampled 
in 2012. 
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Figure 2: 2010-12 Egg mat sites in the lower St. Clair River. The black circle represents 
NCR and the black square represents MCR. 
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Figure 3: D-frame and depth-stratified larval sites near FIR in the DR in 2012.  Sites 1-8 
are D-frame sites and site S-1 is a depth-stratified site. 
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Figure 4: D-frame and depth-stratified larval sites near in the North Channel and Middle 
Channel of the lower SCR. Sites S-1 and S-2 are stratified sites. The black circle 
represents NCR and the black rectangle represents MCR. 

 

 

 

 

 

 

  

North Channel 

Lake St. Clair 



42 
 

Egg Mat Site

2B 2C A B C D E F 4B 4C

E
gg

 D
en

si
ty

 (e
gg

s/
m

2 )

0

200

400

600

800

Egg Density

Reef  A  (n=189)
Reef  B  (n=164)
Reef  C  (n=104)
Reef  D  (n=65)
Reef  E   (n=28)
Reef  F   (n=1)
4B         (n=16)

 

Figure 5: Lake sturgeon egg densities (eggs/m2) at egg mat sites near/on FIR in the DR 
on 9 May 2012.  Water velocity was measured with a Marsh McBirney Flo-Mate TM 

Model 2000 flow meter directly upstream and downstream of each reef bed (A-D) on 8 
June, 2012.  On the figure, an average of the upstream and downstream water velocities 
are shown. 
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Figure 6: Lake sturgeon egg densities (eggs/m²) on the NCR (egg mat site 13) in  
the North Channel of the lower SCR in 2010-2012. “n” indicates total number of  
eggs collected at each egg mat site. 
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Figure 7: Larval lake sturgeon CPUE (sturgeon/hr) and TL ± (SD) by sampling date near 
FIR in the DR in 2012.  On 15 May, for the TL plot, n=12 because 3 individuals were too 
damaged to obtain a TL measurement. 
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Figure 8: Proportion of larval lake sturgeon with yolk sacs, partial yolk sacs, no yolk 
sacs, or unknown presence/absence of yolk sacs at each sampling night near FIR in the 
DR in 2012. 
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Figure 9: Yolk sac stage larval lake sturgeon (11.29 mm TL) without distinct eye 
pigment collected from directly downstream of reef bed B at FIR in the DR on 15 May 
2012. Image was captured at 60x magnification. 

  



47 
 

Time

20:00-21:59 22:00-23:59 00:00-02:00 02:00-04:00

La
rv

al
 L

ak
e 

S
tu

rg
eo

n 
A

bu
nd

an
ce

0

2

4

6

8

10

12

14

16

 
Figure 10: Total number of larval lake sturgeon collected during each time 2 hour set for 
all sampling nights combined near FIR in the DR in 2012.  When a larval lake sturgeon 
was collected, the midpoint time between net deployment and retrieval times was binned 
into 4 - 2 hour sampling periods. 
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Figure 11: Larval lake sturgeon CPUE (sturgeon/hr) and TL ± (SD) by sampling date at 
sites near NCR in the North Channel of the SCR in 2011.   
 
 
 
  



49 
 

Date

6/04  6/11  6/18  6/25  7/02  7/09  

N
um

be
r o

f L
ar

va
l L

ak
e 

S
tu

ge
on

/h
r

0.0

0.2

0.4

0.6

0.8

1.0

A
ve

ra
ge

 T
L 

(m
m

)

12

14

16

18

20

22

24

26

CPUE (sturgeon/hr)

5 June   (n=43) 19 June (n=4)

7 June	(n=28) 25 June (n=0)

11 June (n=4)    2 July (n=0)

13 June (n=2)
Total Length

 
Figure 12: Larval lake sturgeon CPUE (sturgeon/hr) and TL ± (SD) by sampling date at 
sites near NCR in the North Channel of the SCR in 2012.  On 5 June, for the TL plot, 
n=36 because 7 individuals were not measured. 
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Figure 13: Larval lake sturgeon CPUE (sturgeon/hr) and TL ± (SD) by sampling date at 
sites near MCR in the Middle Channel of the SCR in 2012.   
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Figure 14: Total number of larval lake sturgeon collected during each net set for all 
sampling nights combined in the lower SCR in 2011-12.  When a larval lake sturgeon 
was collected, the midpoint time between net deployment and retrieval times was binned 
into 4 - 2 hour sampling periods. 
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Figure 15:  Mean total arsenic concentration (ppb) for each substrate treatment at each 
sampling time point.  Within the coal clinker treatment, mean total arsenic concentration 
was higher at 24 hours than after 11 days (p<0.001) and 21 days (p<0.001). Within the 
rinsed coal clinker treatment, mean total arsenic concentration was higher at 24 hours 
than after 11 days (p<0.001) and 21 days (p=0.001). 
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Figure 16:  Mean arsenic concentration (ppb) for each substrate treatment at the 24 hour 
sampling point.  Mean arsenic concentration was significantly higher in the coal clinker 
substrate treatment (A), then the rinsed coal clinker treatment (B) (p=0.006), and the 
substrate treatments in group C (limestone: p<0.001, rinsed limestone: p<0.001, distilled 
water: p<0.001).  Mean arsenic concentration was also significantly higher in the rinsed 
coal clinker substrate treatment (B), that the substrate treatments in group C (limestone: 
p=0.001) rinsed limestone: p=0.009, distilled water p=0.002).  
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Table 3:  Locations of 2011-12 D-Frame and depth-stratified sites in the DR, and 2010-
12 D-Frame and depth-stratified sites in the lower SCR. 

Detroit River (Near FIR) Sites Lower SCR Sites 
Site N W Site N W 
Upstream 1 42.24395 -83.11434 1 42.62183 -82.61204 
Upstream 2 42.24419 -83.11407 2 42.62209 -82.61181 
Reef A 1 42.24357 -83.11396 3 42.62107 -82.61162 
Reef A 2 42.2436 -83.1139 4 42.62268 -82.61412 
Reef B 1 42.24364 -83.1138 5 42.62262 -82.61412 
Reef B 2 42.24366 -83.11372 6 42.62256 -82.61265 
Reef C 1 42.24372 -83.11367 7 42.62265 -82.61415 
Reef C 2 42.24374 -83.11362 8 42.62912 -82.62906 
Reef D 1 42.2438 -83.11353 9 42.62759 -82.62883 
Reef D 2 42.24385 -83.11347 10 42.63501 -82.65707 
1 42.24395 -83.1143 11 42.61563 -82.58691 
5 42.24359 -83.1139 12 42.59719 -82.60574 
2 42.24401 -83.1141 13 42.61635 -82.58693 
6 42.24366 -83.1137 14 42.59789 -82.60624 
3 42.24419 -83.1141 15 42.6148 -82.59150 
7 42.24374 -83.1136 16 42.61467 -82.59142 
4 42.24419 -83.1139 17      42.61539 -82.58976 
8 42.24384 -83.1135 18 42.61517 -82.58962 
S-1 42.24072 -83.1111 19 42.61444 -82.59320 

   20 42.61415 -82.59293 
   S-1 42.62097 -82.61336 
   S-2 42.62264 -82.61643 
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Table 4: Depths, water velocity, total net hours, total larvae, and catch per hour at D-
frame sampling sites near FIR in the Detroit River in 2012. 

Sites Description Depth Water 
velocity 
(m/s)* 

Total 
larvae 

Total net 
hours 

Catch per 
hour 

1 Reef A UP 6.5 0.55 0 50.65 0.00 
2 Reef B UP 8.4 0.64 1 56.08 0.02 
3 Reef C UP 9.7 0.56 1 56.72 0.02 
4 Reef D UP 9.8 0.56 1 54.78 0.02 
5 Reef A DN 6.2 0.48 1 55.5 0.02 
6 Reef B DN 8.3 0.70 11 54.27 0.20 
7 Reef C DN 9.2 0.60 10 56.05 0.18 
8 Reef D DN 9.4 0.60 9 53.73 0.17 
   Totals: 34 437.78 0.08 

* Water velocity was measured with a Marsh McBirney Flo-Mate TM Model 2000 flow 
meter on 8 June, 2012. 
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Table 6: Substrate treatment type, number of replicates, size and source. 

Treatment Replicates Size  Source 
Limestone 3 <15 cm Ottawa Lake Quarry, Ottawa Lake, MI 
Rinsed Limestone 3 <15 cm ″ 
Coal Clinkers 3 <4 cm DTE River Rouge Power Plant, Detroit, MI 
Rinsed Coal Clinkers 3 <4 cm ″ 
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Table 7:  Total arsenic concentration (ppb) for all replicated of each substrate treatment 
24 hours, 11 days, and 21 days after submerging substrates in distilled water. 

 Total Arsenic Content (ppb) 
Substrate Treatment 24 Hours 11 Days 21 Days 
Distilled Water 1 0.73 0.35 0.44 
Distilled Water 2 0.42 0 0.20 
Distilled Water 3 0.18 0.26 0.17 
Rinsed Coal Clinkers 1 0.60 0.41 0.51 
Rinsed Coal Clinkers 2 1.4 0.76 0.41 
Rinsed Coal Clinkers 3 1.5 0.53 0.42 
Rinsed Limestone 1 0.63 0.84 0.67 
Rinsed Limestone  2 0.43 0.83 0.77 
Rinsed Limestone  3 0.68 0.91 0.90 
Coal Clinkers 1 1.5 0.71 0.57 
Coal Clinkers 2 1.8 0.69 0.38 
Coal Clinkers 3 2.1 0.57 0.70 
Limestone 1 0.26 0.55 0.56 
Limestone  2 0.52 0.71 0.69 
Limestone 3 0.42 0.80 0.67 
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Table 8:  ANOVA table for 2 way repeated measures analysis. 

Source of Variation DF SS MS F P 
Jar Replicate 2 0.0732 0.0366   
Substrate Treatment 4 2.342  0.585 9.394 0.004* 
Substrate Treatment x Jar Replicate 8 0.499 0.0623   
Time Sampled 2 0.998  0.499 21.324 0.007* 
Time Sampled x Jar Replicate 4 0.0936 0.0234   
Substrate Treatment x Time Sampled 8 3.135 0.392 11.665 <0.001* 
Residual 16 0.537 0.0336   
Total 44 7.678  0.174   

*Statistically significant 
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