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Movement to productive foraging areas allows lake sturgeon to grow rapidly 

during a protracted juvenile stage. In some systems lake sturgeon are found in the same 

habitats as adults after age 1 (Peterson et al. 2007), however; there is also evidence of 

juveniles using different habitats than adults after age 1 (Altenritter et al. 2013). 

Juveniles often display some degree of site fidelity, with reported home range sizes 

ranging from 6.3 km2 (Trembath 2013) to 11.0 km2
 (Holtgren and Auer 2004) in lakes 

and up to 10.8 km in rivers (Lord 2007; Boase et al. 2014). Lake sturgeon are generally 

considered a shallow water fish, but juveniles have been documented in water from 10 

to 16 m in both lakes and rivers (Smith and King 2005b; Barth et al. 2009; Altenritter et 

al. 2013; Trembath 2013; Boase et al. 2014). Despite some common trends, limited 

information is available on the distribution, movement, and habitat selectivity of 

juvenile lake sturgeon, particularly in the variability of systems inhabited by the species 

across its range (Bruch et al. 2016). 

1.2. Threats to Lake Sturgeon Populations 

While the traits associated with periodic strategists, such as large size and 

intermittent spawning, can buffer against the effects of conditions that lead to low 

recruitment and maximize reproductive success in favorable years, they also make lake 

sturgeon extremely susceptible to declines due to overexploitation. Following declines 

in catch, closures of commercial and recreational fisheries for lake sturgeon throughout 

their range began in the 1920s. No commercial fisheries for lake sturgeon are currently 

operating in U.S. waters, a limited number of commercial fisheries still exist in Canada, 

and a few carefully managed recreational fisheries operate in certain water bodies in 

both nations (Peterson et al. 2007).  
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Additionally, due to their migratory patterns, declines in lake sturgeon 

populations are exacerbated by the degradation and fragmentation of essential habitat. 

The construction of dams on many rivers has blocked access to historic spawning 

habitat and degraded remaining spawning and nursery habitat downstream (Auer 1996; 

Peterson et al. 2007; Pollock et al. 2015). Changes in flow regimes in regulated systems 

can also have negative effects on lake sturgeon spawning behavior (Auer 1996b), year-

class strength (Caroffino et al. 2010), and abundance (Haxton et al. 2015). The 

combination of these factors has made it challenging to fully restore self-sustaining lake 

sturgeon populations, and ensuring adequate spawning and nursery habitat is a primary 

component of many management plans for the species (WI DNR 2000; Peterson et al. 

2007; MacKenzie 2016; Holst and Zollweg-Horan 2018).  

1.3. History of Lake Sturgeon in Lake Champlain 

Lake Champlain is a long and narrow lake that is bordered by New York, 

Vermont, and Canada. The lake reaches a maximum depth of 122 m and has a mean 

depth of 19.4 m (Myer and Gruendling 1979), but large areas of shallow water habitat 

(< 9.1 m) that can support an adequate benthic forage base for lake sturgeon are found 

throughout the system (Moreau and Parrish 1994). Historical records indicate that 

spawning only occurred in four rivers in Vermont: the Missisquoi River, the Lamoille 

River, the Winooski River, and Otter Creek (Moreau and Parrish 1994). Though there 

is no historic estimate of abundance of lake sturgeon in Lake Champlain, the spawning 

populations in the Missisquoi and Lamoille rivers were once large enough that ripe 

adults were captured during the spawning runs in order to try to culture eggs (Carter 

1904). A small commercial fishery existed for lake sturgeon in the late 1800s and early 
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1900s where fishermen harvested between 50 and 200 sturgeon annually. Following a 

sharp decline in harvest in the late 1940s and 1950s (Halnon 1963), the fishery was 

closed in 1967 and the species was listed as endangered in Vermont in 1972 

(MacKenzie 2016).  

The four lake sturgeon spawning tributaries of Lake Champlain have 

experienced varying levels of habitat fragmentation and degradation. On the Missisquoi 

River, the construction of the Swanton Dam in the early 1900s blocked lake sturgeon 

from upstream spawning habitat at the base of Highgate Falls. The construction of the 

Peterson Dam on the Lamoille River also blocked lake sturgeon access to spawning 

sites just upstream of the site of the dam (Moreau and Parrish 1994). While the 

lowermost dam on Otter Creek was built on a natural fall line, the lower section of the 

river was dredged to create a channel, which likely removed most of the lake sturgeon 

spawning substrate (MacKenzie 2016). Lastly, the lowermost dam in the Winooski 

River was also built on a natural fall line (Moreau and Parrish 1994), and most of the 

spawning and nursery habitat for lake sturgeon is believed to be largely intact 

(MacKenzie 2016). While lake sturgeon populations often historically spawned in 

rivers that required migrations of more than 75 km (Rusak and Mosindy 1997; 

Daugherty et al. 2009; Wishingrad et al. 2014), the extent of lake sturgeon migration in 

all four tributaries in the Lake Champlain basin was historically no longer than 25 km.  

No hatchery program currently exists for lake sturgeon in Vermont, so any 

potential recovery is based on natural reproduction. The Vermont Fish and Wildlife 

Department (VFWD) has monitored the four historic spawning tributaries since 1998 to 

document successful spawning. As of spring 2021, VFWD has documented adult lake 
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sturgeon, eggs, and larvae in the Winooski and Lamoille rivers. Eggs have been 

collected in the Missisquoi River, but no adult lake sturgeon have been captured and 

driftnet sampling produced no larval sturgeon (MacKenzie 2016). A single male adult 

sturgeon was captured in Otter Creek during the spawning season in 2016 (C. 

MacKenzie, VFWD, unpublished data), but prior egg and larval sampling was 

unsuccessful. These sampling efforts have documented that successful spawning is 

occurring in at least some of the Lake Champlain spawning tributaries, though 

additional information about lake sturgeon in the basin is limited.  

1.4. Assessment and Monitoring Methods for Sturgeon Populations 

The depleted status of sturgeon populations has made them extremely important 

to monitor and assess. However, their life history combined with low abundances has 

made it challenging for managers to gain an understanding of important population 

metrics.  The long generation time of sturgeons makes recovery a long-term process, 

with monitoring required for decades to start to detect population changes. Mark-

recapture has been the traditional method used to estimate adult sturgeon abundance, 

both during and outside of the spawning period (Thomas and Haas 2002; Irvine et al. 

2007; Trested and Isely 2011; Wippelhauser and Squiers 2015). These efforts, however, 

can be plagued by low recapture numbers (Withers et al. 2019), making accurate and 

precise estimates challenging. Importantly, although sturgeons are generally hardy and 

handle capture in gillnets well (Kahn and Mohead 2010), repeated capture during the 

spawning season can cause aborted spawning runs (Moser and Ross 1995), and 

sampling at high water temperatures with low dissolved oxygen can lead to mortality 

(Kahn and Mohead 2010).  
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The endangered and threatened status of many sturgeon populations makes 

avoiding incidental mortality or failed spawning critical. Challenges with mark-

recapture sampling to estimate sturgeon abundance have led to an increase in 

alternative methods to obtain population estimates. These methods are designed to 

minimize or eliminate fish handling, and often involve the use of different sonars. Due 

to their large size and unique body shape, sturgeons are an ideal target for sonar. Fixed-

station deployments have been used to observe behavior of white sturgeon in the 

Columbia River in British Columbia, Canada (dual-frequency identification sonar, 

DIDSON, Crossman et al. 2011) and estimate the spawning population of lake sturgeon 

in the Sturgeon River, Michigan (split-beam sonar, Auer and Baker 2007). 

Alternatively, mobile DIDSON surveys have been used to estimate the population of 

wintering shortnose sturgeon in the Penobscot River, Maine (Lachapelle 2013) and the 

population of green sturgeon in the Rogue River, Oregon (Mora et al. 2015) and the 

Sacramento River, California (Mora et al. 2018). Surveys using side-scan sonar have 

been used to estimate abundance of lake sturgeon in Lake St. Clair, Michigan (Thomas 

and Haas 2002) and white sturgeon in the Snake River, Idaho (Hughes et al. 2018), as 

well as occupancy and abundance of Atlantic sturgeon in multiple rivers in North 

Carolina and South Carolina (Flowers and Hightower 2013, 2016). The diversity of 

methods and sampling protocols used in these studies reflect slight differences in 

species behavior and distribution across sturgeon populations.  

While abundance is often considered the key metric to monitor population 

recovery, the complex migration patterns of sturgeons make understanding distribution, 

habitat use, and movement critical to determining where and when to sample, as well as 
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interpreting and optimizing methods to estimate population metrics. Acoustic telemetry 

is a valuable tool that can be used to collect an extensive amount of information from a 

small number of fish, making it especially useful when studying a species that is 

difficult to capture in large numbers. Sturgeons implanted with acoustic tags have been 

used to address multiple questions pertinent to population recovery, including the 

identification of spawning and overwintering areas (Rusak and Mosindy 1997; Fox et 

al. 2000; Caswell et al. 2004; Lallaman et al. 2008; Fernandes et al. 2010), 

characterization of migratory behavior (Thiem et al. 2013; Kessel et al. 2018), and 

assessment of mortality (Crossman et al. 2009; Rudd et al. 2014). Additionally, data 

from acoustically tagged fish is starting to be used to inform population estimates by 

informing catchability parameters in mark-recapture models (Withers et al. 2019), 

adjusting population estimates to include individuals that are outside of the study area 

during a survey (Mora et al. 2018; Andrews et al. 2020), and extrapolating to the total 

number of individuals that participated in a spawning run over a season (Kazyak et al. 

2020).  

While methods are being developed to assess some population metrics without 

handling sturgeon, some critical metrics require capture. Age information, which is the 

basis for calculating growth rates, mortality, and productivity (Campana 2001), can 

only be obtained through active capture and often the removal of hard parts. Because of 

the complicated life history of sturgeons, age structure can be used to understand 

population health and point to signs of successful recruitment and recovery (Hughes et 

al. 2005; Lallaman et al. 2008). The first pectoral fin ray (commonly referred to as the 

fin spine) is the traditional non-lethal method for aging sturgeons (Rien and 
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Beamesderfer 1994; Rossiter et al. 1995; Thomas and Haas 2002; Kahn and Mohead 

2010). However, there has been controversy over the impacts of pectoral fin spine 

removal on sturgeons, with laboratory studies indicating no effect (Collins and Smith 

1996; Parsons et al. 2003; Nguyen et al. 2016) but field studies suggesting decreased 

survival (Kohlhorst 1979; Steffensen and Hamel 2018). The goal to minimize the 

impacts of capture and handling on sturgeons has led to investigation into alternative 

aging methods as well, with researchers focusing on scutes (Altenritter et al. 2015) and 

other fin rays (Baremore and Rosati 2014), depending on the species.  

1.5. Dissertation Focus 

Overall, significant gaps exist in the understanding of the lake sturgeon 

populations as well as the methods needed to properly monitor and assess them. 

Although primary threats to lake sturgeon populations have been identified and certain 

life history characteristics can be generalized across populations, some of these 

characteristics, including migration and habitat selection, have been noted to be highly 

plastic (Pollock et al. 2015; Bruch et al. 2016). This presents a challenge to managers 

looking to transfer knowledge from the literature when the most extensively studied 

systems may not be similar to the conditions experienced by the population of interest. 

An understanding of how different life stages move within and between habitats is 

critical to population protection, monitoring, and ultimately recovery. Protection of 

critical habitats and migration corridors is essential to growth and recruitment, and 

estimates of important population metrics such as abundance can be sensitive to 

sampling design and assumptions of spatial or temporal closure. Therefore, an 
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increased understanding of life history variability across systems will be valuable to 

lake sturgeon management throughout the range of the species.  

The first focus of this dissertation is to address some of the information gaps in 

lake sturgeon ecology by investigating movements of multiple life stages of lake 

sturgeon in Lake Champlain. The second focus is to develop and test methods that can 

be used to assess and monitor lake sturgeon populations. I chose to focus my study on 

lake sturgeon in the Winooski River and the surrounding area of Lake Champlain. In 

Chapter 2, I used acoustic telemetry to investigate seasonal movements and distribution 

of both adult (> 1000 mm TL) and juvenile (< 900 mm TL) lake sturgeon in the 

Winooski River, the surrounding delta, and other nearby areas of Lake Champlain. In 

Chapter 3, I describe adult lake sturgeon migratory behavior and investigate 

environmental drivers of upstream and downstream movements during the spawning 

period in the Winooski River. Based on what I learned in Chapter 3, for Chapter 4 I 

combined acoustic telemetry data from adult lake sturgeon with counts from a fixed-

location dual-frequency identification sonar (DIDSON) to estimate the abundance of 

the spawning run in the Winooski River. Lastly, in Chapter 5 I investigated an 

alternative, less invasive method for aging lake sturgeon. Through these four chapters, I 

contribute to an increased understanding of lake sturgeon movements across systems 

and life stages and provide information on alternative methods that can be used to 

monitor depleted lake sturgeon populations.   
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may also vary seasonally; both adults and juveniles have been noted moving to deeper 

water during the winter months (Altenritter et al. 2013; Thayer et al. 2017).  

Variability in lake sturgeon behavior across systems can make it challenging to 

effectively sample populations or identify areas of conservation concern. Previous 

research directly comparing the movements, distribution, and habitat use of juvenile 

and adult lake sturgeon has focused on riverine systems where lake sturgeon are 

resident (Trested et al. 2011; Lacho 2013; Thayer et al. 2017). Limited information is 

available in large lake systems on juvenile and adult lake sturgeon movements and 

habitat use, as well as how the distributions of these life stages overlap. In this study, I 

used acoustic telemetry to document seasonal patterns of movements and habitat use of 

lake sturgeon in Lake Champlain (surface area: 1269 km2) and one of its tributaries, the 

Winooski River, Vermont. Lake sturgeon were listed as endangered in Vermont in 

1972, but recent efforts by the Vermont Fish and Wildlife Department (VFWD) have 

documented successful spawning in the Winooski River (MacKenzie 2016). No 

information exists on juvenile and adult lake sturgeon movements within the Lake 

Champlain system, and it is unknown how frequently juvenile and adult distribution 

overlap. My objectives were to 1) describe seasonal patterns of movements and 

distribution of lake sturgeon in the system, and 2) investigate ontogenetic differences in 

these factors by comparing telemetry data from adult and juvenile lake sturgeon.  

2.3. Methods 

2.3.1. Study Area  

Lake Champlain (Figure 2.1) is a long (193 km) and narrow (20 km at its 

widest point) lake that is bordered by New York, Vermont, and Canada. The lake  
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MacKenzie, VFWD, unpublished data). The large, shallow portion of the delta drops 

off rapidly, with the delta slope starting at 10 m deep and continuing to 60 m deep. Just 

south of the Winooski River delta is Burlington Bay, a basin that ranges from 10 m to 

60 m in depth. Adult lake sturgeon are generally not found in Burlington Bay (C. 

MacKenzie, unpublished data), but in 2016 a single juvenile lake sturgeon (683 mm 

TL) was incidentally caught during trawl sampling in the bay (J. E. Marsden, 

unpublished data).  

The lower 17 km of the Winooski River (Figure 2.1) is accessible to lake 

sturgeon. Adults use the Winooski River for spawning from April to June. The river 

also provides nursery habitat for juvenile lake sturgeon (MacKenzie 2016), though the 

timing and duration of juvenile use is unknown.  

2.3.2. Capture and Tagging  

Sampling for juvenile lake sturgeon took place between April and November in 

2017, 2018, and 2019. Juvenile lake sturgeon were captured by three methods: 1) 

incidental capture by the University of Vermont lake trout (Salvelinus namaycush) 

bottom trawl survey, and targeted use of 2) small-mesh monofilament gillnets and 3) 

baited trotlines. The trawl used in the lake trout survey was a three-in-one bottom trawl 

with an 8-m headrope, 9.3-m footrope with chains attached, and 1.25-mm stretch cod 

end liner; tows lasted 10 min. Gillnets used to capture juvenile lake sturgeon were 90 m 

long and consisted of three 30-m panels of 7-, 10-, and 12-cm stretched mesh. Gillnet 

sampling took place during dawn, dusk, and daylight hours, with sets lasting between 2 

and 7.5 hours. Trotlines used in the Winooski River consisted of 20 or 25 drop lines 

with 1/0, 2/0, 3/0, and 4/0 circle hooks attached, while trotlines used in Lake 
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Champlain consisted of 100 drop lines with 2/0, 3/0, and 4/0 circle hooks attached. 

Hooks were baited with either nightcrawlers or pieces of frozen rainbow smelt 

(Osmerus mordax), sea lamprey (Petromyzon marinus), or alewife (Alosa 

pseudoharengus). Trotlines were set during both day and night, with daytime sets 

lasting between 2 and 8 hours and overnight sets lasting between 8.7 and 20.5 hours.  

Adult lake sturgeon used in this study were captured and tagged as part of 

sampling that was conducted by VFWD between 2015 and 2018. Lake sturgeon were 

caught using large-mesh multifilament gillnets that were 36 or 46 m long and consisted 

of panels of 20-, 25-, and 30-cm stretched mesh. Gillnets were usually set in the 

morning and checked after 3 to 5 hours. Occasionally nets were set overnight, with sets 

lasting no more than 14 hours.  

  After capture, lake sturgeon were measured in total length (TL) and fork length 

(FL) to the nearest mm, weighed to the nearest 0.01 kg, and tagged with a 12-mm 

Passive Integrated Transponder (PIT) tag (Biomark, Boise, Idaho) inserted to the left of 

the first dorsal scute. Based on permit requirements, only lake sturgeon less than 900 

mm TL could be tagged as part of the juvenile telemetry project. Pectoral fin ray 

samples were also taken from a subset of juvenile lake sturgeon for age analysis (see 

Izzo et al. 2021 for detailed methods). For tagging of both juveniles and adults, lake 

sturgeon were placed ventral side up in a sling with head and gills immersed in ambient 

river or lake water. Fish were not chemically anesthetized prior to or during surgery. 

Three sizes of VEMCO (Halifax, Nova Scotia, Canada) 69 KHz tags were used in this 

study, described in Table 2.1. Tags were inserted into the body cavity through a small 

incision made anterior to the pelvic fins, offset from the midline. Incisions were closed 
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29 August 2019. Data were processed using VEMCO Range Test software, and range 

was determined as the distance where the detection probability was greater than 70%. 

Previous work in Lake Champlain determined that the range (detection probability > 

70%) of V13-1L tags was 250 m (Pinheiro 2015). We do not have range test 

information for V16-6L tags in Lake Champlain; however, work in Lake Ontario has 

indicated that V16 tags can be detected over 1000 m away (Klinard et al. 2019). Range 

test results were only used for data interpretation, and thus are only reported in the 

Methods section and Appendix A. 

2.3.5. Analysis of Telemetry Data  

All receiver files were corrected for clock drift using VEMCO VUE software 

and then detections of tagged lake sturgeon were exported for further analysis in R 

version 4.0.2. Acoustic telemetry data were processed to identify potential false 

detections as recommended by Pincock (2012). If the time between the previous or next 

detection of a transmitter on a single receiver was more than 30 times the average tag 

delay, the detection was identified as a suspected false detection and removed from 

further analysis. The average tag delay used depended on the tag model, as shown in 

Table 2.1. This filter resulted in the removal of 1.1% of juvenile lake sturgeon 

detections (out of approximately 4.4 million detections total) and 1.4% of adult lake 

sturgeon detections (out of approximately 6.9 million detections total).  

Detections were divided into four approximately equal seasons as follows: 

spring (1 March to 31 May), summer (1 June to 31 August), fall (1 September to 30 

November), and winter (1 December to 28 February). The month when temperatures 

began to increase was noted as the start of spring (March), and the month when 







 

25 

delta. Individuals were considered to have overwintered in the Central Delta Deep 

location when the greatest number of detections were on two receivers located in 30 to 

38 m on the slope of the Winooski River delta, and individuals that overwintered at the 

South Delta Deep location had the greatest number of detections on two receivers 

located in 24 to 40 m at the south end of the Winooski River delta.  

The percentage of days that each individual was present within the Winooski 

array (the Winooski River delta, the Winooski River, and Burlington Bay) was 

calculated based on the number of days each tag was active. Abacus plots were then 

created to identify when tagged lake sturgeon were present and absent from receivers in 

different areas of Lake Champlain.  

2.3.6. Temperature Data  

To investigate potential temperature differences at overwinter locations, in 

November 2018 a series of HOBO MX TidbiT 400 (Onset, Cape Cod, Massachusetts) 

temperature loggers were attached to stationary receivers. One logger was placed on a 

receiver at the Central Delta Shallow site and one was placed on a receiver at the South 

Delta Deep site. Loggers recorded temperature at 1-h intervals. The accumulated degree 

days for each winter were calculated as the average of the maximum temperature and 

minimum temperature for each day summed over the duration of the season.  

2.4. Results 

A total of 29 juvenile lake sturgeon were tagged as part of this project, ranging 

in size from 453 to 874 mm TL (Table 2.2). In April 2017, one juvenile (595 mm TL)  
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There was a significant difference between the home range sizes (both core use and 

overall use) of juveniles and adults in fall and winter (Mann Whitney U-test, P < 0.05). 

Juvenile home ranges were overall smaller than adult home ranges in the fall (median 

95% LDE home range juveniles: 5.9 km2, median 95% LDE home range adults: 7.3 

km2) but larger than adult home ranges in the winter (median 95% LDE home range 

juveniles: 5.2 km2, median 95% LDE home range adults: 3.9 km2).  

 

Figure 2. 2. Boxplot of seasonal (a) 50% LDE home range size and (b) 95% LDE home range size 
for tagged adult (light grey) and juvenile (dark grey) lake sturgeon in Lake Champlain. Home 
range sizes include individual home ranges across all years of the study (August 2017 to July 2020). 
Seasons with significant differences (Mann Whitney U-test, P < 0.05) between adults and juveniles 
are denoted with an asterisk. 
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Cumulative home range analysis indicated that the area of overlap between 

adult and juvenile home ranges was highest in the summer and fall in all three years of 

the study (Figure 2.3). The amount of area that was unique to juvenile lake sturgeon 

was the highest in the winter and spring. The amount of area that was unique to adult 

lake sturgeon varied across seasons in the three years of the study but was always 

lowest in the winter of each year. These results correspond with the spatial trends  

 

Figure 2. 3. The area of the cumulative home range for adults only (black), juveniles only (light 
grey), and the area of overlap between the two life stages (dark grey) for each season in year 1 (a), 
year 2 (b), and year 3 (c) of the study.  

 

0
2

4
6

8
1

0
1

2
1

4

 

0
2

4
6

8
1

0
1

2
1

4
0

5
1

0
1

5
2

0
2

5

Fall Winter Spring Summer

A
re

a
(k

m
2 )

a)

b)

c)

0

5

10

15

20

25
0

2

4

6

8

10

12

14

0

2

4

6

8

10

12

14

Adults only Overlap Juveniles only



 

30 

observed in the seasonal cumulative home range maps (maps for all seasons are 

included in Appendix B). Juvenile and adult distributions overlapped in the summer  

 

Figure 2. 4. Cumulative overall use areas (95% LDE home ranges, top) and core use areas (50% 
LDE home ranges, bottom) for tagged juvenile (left) and adult (right) lake sturgeon in the summer 
in Lake Champlain. Shading of each cell (250 x 250 m) is based on the number of lake sturgeon 
that had the given cell as part of their home range. The area of overlap between adults and 
juveniles is shown by the black hatch pattern. These maps are the result of combining home ranges 
for each season for each year of the study (August 2017 to July 2020). Black circles denote 
receivers that were deployed for the duration of the study and black triangles denote receivers that 
were deployed in fall 2019. Depth contours (10 m) are included in each panel.  
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Figure 2. 5. Cumulative overall use areas (95% LDE home ranges, top) and core use areas (50% 
LDE home ranges, bottom) for tagged juvenile (left) and adult (right) lake sturgeon in the winter 
in Lake Champlain. Shading of each cell (250 x 250 m) is based on the number of lake sturgeon 
that had the given cell as part of their home range. The area of overlap between adults and 
juveniles is shown by the black hatch pattern. These maps are the result of combining home ranges 
for each season for each year of the study (August 2017 to July 2020). Black circles denote 
receivers that were deployed for the duration of the study and black triangles denote receivers that 
were deployed in fall 2019. Depth contours (10 m) are included in each panel. 

(Figure 2.4), with the areas around the shallow water receivers being included in the 

home ranges of a higher number of individuals. During winter, the distribution of adults 

contracted to the shallow area of the central portion of the Winooski River delta, near 
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Figure 2. 7. The number of tagged juvenile (a, b) and adult (c, d) lake sturgeon that were detected 
(black bars) in the Winooski River and Burlington Bay in each month of the study period. Grey 
bars indicate the number of fish with active tags during each month of the study. 

receivers located at the spawning site. Juveniles remained at the river mouth (rkm 0) or 

in the lower river (below rkm 8) during the spring and summer months. Tagged 

juveniles that were detected in the Winooski River ranged in size from 470 to 874 mm 

TL, while individuals detected only in the river mouth ranged in size from 562 to 808 

mm TL. 

2.4.4. Movements into Burlington Bay 

Throughout the duration of the study, more juveniles than adults were detected 

on the receivers located in deep water in Burlington Bay (Figure 2.7b and d). 

Detections of adult lake sturgeon occurred in the summer and fall, while detections of 

juveniles were primarily during the fall, winter, and spring months. For juveniles, most 

of the distinct detections on the Burlington Bay receivers lasted less than 2 days at a 

time. There were a few notable exceptions; one juvenile was detected in Burlington 
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Figure 2. 8. Example of the long-range movements of individual (a) juvenile and (b) adult lake 
sturgeon in Lake Champlain. The receivers in the Winooski array are shown as grey circles, 
receivers outside the Winooski array where the individual sturgeon was not detected are shown as 
white circles, and receivers outside the Winooski array where the sturgeon was detected are shown 
are black triangles. The y-axis of each plot is scaled to approximate distance between receivers. 
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On multiple receivers on the western side of the central Main Lake of Lake Champlain 

(Figure 2.1, Figure 2.5). 

Adult lake sturgeon were detected on Winooski array receivers on average 88% 

of the days the tags were active during the study period (quantiles: 79%, 93%, 95%). 

When not within the Winooski array, the majority of adults (n = 14) were commonly 

detected at a receiver 5 km north of the northern end of the Winooski River delta during 

the summer and early fall. Three adults were detected on the Gordon Landing receiver, 

with detections taking place in the months of April through October. The longest 

movements undertaken by an adult lake sturgeon were by a single fish that repeatedly 

left the Winooski River delta each summer. This individual moved as far north as the 

receiver at Hog Island, located 44 km north of the mouth of the Winooski River (Figure 

2.8b).  

2.5. Discussion  

To my knowledge, this is the first study to report free-ranging movements of 

both juvenile and adult lake sturgeon in a large lake system. Many telemetry studies of 

juvenile lake sturgeon have focused on river systems, both large and small (Lord 2007; 

Barth et al. 2009; Jonahson 2010; Trembath 2013; Boase et al. 2014), or small lakes 

(Holtgren and Auer 2004, 17 km2; Smith and King 2005b, 41 km2; Altenritter et al. 

2013, 17 km2). Telemetry studies of adults have similarly focused on river systems 

(Knights et al. 2002; Trested et al. 2011; Lacho 2013) and small lakes (Hay-

Chmielewski 1987, 41 km2), but also movements throughout large lakes (Rusak and 

Mosindy 1997, 4348.6 km2; Boase et al. 2011, 1100 km2). Lake Champlain has a 

surface area of 1269 km2 and is 193 km long from north to south. Despite access to a 
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large area of diverse habitats in the system, most of the tagged lake sturgeon (both 

juvenile and adult) remained within the focal area of the Winooski River, the 

surrounding delta, and Burlington Bay for the duration of the study period. Juvenile 

lake sturgeon are often reported to have high site fidelity (Holtgren and Auer 2004; 

Lord 2007; Altenritter et al. 2013; Trembath 2013; Boase et al. 2014). Adults have also 

been reported to return to core areas (Knights et al. 2002; Gerig et al. 2011). I 

documented that both juvenile and adult lake sturgeon have high site fidelity to the 

Winooski River delta. For adults in particular, movements outside of the Winooski 

River delta were rare, with the exception of movements into the Winooski River during 

the spawning period.     

Juvenile and adult home ranges overlapped on the Winooski River delta, with 

this largest area of overlap seen during the summer and fall. The shallow water of the 

Winooski River delta likely provides substantial foraging opportunities for both 

juveniles and adults. Most of the area lacks vegetation, even in the summer months. 

Additionally, while I do not have data on the benthic invertebrate community on the 

delta, zebra mussels were often observed in the substrate during trotline surveys where 

lake sturgeon were captured (L.K. Izzo, unpublished data). Previous studies have 

documented the absence of juvenile lake sturgeon in vegetated habitats (Smith and 

King 2005b; Werner and Hayes 2005; Altenritter et al. 2013). Small juvenile lake 

sturgeon (< 200 mm) have a hard time foraging in areas with heavy zebra mussel cover 

(McCabe et al. 2006). However, diet work in Oneida Lake as well as selectivity 

analysis in the North Channel of the St. Clair River have suggested that zebra mussels 

may be an important food source for lake sturgeon > 700 mm (Jackson et al. 2002; 
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the juveniles in this study were investigating alternative overwinter sites. All tagged 

juveniles that left the Winooski array eventually returned to the Winooski River delta in 

the spring or summer, further supporting the importance of this area for foraging lake 

sturgeon of multiple life stages.  

The lake sturgeon life cycle involves adults spawning in riverine habitats (Bruch 

and Binkowski 2002; Smith and Baker 2005; Chiotti et al. 2008), larvae drifting 

downstream (Auer and Baker 2002; Smith and King 2005a), and then age-0 fish 

spending at least their first couple months in their natal river (Kempinger 1996; Benson 

et al. 2006). Age-0 juveniles have been documented exiting their natal river as 

temperatures drop in the fall to overwinter in lakes (Holtgren and Auer 2004; Benson et 

al. 2005). In my study I did not observe any age-0 lake sturgeon. However, the three 

juveniles that were captured in the Winooski River in October 2018 exited the river in 

early November to overwinter in Lake Champlain. One of these juveniles was 

determined to be age-1 by its pectoral fin spine, and I assume the others were from the 

same cohort based on their similar size. The limited number of juveniles that I was able 

to capture in the Winooski River suggests that it is possible that lake sturgeon spend 

their entire first year of life in their natal river in this system before exiting to Lake 

Champlain. However, one of the tagged juveniles initially captured in the Winooski 

River did return to the river the following spring and summer after spending the winter 

in the lake. These results indicate that capture of age-1 or age-2 juveniles lake sturgeon 

within a river may not necessarily mean that those individuals have been in the river 

since they hatched.  
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CHAPTER 3: MULTI-RUN MIGRATORY BEHAVIOR OF ADULT MALE 

LAKE STURGEON IN A SHORT RIVER 

3.1. Abstract 

Lake sturgeon (Acipenser fulvescens) can migrate long distances to spawn, but 

lake sturgeon in the Lake Champlain basin have historically only had access to migrate 

through 12 to 25 km of riverine habitat before the first natural barrier. With the 

increased prevalence of shortened rivers due to dam construction, focusing on 

migratory dynamics in short rivers (< 30 km) is beneficial to understanding the 

migratory needs of lake sturgeon populations. Here I document lake sturgeon 

movements during the spawning period in the Winooski River, Vermont; a river with 

only 17 km to the first natural upstream barrier. Lake sturgeon were acoustically tagged 

(n = 29) and tracked using five to nine stationary receivers from 2017 to 2019. River 

discharge, temperature, the lagged effect of temperature (3-day), and time of day were 

significant factors describing upstream movements of tagged fish. Migrating lake 

sturgeon (all males; n = 10 in 2017, n = 18 in 2018, and n = 17 in 2019) displayed 

general movement patterns during the spawning period that included a single run 

upstream to the spawning site (60%), upstream and downstream movements throughout 

the river during the season (20%), or multiple runs made up the entire length of the 

spawning tributary to the spawning site (20%). No multi-run males were observed 

during 2018 when discharge was less flashy than in 2017 and 2019. These results 

suggest that the prevalence of multi-run spawning behavior of male lake sturgeon is 

related to flow conditions. 
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3.2. Introduction 

The capacity to migrate allows organisms to use spatially and temporally 

distinct habitats to optimize fitness at different points in their life cycle. Migration as 

part of a life-history strategy is favored in seasonal environments where individuals can 

take advantage of cyclical, predictable environmental variation to optimize recruitment 

success (Winemiller and Rose 1992). In fishes, migration of adults typically occurs 

between spawning, foraging, and wintering habitats throughout the year (Harden Jones 

1968; Secor 2002). Both internal (i.e., ontogenetic and genetic) and external (i.e., light, 

temperature, and hydrology) factors are important drivers of migratory behavior (Lucas 

and Baras 2001). External factors, particularly river discharge and temperature, have 

been noted as drivers of upstream spawning migrations for multiple migratory species 

that move into and upstream in rivers to spawn (Alabaster 1990; Lucas and Baras 2001; 

Binder et al. 2010; Peterson et al. 2017), including in the highly migratory family 

Acipenseridae (sturgeons) (Kieffer and Kynard 1993; Rusak and Mosindy 1997; 

Forsythe et al. 2012; Vine et al. 2019).   

As a potamodromous species, lake sturgeon (Acipenser fulvescens) migrate 

between foraging areas and spawning sites entirely within fresh water (Bruch et al. 

2016). In many lake sturgeon populations, the migrations to optimize suitable habitat 

take place between lake and riverine systems. Upstream movements and spawning take 

place when temperatures rise to between 6 and 16 ºC from mid-April to mid-June 

(Bruch and Binkowski 2002; Forsythe et al. 2012). Flow conditions are also an 

important factor in the spawning migrations of lake sturgeon, with studies noting that 

the increase in spring discharge (Rusak and Mosindy 1997) or the change in flow 
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conditions (i.e., receding flows following the high spring flows, Forsythe et al. 2012) 

results in adult lake sturgeon moving upstream. Males typically move towards the 

spawning site before females, and both sexes stage in deep holes (> 2 m) near spawning 

sites prior to spawning (Bruch and Binkowski 2002; Daugherty et al. 2009). Following 

spawning, adults will return to either lakes or the lower sections of large rivers to 

forage and overwinter (Rusak and Mosindy 1997; Ecclestone et al. 2020). While some 

aspects of this migratory pattern are consistent across populations, migration and 

habitat selection of lake sturgeon are highly plastic (Pollock et al. 2015; Bruch et al. 

2016), and still poorly understood in many systems. 

The primary hypothesis relating to available migratory corridors for lake 

sturgeon spawning suggests that a minimum of 250-300 km of barrier-free lake and 

riverine habitat is necessary to allow for successful gamete maturation, and, therefore, a 

self-sustaining population (Auer 1996a). While lake sturgeon can migrate long 

distances to spawn (Rusak and Mosindy 1997; Wishingrad et al. 2014), lake sturgeon in 

the Lake Champlain basin have historically only had access to migrate through 12 to 25 

km of riverine habitat before the first natural barrier. The rivers of Lake Champlain 

present an opportunity to gain information on lake sturgeon migratory dynamics in 

short rivers (< 30 km), especially as the prevalence of short river systems is increasing 

due to the construction of dams (Auer 1996a; Daugherty et al. 2009).  In this study, I 

focus on the Winooski River, Vermont, where spawning lake sturgeon have access to 

only 17 km of river before the first barrier to upstream migration. Specifically, my 

objectives were to 1) characterize the migratory behavior of adult lake sturgeon in the 

Winooski River, and 2) test for associations between movement patterns and key 
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environmental factors (temperature and discharge) that have influenced lake sturgeon 

migration in other long and short river systems. 

3.3. Methods 

3.3.1. Study Area  

The Winooski River is a tributary to Lake Champlain. Lake Champlain is a long 

(193 km) and narrow (20 km at its widest point) lake that is home to remnant 

populations of lake sturgeon, which were listed as endangered in Vermont in 1972 

(MacKenzie 2016). Historically, lake sturgeon populations were known to spawn in 

four tributaries on the Vermont side of the lake, all with access to only 12 to 25 km of 

riverine habitat before the first natural barrier. While some of the spawning tributaries 

in Lake Champlain have experienced habitat loss due to the construction of dams, the 

first dam on the Winooski River was built on a former natural fall line 17 km from the 

river mouth. Despite the addition of the dam, the spawning and adult staging habitat in 

the Winooski River is assumed to be largely intact. No stocking has taken place in the 

Winooski River or any of the other tributaries to Lake Champlain (MacKenzie 2016). 

The Winooski River enters Lake Champlain just north of Burlington, VT (Figure 3.1). 

The only known lake sturgeon spawning site in the river is located just downstream of 

the Winooski One Dam at river kilometer (rkm) 17. The Winooski One Dam operates 

as a run-of-river facility (Nyqvist et al. 2017). The median daily discharge in the lower 

Winooski River ranges from 140 m3/s in early April to 20 m3/s at the end of June (U.S. 

Geological Survey gauge at Essex Junction, VT), and is considered flashy (i.e., steep 

increases in discharge with equally steep declines) during the time period when lake  
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Temperature values for 2017 and 2018 were calculated using the relationship between 

the U.S. Geological Survey gauge at Montpelier, Vermont and the HOBO temperature 

logger in the lower Winooski River in 2019 (Lower Winooski Temperature = 0.850421 

× USGS Montpelier Temperature + 1.525254, R2 = 0.9538, p < 0.001). 

3.3.6. Statistical Analyses  

I used generalized linear mixed models (GLMM, binomial family, logit link 

function) to examine the effects of environmental variables on lake sturgeon 

movements. Acoustic telemetry data from tagged lake sturgeon were extracted to focus 

on the spawning period (April 1 to June 30). Observations of tagged lake sturgeon were 

condensed into six-hour timesteps, with the location (upper river, mid-river, lower 

river, and Lake Champlain) of each tagged lake sturgeon recorded at 0:00, 6:00, 12:00, 

and 18:00 each day during the spawning period. During each timestep, each individual 

was assigned a movement behavior (upstream, downstream, or holding), based on their 

current and previous locations. For example, a fish detected in the lower river at 18:00 

and then in the mid- or upper river at 0:00 was considered to move upstream in that 

timestep.  

In all models, previous location, timestep, and year were included as random 

effects. I also investigated including individual as a random effect, however, including 

individual led to issues with singularity during model fitting. Since the random effect 

structure of the model that included previous location, timestep, year, and individual 

was too complex to fit with this data set, I decided to drop individual to avoid 

overfitting. Removing individual as a random effect from the model structure did not 

change the overall results.  
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Temperature patterns were similar in all three years studied, while discharge 

patterns varied (Figure 3.2). In 2017, multiple peaks in water level occurred throughout 

the season (Figure 3.2a). The spawning period in 2018 started with an initial high-water 

event, followed by low discharge throughout the remainder of the season (Figure 3.2b). 

The highest flow year was 2019, which saw multiple high-water events throughout the 

spawning period (Figure 3.2c).  

 Over the three years, 45 individual movement behaviors were classified in to 

five general patterns of adult lake sturgeon during the spawning period: 

1) Single Run Fast spawners (n = 14) made one direct movement (in < 24 hr) to 

the spawning site from the lake or the lower river, remained in the area of 

the spawning site for less than six days, and made a single direct movement 

back to Lake Champlain (Figure 3.3a). These individuals sometimes made 

small movements (< 2 km) within the lower river prior to starting their 

migration upstream.  

2) Single Run Holding spawners (n = 13) made one direct movement (in < 24 

hr) to the spawning site from the lake or the lower river, remained in the area 

of the spawning site for more than six days, and made a single direct 

movement back to Lake Champlain (Figure 3.3b). These individuals 

sometimes made small movements (< 2 km) within the lower river prior to 

starting their migration upstream.  

3) Multi-Run In-River spawners (n = 3) made more than one trip from the 

lower river to the spawning site during the spawning period (Figure 3.3c). 
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on their initial run in 2019 (median = 11 days). Multiple holding sites were also 

identified by mobile tracking throughout the river in 2017. Each holding site only 

contained one individual sturgeon during a single mobile tracking survey, and these 

sites were not used consistently throughout the season. When lake sturgeon exited the 

river before returning for an additional run, they spent between 10 hours and 17 days in 

Lake Champlain in 2017 (median = 6.5 days) and between 3 hours and 4 days in the 

lake in 2019 (median = 3 days). Two fish returned to the Winooski River after spending 

2 and 4 days in the lake in 2018, but these fish did not proceed all the way upstream to 

the spawning site.   

The top model identified for the probability of upstream movement included a 

significant relationship with daily mean discharge (negative quadratic), daily mean 

temperature (negative quadratic), a positive relationship with the change in river 

temperature at a 3-day lag, and diel period, with the probability of moving upstream 

being higher at night (Table 3.2, Figure 3.4a). The negative quadratic relationships with 

daily mean discharge and daily mean temperature indicate that there is an optimal range 

of conditions for upstream movement, with the highest probability of upstream 

movement in the Winooski River coinciding with a discharge of about 250 m3/s and 

temperatures between 8 and 15 ºC (Figure 3.5). For the models tested for downstream 

movement, three were considered competitive (Table 3.3). The squared term for 

discharge or temperature was not significant in the downstream models, indicating that, 

in contrast to the upstream movements, the probability of moving downstream was not 

quadratic. Instead, all competitive models for downstream movement included a 
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Figure 3. 4. Odds ratios (plus 95% confidence intervals) for each fixed effect included in the top 
model for upstream (a) and downstream (b) movement of tagged lake sturgeon. Estimates and 
significance level of each term are included next to each point. Significance of coefficients denoted 
as: p = 0.000 ***, p < 0.001 **, p < 0.05 *. 

significant negative relationship with daily mean discharge and a positive relationship 

daily mean temperature. Diel period was also significant in the downstream movement 

models, with the probability of moving downstream also being higher at night (Figure 

3.4b). Additionally, the third competitive model included a significant, positive 

relationship with the change in river discharge at a 1-day lag.  

 
Figure 3. 5. Predicted outputs from Model 1 (see Tables 3.2 and 3.3) for the probability of (a) 
upstream and (b) downstream movement by adult lake sturgeon based on the significant discharge 
and temperature variables of interest. Shaded areas denote 95% confidence intervals. 
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3.5. Discussion 

Lake sturgeon migrations are often reported to occur in one movement upstream 

to the spawning site followed by a secondary movement returning to the foraging area.  

In contrast, I observed male lake sturgeon making multiple runs up the entire length of 

their short (17 km) spawning river in two out of the three years studied. While male 

lake sturgeon do participate in multiple spawning bouts during a single season in larger 

systems (Bruch and Binkowski 2002; Caswell et al. 2004; Bruch et al. 2016), they are 

often observed remaining in the river downstream of the spawning site in deeper water 

before making subsequent attempts to spawn (Bruch and Binkowski 2002; Peterson et 

al. 2007). Lake sturgeon of either sex have not been widely observed to leave the 

spawning tributary entirely before returning for a second (or more) spawning run, with 

the exception of the population that spawns in the Upper Black River, Michigan. Male 

lake sturgeon in the Upper Black River make between one and four full river 

migrations during a single spawning season (Larson et al. 2020). Notably, the Upper 

Black River has been restricted to only 11 rkm by a dam, so lake sturgeon in this 

system also traverse very short distances between the spawning site and their foraging 

habitat in Black Lake, Michigan. While many of the short rivers that lake sturgeon 

spawn in have been shortened by the construction of dams, it is important to note that 

lake sturgeon in the Winooski River historically only had access to 17 km of riverine 

habitat. The Winooski One dam was built on a natural fall line that previously restricted 

lake sturgeon migration to the lower portion of the river (Moreau and Parrish 1994) and 

operates run-of-river (Nyqvist et al. 2017). The observation of multi-run spawners in 
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both the Upper Black River and the Winooski River suggests that this behavior may not 

be due to the construction of dams, but instead the length of the migratory stretch that 

lake sturgeon must travel to reach the spawning grounds.   

Migration allows fishes to optimize use of spatially and temporally distinct 

habitats for foraging and spawning, but it also is an energetically costly act, especially 

prior to reproduction (Lucas and Baras 2001). Lake sturgeon in other systems migrate 

between 60 and 100 km to spawning sites upstream (Auer 1996a; Ecclestone et al. 

2020), and it has been hypothesized that, based on their large size, are likely capable of 

migrating more than 1000 km (Auer 1996a). In the Winooski River, adult lake sturgeon 

travel <17 km upstream to reach quality spawning habitat. When considering the 

multiple migrations made by males during the spawning period, individuals were 

actually documented to travel up to 117 rkm (upstream and downstream) in the river in 

a single season, similar in distance to the migrations of some other populations in 

longer rivers (Auer 1996a; Ecclestone et al. 2020).  

Generally, lake sturgeon of both sexes will hold near spawning areas during the 

season for a week to almost two months to wait for ideal spawning conditions and, for 

males specifically, to participate in additional spawning events (Bruch and Binkowski 

2002; Lallaman et al. 2008; Thiem et al. 2013). I identified multiple holding sites in the 

Winooski River, particularly within 1 km of the spawning site. Some males were 

documented using these holding sites throughout the season, sometimes for weeks at a 

time, while others left the Winooski River and spent time in Lake Champlain prior to 

subsequent movements to the spawning site. With abundances in Lake Champlain still 
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reduced from historic levels (MacKenzie 2016) and multiple suitable holding areas 

farther downstream from the spawning site, it is unlikely that males left the river due to 

high density or poor conditions in holding areas. Remaining on the spawning site can 

increase reproductive success of male lake sturgeon by allowing for more exposure to 

spawning females (Larson et al. 2020); however, fish do not feed on the spawning sites 

so adults may gain some energetic advantage by minimizing time holding in the river 

(Auer 1996b). From my study, it is unclear if returning to the lake during the spawning 

season could offer energetic advantages to spawning males. Further study into the 

tradeoffs of holding on the spawning site versus moving back to lakes prior to multiple 

spawning attempts would be of interest to understanding this behavior.  

Across years males changed their behavioral patterns during the spawning run, 

suggesting that migration, and in particular multi-run migration, is a plastic behavior in 

males in the spawn in the Winooski River. While drivers of migratory behavior include 

both internal and external factors (Lucas and Baras 2001), I do not have access to 

information on any internal factors (i.e., genetics, reproductive condition) that may 

have played a role in the behavioral patterns of the fish in this study. However, the 

individual changes in behavior across years suggests that external factors (i.e., 

environmental cues) may play a role in the prevalence of the multi-run migratory 

behavior of male lake sturgeon in the Winooski River. In this study, males making 

multiple migrations upstream were detected in two out of the three years. No multi-run 

males were observed during the 2018 spawning run, and movements into and out of the 

Winooski River were condensed primarily into the period May 1 to May 16. Following 
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an initial high-water period at the beginning of May, flow conditions in 2018 were less 

flashy than 2017 and especially 2019. The stable discharge patterns may have resulted 

in fewer males making second or third runs upstream after moving back to Lake 

Champlain in 2018.  

My results indicate that the overall drivers of upstream migration in lake 

sturgeon that spawn in this short river are similar to patterns that have been documented 

in other systems. The top model to describe the probability of upstream movement for 

the tagged male lake sturgeon included discharge and temperature, which are 

commonly identified as key drivers in lake sturgeon migration and spawning (Auer 

1996b; Rusak and Mosindy 1997; Bruch and Binkowski 2002; Lallaman et al. 2008; 

Forsythe et al. 2012). Though the models identified an optimal range of conditions for 

upstream movement in the Winooski River, there was a lot of variability in the 

probability estimates for discharge and temperature. The models that described 

downstream movement also included discharge and temperature, but no obviously 

optimal relationship was found for downstream movement of lake sturgeon. Instead, I 

found that adult sturgeon left the river as temperatures rose each year, though fish 

always remained in the river through the first week of June in all years studied.   

The change in river conditions can also be an important driver of migratory 

activity in riverine spawning populations. My models included a positive lagged effect 

of temperature over a 3-day period, indicating that the probability of upstream 

movement increased with low but increasing temperature. This trend was especially 

evident in the early part of 2018, where fish started moving into the Winooski River as 



 

68 
 

temperatures increased from 5 to 10 ºC over a couple of days in early May. Lagged 

effects of discharge predicted the number of individuals entering a river during the 

spawning season in the Upper Black River (Forsythe et al. 2012), though the variables 

describing the lagged effect of discharge were not significant in my top models. While 

not statistically significant, the lagged effect of discharge over a 24-hour period was 

included in my top model (p = 0.07). The trend observed in my study was the same as 

the trend in the Upper Black River (Forsythe et al. 2012), with more individuals 

moving upstream as flow conditions decreased over the previous time period. The lack 

of significance in the lagged discharge term may have been due to the high variability 

in discharge in the Winooski River during the spawning period combined with the low 

number of individuals monitored (n = 20 over three years in my study compared to > 

200 spawners per year in the Upper Black River).  

Lastly, the probability of both upstream and downstream movements had a 

significant relationship with diel period, with the probability of movement being higher 

at night (18:00 to 06:00) in either direction. Nocturnal and crepuscular patterns in lake 

sturgeon occur in other systems during both migratory and non-migratory time periods. 

Lake sturgeon activity was higher at night in the Niagara River and Lake Erie (Kough 

et al. 2017), and time of day (dawn and dusk) was noted to predict river entry of 

spawning lake sturgeon in the Upper Black River (Forsythe et al. 2012).  

Low abundances of lake sturgeon in Lake Champlain and higher residency 

times of males at spawning sites led to a disproportionately large number of males 

tagged by VFWD compared to females (C. MacKenzie, VFWD, unpublished data). The 
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two females that were tagged did not enter the Winooski River for the spawning run in 

the three years studied, so it is unknown if similar movement patterns would be seen by 

female lake sturgeon. Females were observed making multiple runs in the Upper Black 

River, though to a much lesser extent than males (D. Larson, Michigan State 

University, unpublished data). Male arrival to the spawning site often occurs before 

females, as seen in Wolf and upper Fox Rivers in Wisconsin (Bruch and Binkowski 

2002), but residence time at the spawning site did not differ between sexes in the 

Richelieu River, Quebec (Thiem et al. 2013). Increasing the number of female lake 

sturgeon tagged in Lake Champlain and other understudied systems will be important 

in filling in data gaps.  

In this study, I observed male lake sturgeon from a population that only has 

access to 17 km of riverine habitat making multiple movements upstream and 

downstream during the spawning period, despite the availability of holding areas near 

the spawning site. As with initial sturgeon spawning runs, the incidence of multiple 

spawning migrations in male lake sturgeon is likely driven at least partially by changing 

discharge conditions throughout the season, though the full suite of drivers for this 

behavior remain unknown. Additionally, while multiple full river spawning runs of 

male lake sturgeon in a single season were observed in another short river system 

(Upper Black River, Michigan, restricted to 11 rkm by the construction of a dam; 

Larson et al. 2020), the prevalence of this behavioral pattern between sexes and across 

the range of the species remains understudied. Movements during the spawning period 

could have important implications for the protection and monitoring of vulnerable 
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populations. Upstream and downstream movements away from presumed holding sites 

near spawning areas could expose spawning adults to additional stressors (i.e., 

incidental fishing pressure) in other habitats during the spawning period. Additionally, 

with advanced sonar technologies being used more frequently to assess sturgeons 

without capture (Auer and Baker 2007; Flowers and Hightower 2016; Hughes et al. 

2018; Mora et al. 2018), an understanding of migratory dynamics during the spawning 

period could be key to avoid overestimation in populations that are observed remotely. 

Further research to describe how lake sturgeon move within and between habitats 

across the different systems throughout their range would be an important step in 

optimizing protection and monitoring of this imperiled species.  
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the season varied across the three years studied, showing the importance of 

incorporating the parameters estimated from acoustic telemetry into the resulting 

abundance estimates. Using this model framework that combined acoustic telemetry 

data with DIDSON counts, I was able to obtain the first estimate of abundance for 

spawning lake sturgeon in a Lake Champlain tributary, thereby minimizing handling of 

individuals from this endangered population.   

4.2. Introduction 

Declines in lake sturgeon (Acipenser fulvescens) throughout their range have 

been extensive, and populations of the species have been listed as extirpated, 

endangered, threatened, or of special concern in 18 U.S. states and 4 Canadian 

provinces (Bruch et al. 2016). Lake Champlain, on the eastern edge of the range of the 

species, historically supported populations that spawned in four Vermont rivers: the 

Missisquoi River, the Lamoille River, the Winooski River, and Otter Creek (Moreau 

and Parrish 1994). Following a sharp decline in harvest from a small commercial 

fishery in the late 1940s and 1950s (Halnon 1963), the fishery was closed in 1967 and 

the species was listed as endangered in Vermont in 1972. Following the listing, little 

information was collected on lake sturgeon until the late 1990s, when spawning was 

confirmed to still be occurring in the Missisquoi, Lamoille, and Winooski rivers 

(MacKenzie 2016).  

The ability to monitor abundance is essential for the management of fish 

populations. Changes in abundance can be used as indicators of the success or failure of 

management actions and can allow managers to document population decline or 
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recovery over time. Reliable estimates of abundance are particularly important for 

listed species as management actions can be triggered once a certain number of 

individuals is documented in a given population (MacKenzie 2016). For sturgeons, 

abundance has traditionally been assessed using mark-recapture methods at times of the 

year when fish can be easily captured (Thomas and Haas 2002; Irvine et al. 2007; 

Trested and Isely 2011; Wippelhauser and Squiers 2015). Though spawning adults have 

been captured during Vermont Fish and Wildlife Department (VFWD) surveys over the 

past 15 years, numbers caught have been low each year (< 10 individuals), and surveys 

have been challenging because of highly variable flow conditions during the spawning 

season. Therefore, traditional mark-recapture methods have been determined to be 

largely intractable to assess population size in the spawning tributaries. Additionally, 

repeated capture and handling of adults in spawning condition can cause aborted 

spawning runs (Moser and Ross 1995), or increase stress and chance of injury, and is 

not preferable for monitoring endangered sturgeon populations (Kahn and Mohead 

2010). Because of these challenges, estimates of abundance for lake sturgeon in any 

spawning tributary in Vermont do not exist, and alternative methods for assessing 

changes in lake sturgeon abundance have been identified as a critical need by VFWD 

(MacKenzie 2016). 

A possible alternative to mark-recapture methods is the use of hydroacoustics, 

which can be used to observe fishes without capture and handling. Broadly, 

hydroacoustics use transmitted sound to measure the distribution and abundance of fish, 

and include methods such as echo sounders, side-scan sonar, and high-resolution multi-
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(Martignac et al. 2015). Because an individual fish cannot be identified on DIDSON 

footage, it is important that fish migrate actively and uni-directionally, since back and 

forth movements would inflate counts (Martignac et al. 2015). Selecting a location in 

the river with laminar flow can help minimize the back-and-forth milling behavior in 

fishes (Enzenhofer and Cronkite 2000). However, there is evidence, albeit limited, that 

individual lake sturgeon make multiple full-river migrations throughout a single 

spawning season (Larson et al. 2020), including in the Lake Champlain basin (Chapter 

3). Lastly, ideally the beams should capture the entire width of the river channel; 

otherwise a weir or barrier should be used to direct fish through the beams (Petreman et 

al. 2014; Martignac et al. 2015). In some systems, installing a barrier might not be 

feasible due to recreational fishing and boat traffic, leaving the potential for gaps in 

spatial coverage.  

Acoustic telemetry has been used to inform population sampling and improve 

abundance models, including in studies that focus on estimating population parameters 

with sonar methods. Acoustic telemetry can be used to collect an extensive amount of 

information from a small number of fish, making it especially useful when studying a 

species that is difficult to capture in large numbers. The inclusion of telemetry data has 

been especially helpful for sturgeons, which often display complex life history and 

migratory patterns that vary by system. Data obtained from acoustically tagged fish 

have been used to inform catchability parameters in mark-recapture models of lake 

sturgeon (Withers et al. 2019), to adjust population estimates from mobile DIDSON 

surveys to include individuals outside of the study area for green sturgeon (A. 
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medirostris; Mora et al. 2018), and to extrapolate from estimates using side-scan sonar 

to the total number of Atlantic sturgeon (A. oxyrinchus) that participated in a spawning 

run over a season (Kazyak et al. 2020).  

In this study, I created an integrated Bayesian model to estimate abundance that 

uses data from acoustically tagged lake sturgeon to account for gaps in spatial coverage 

of the DIDSON and the potential for repeat migrations of lake sturgeon in the Winooski 

River. Bayesian inference can be especially useful in situations where small sample 

sizes might limit the power of more traditional frequentist methods (Dorazio 2016), and 

when multiple data types can be leveraged to propogate uncertainties through the model 

to estimate parameters to interest (in this case, lake sturgeon abundance). Additionally, 

Bayesian models may be used to estimate missing observations (Kery and Royle 2016), 

which can be valuable if there are temporal or spatial gaps in monitoring. Using this 

novel model, I was able to obtain the first estimate of abundance for spawning lake 

sturgeon in a Lake Champlain tributary, thereby minimizing handling of individuals 

from this endangered population.   

4.3. Methods 

4.3.1. Study Area  

I focused sampling for this study on a single spawning tributary because prior 

sampling by VFWD suggested that the Winooski River may represent the most 

productive spawning population in the Lake Champlain basin, as it has the largest 

number of adult spawners captured and acoustically tagged to date (C. MacKenzie, 

VFWD, unpublished data). The lake sturgeon spawning migration in the Winooski 
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River is limited to the lower 17 km by the Winooski One Dam, which was built on the 

site of a previous natural fall line (Figure 4.1). The spawning run of lake sturgeon in the 

Winooski River takes place each year between late April and mid-June (MacKenzie 

2016). 

4.3.2. DIDSON Deployment  

A dual-frequency identification sonar (DIDSON, Sound Metrics Corporation, 

Bellevue, Washington) was deployed next to the shoreline using a modified H mount 

less than 1 km downstream of the spawning site (Figure 4.1). The unit was set up with 

the field-of-view facing across the river, perpendicular to the flow. The fixed-location 

site was chosen due to ease of access, a consistent and reliable power source from the 

nearby wastewater treatment plant, and a gently sloping sandy bottom that allows the 

upper part of the sonar beam edge to track the surface of the water while the substrate is 

seen throughout most of the field-of-view (Martignac et al. 2015). At the deployment 

site, the channel width was approximately 60 m, which is a comparatively narrow 

section of the Winooski River that lake sturgeon migrate through to reach the spawning 

site. Due to the high number of anglers and boats present in the area during June, 

constructing a diversion fence to direct fish through the beams was not possible.  

The unit was operated 24 hours/day in low frequency mode (1.1 MHz, 48 

beams) during the spawning period in 2017, 2018, and 2019 (Table 4.1). In 2017, a 

standard DIDSON unit was used, operating with a window length of 20 m. The window 

starting distance was adjusted as part of testing throughout the season (between 5 and 

10 m from the unit).  A telephoto lens (Sound Metric Corporation, Bellevue, 
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Figure 4. 1. Map of the study area in the Winooski River, Vermont. Acoustic receivers are 
indicated by black circles, and the approximate area of DIDSON coverage is denoted by the grey 
triangle. The acoustic receiver next to the DIDSON along with the acoustic receiver downstream of 
the DIDSON were deployed in all three years of the study; the acoustic receiver upstream of the 
DIDSON on the south side of the island was deployed in 2018 and 2019, and the acoustic receiver 
upstream of the DIDSON on the north side of the island was deployed only in 2019. 

Washington) was added to the DIDSON in 2018 and 2019 to increase the resolution of 

the DIDSON in low frequency mode and increase cross-channel coverage. The 

telephoto lens increases return signals using narrower horizontal and vertical beam 

widths. Images are delivered in a concentrated 15º field-of-view (as opposed to the 

standard 29º field-of-view) with the same number of beams, allowing for observations 

of large fish targets at up to 40 m from the unit (S. da Costa, Sound Metrics, personal 
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receiver next to the DIDSON, and then was either detected on one of the receivers 

upstream of the DIDSON (in 2018 and 2019) or disappeared from the receiver array for 

a period of > 1 hour (in 2017 when the upstream receivers were not deployed). A 

movement downstream occurred from a series of detections in the opposite direction. If 

no clear direction could be determined, the movement was noted as unsure. Unsure 

movements were usually movements where the tagged fish was detected for a long 

period of time (> 1 hour) on the receiver next to the DIDSON, and it was unclear if the 

individual was holding in the range of the receiver or milling around in the area. 

Analysis of acoustic telemetry data revealed that tagged lake sturgeon were always 

detected in series on the acoustic receiver array from downstream to upstream, 

indicating that no tagged fish were missed by the stationary receivers. Because of this, I 

did not estimate detection probability of the acoustic receivers for use in the abundance 

model.  

4.3.5. Spawning Run Abundance Estimates  

To estimate the abundance of adult lake sturgeon in the Winooski River during 

a given spawning season, hourly counts from the fixed-location DIDSON were 

modeled using a Bayesian framework that used acoustic telemetry data to estimate 

parameters that account for the probability of observing sturgeon on the DIDSON as 

well as the probability of sturgeon moving past the DIDSON multiple times in a single 

season (Figure 4.3). Estimated model parameters (Table 4.2) included observation 

probability of the DIDSON, p(o), the true number of lake sturgeon targets, Nt, repeat 

probability, p(r), and the corrected abundance, NC. The parameter Nc represents the  
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Table 4. 2. Parameters that were included in the model to estimate abundance of spawning lake 
sturgeon in the Winooski River, Vermont. See Figure 4.3 for schematic description of Bayesian 
integrated model used to estimate parameters.    

Parameter Parameter meaning  Data used for estimation  
p(o)  Probability of observing a lake sturgeon on 

the DIDSON  
Acoustic telemetry 

Nt True number of lake sturgeon targets that 
moved past the DIDSON site  

Acoustic telemetry + 
DIDSON counts 

p(r) Probability that a lake sturgeon target is a 
fish that has moved past the DIDSON site 
at least once before (is a repeat)  

Acoustic telemetry 

NC Lake sturgeon abundance, corrected for the 
occurrence of fish passing the site multiple 
times 

Acoustic telemetry + 
DIDSON counts 

 

estimated abundance of spawning lake sturgeon in the Winooski River in a given 

season. The model parameters and their derivation are described below.  

For the purposes of the abundance estimate, only lake sturgeon moving 

upstream on the DIDSON were used to estimate the necessary parameters. On the 

DIDSON footage, potential targets moving downstream were more difficult to 

distinguish from floating debris if no swimming motion was observed, so I have 

higher confidence in identification of lake sturgeon moving upstream and removed all 

downstream moving targets from further analyses. A zero-inflated Poisson regression 

was used to model the true number of lake sturgeon targets that moved upstream past 

the DIDSON, accounting for observation probability p(o). Use of a zero-inflation 

model allows for the separation of true zeroes (when lake sturgeon are not migrating 

past the site) from zeroes due to lake sturgeon that are preset, but not observed on the 
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Figure 4. 3. Schematic describing the model used to estimate abundance of adult lake sturgeon 
migrating upstream during the spawning period in the Winooski River, Vermont. Dashed boxes 
indicate submodels that were informed by acoustic telemetry data. Bold, square boxes indicate 
collected data, while grey circles indicate estimated parameters (p(o) = observation probability of 
the DIDSON, p(r) = repeat probability, Nt = true number of lake sturgeon targets migrating 
upstream, and NC = corrected abundance of lake sturgeon). 

DIDSON. The model can be described by  

�V�ç���1���$�A�N�J�K�Q�H�H�E�:�W�;�� �:�s�; 
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where zt is the parameter that describes whether or not any lake sturgeon are moving 

past the DIDSON at hour t (the suitability at hour t for migrating lake sturgeon to be 

passing the DIDSON), Nt is the true number of lake sturgeon targets moving upstream 

in hour t, yt is the hourly count of lake sturgeon targets observed on the DIDSON, and 

p(o)j is the probability that a tagged lake sturgeon moving upstream would be observed 

on the DIDSON in year j.  
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Data used to estimate observation probability of the DIDSON was obtained 

from the tagged lake sturgeon and modeled as a binomial process to estimate a yearly 

observation probability p(o)j that fed into equation (3) above. Only movements 

classified as upstream where the tag detection interval on the receiver next to the 

DIDSON was less than 30 minutes were used to estimate p(o)j. If a lake sturgeon target 

was seen moving upstream on the DIDSON footage at the same time that a tagged lake 

sturgeon was detected also moving upstream, I considered that tagged fish to be 

observed on the DIDSON (and assigned it a 1). If, on the other hand, no lake sturgeon 

target was seen moving upstream on the DIDSON footage or if the only lake sturgeon 

target seen was moving downstream, I considered that tagged fish to not be observed on 

the DIDSON (and assigned it a 0).  

To provide better estimates of the missing data from 2019, covariates were 

placed on the z parameter in the zero-inflated Poisson regression. The z parameter, 

which is the parameter responsible for predicting whether or not any lake sturgeon 

migrated past the DIDSON in a given time period, was modeled as a linear regression 

of diel period (D, day or night) and the number of days since the Winooski River 

reached 6 ºC (S). The diel period was included because analysis of adult lake sturgeon 

telemetry data (Chapter 3) revealed that the probability of lake sturgeon moving 

upstream is higher at night, including through the area where the DIDSON was 

deployed, so I would expect more true zeroes during daylight hours. The number of 

days since the Winooski River reached 6 ºC was chosen because spawning behavior in 

other systems begins after temperatures reach 6 ºC (Bruch and Binkowski 2002). The 
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estimates and allowed researchers to gain information on challenging to study sturgeon 

populations. Previously, telemetry data have been used to supplement mobile DIDSON 

surveys of green sturgeon (Mora et al. 2018) as well as mobile side-scan sonar surveys 

of shortnose (Andrews et al. 2020) and Atlantic sturgeon (Kazyak et al. 2020). My 

model framework shows that telemetry data can also be useful in informing abundance 

estimates from fixed-location counting devices that are continuously monitoring a 

spawning run.  

Although the inclusion of acoustically tagged fish allowed me to estimate 

abundance in the system, the limited number of tagged individuals led to uncertainty in 

the estimates. The uncertainty in my model is largely based on the uncertainty 

surrounding the observation probability and repeat probability parameters, which are 

informed by the number of tagged lake sturgeon migrating in each year (n = 10 to 18 

depending on the year). An increased number of tagged individuals would likely 

provide increased precision of the observation probability and repeat probability 

parameters, which would lead to increased precision on the overall abundance estimate. 

 Currently, the acoustic telemetry parameters in the estimate are based on data 

from male lake sturgeon. Only two females were tagged by VFWD prior to this study, 

and neither female entered the Winooski River for the spawning run during the three 

years studied. The multi-run behavior of lake sturgeon has only been documented in the 

Winooski River (Chapter 3) and the Upper Black River, Michigan (Larson et al. 2020), 

with both studies focusing on the behavior of male lake sturgeon. Females were also 

observed making multiple runs in the Upper Black River, though to a much lesser 
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extent than males (D. Larson, Michigan State University, unpublished data). Based on 

this, I might assume that using only male lake sturgeon to inform my model could lead 

to a conservative estimate of abundance, as male lake sturgeon may be more likely to 

appear as repeat individuals than females. Further information on female migratory 

behavior would help improve abundance estimates in the Winooski River.  

Based on trends in the DIDSON counts combined with the acoustic telemetry 

data, I believe that the data collected captured the majority of the run in each year, 

including the primary peak in mid-May. While the goal of this study was to capture the 

entire spawning period of lake sturgeon in the Winooski River, high flows due to snow 

melt in mid- to late-April often prevented safe deployment of the DIDSON until water 

levels dropped to between 85 and 140 m3/s. In each of the three years of study, a few 

tagged lake sturgeon were detected in the upper river (just downstream of the DIDSON 

site) a few days prior to the DIDSON deployment. Based on these data, it is likely that 

some lake sturgeon were missed by the DIDSON monitoring.   

The observation probability of the DIDSON varied over the course of the study 

depending on the setup of the lens. In 2017, a standard DIDSON lens was used, so only 

20 m (~1/3) of the river channel could be seen. In 2018, the addition of the telephoto 

lens doubled the field-of-view of the DIDSON, allowing 40 m (~2/3) of the river 

channel to be seen. The change in lens corresponded to an increase in observation 

probability in 2018. I expected the observation probability in 2019 to be similar to 

2018; however, large storm events caused the lens to fill with sediment during the 

season. Even prior to total loss of visibility, lake sturgeon could only be seen in the near 
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field-of-view (< 15 m), likely leading to missed observations during the period that the 

unit was still operating. I attribute the low observation probability in 2019 to the impact 

of sediment on the DIDSON lens. While large storm events such as those in 2019 may 

not be common in the Winooski River, future work with the DIDSON in this system 

would benefit from including a sediment exclusion device to protect the lens (Atkinson 

et al. 2016).  

Repeat probability varied in the three years of the study. Individuals were more 

likely to be observed multiple times in 2017 and 2019 than in 2018. As noted in 

Chapter 3, adult male lake sturgeon were observed making more multi-run movements 

in 2017 and 2019. This behavior likely was influenced at least partially by the discharge 

patterns in the Winooski River over the three years studied. More variability in the 

discharge patterns led to more fish moving back and forth through the Winooski River, 

including through the section of river covered by the DIDSON. In contrast, the 2018 

season included less variable discharge patterns, and fish typically making a single 

movement upstream and a single movement downstream during the spawning period 

(Chapter 3). The behaviors observed by the tagged male lake sturgeon throughout the 

entire Winooski River correspond with the changes I saw in the estimated repeat 

probability, which focused only on the river reach where the DIDSON was deployed 

over the duration of the study. Flow conditions influence movements of spawning lake 

sturgeon (Rusak and Mosindy 1997; Forsythe et al. 2012), particularly movements into 

the spawning river and to the spawning site. While it is possible that the observation 

probability of the DIDSON could likely be standardized with more years of study, my 
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results show that the changes in lake sturgeon behavior year to year in the Winooski 

River could have a large influence on the repeat probability, and therefore, the ability to 

appropriately interpret DIDSON counts.  

While my study focused on lake sturgeon, the general model structure, 

implemented in a Bayesian framework to allow uncertainty to be propagated in a 

straightforward way through the model, could be used on a variety of species that 

migrate upstream to spawn. Counts using sonar are typically limited by the assumption 

that individuals are not observed more than once. Telemetry has become more widely 

used across aquatic systems (Hussey et al. 2015) and has been useful in informing 

estimates of abundances using a variety of model types (Mora et al. 2018; Withers et al. 

2019; Andrews et al. 2020; Kazyak et al. 2020). My model provides a framework for 

how telemetry data could be combined with sonar observations to create better 

inferences on count data from a fixed-location unit by incorporating fish behavior into 

abundance estimates. Through the combination of these two methods, I produced the 

first estimate of abundance for lake sturgeon in the Winooski River, Vermont. Despite 

the caveats discussed above, this method provides a minimally intrusive way to track 

changes in lake sturgeon abundance over time and monitor population recovery in the 

Lake Champlain spawning tributaries.  
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age estimates for sturgeons are obtained from the first marginal pectoral fin ray 

(commonly referred to as the fin spine), which can be removed non-lethally in the field. 

Capture-recapture methods and oxytetracycline (OTC) methods validated the formation 

of annuli on lake sturgeon fin spines in fish estimated to be between 4 and 36 years old 

(Rossiter et al. 1995). However, Rossiter et al. (1995) cautioned that the close spacing 

of some annuli can result in age underestimation. Other studies on lake sturgeon (Bruch 

et al. 2009; Hessenauer et al. 2018) and other sturgeon species (Rien and Beamesderfer 

1994; Paragamian and Beamesderfer 2003; Hurley et al. 2004) have also noted that the 

fin spine often underestimates true age, especially in larger (and therefore older) fish.  

Age estimation is also subject to error based on the variability of repeated 

measurements on the same structure by multiple readers. This error is quantified by 

measures of precision, and the amount of error that is acceptable in this sense can vary 

by species. Higher variability at higher ages is seen as more acceptable in long-lived 

species with structures that are more difficult to read (Campana 2001). For lake 

sturgeon, as well as other sturgeon species, between reader variability has been noted to 

increase with age when using the fin spine (Rien and Beamesderfer 1994; Rossiter et al. 

1995). Despite uncertainties related to precision and accuracy challenges, the fin spine 

is commonly used as it is the only structure that can be collected non-lethally to provide 

managers with age estimates for lake sturgeon.  

 While the fin spine is the main structure used for non-lethal aging of sturgeons, 

concerns over the effects of fin spine removal have made some managers hesitant about 

the practice. Research on Atlantic sturgeon (A. oxyrinchus) and shortnose sturgeon (A. 
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brevirostrum, Collins and Smith 1996), shovelnose sturgeon (Scaphirhynchus 

platorynchus, Parsons et al. 2003), and white sturgeon (A. transmontanus, Nguyen et al. 

2016) has found that fin spine removal has no effect on swimming performance, 

growth, or survival in a laboratory setting. However, mark-recapture studies examining 

survival in pallid sturgeon (S. albus, Steffensen and Hamel 2018) and white sturgeon 

(Kohlhorst 1979) have suggested that survival of wild sturgeons with a fin spine 

removed is lower than those without a fin spine removed. The concern over negative 

impacts associated with fin spine removal coupled with poor precision and the 

inaccuracy of fin spine ages from older fish has led the National Marine Fisheries 

Service to not recommend collection of fin spines from mature Gulf, shortnose, 

Atlantic, or green sturgeons (Kahn and Mohead 2010). The concerns over the removal 

of the fin spine go beyond the federally listed sturgeons, with biologists in some states 

being hesitant to take the fin spine from lake sturgeon because of the concerns stated 

above combined with concerns over further injury to the fin if fish are recaptured in a 

gillnet during sampling programs (e.g., conditions of Vermont Threatened & 

Endangered Species Takings Permit ER-2016-25). 

The concerns over the practice of removing the spine, particularly for federally 

listed sturgeons, have led to efforts to find a structure that is less invasive to remove in 

the field yet provides a similar estimate of age. The second marginal pectoral fin ray 

(referred to as the second fin ray for the remainder of this paper) has been identified as 

a potential alternative to the fin spine. A study with Gulf sturgeon (A. oxyrinchus 

desotoi, n = 222) concluded that the second fin ray produced consistent, reliable age 
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estimates that agreed with the fin spine for 96.5% of the estimated ages (maximum 

estimated age = 25 years old). Additionally, the second fin ray could be removed in the 

field in less than one minute by making a parallel cut with a scalpel on each side of the 

second fin ray and then using wire cutters to free the segment from the fin (details on 

second fin ray removal described in Baremore and Rosati 2014). The authors noted that 

when recaptured, removal sites for the second fin ray alone had healed dramatically 

compared to sites where fin spines had been removed using the traditional method 

(Baremore and Rosati 2014). Based on these results, use of the second fin ray for age 

estimation is being incorporated into permits for the federally listed anadromous 

sturgeons on the east coast (e.g., Gulf of Maine endangered species permit 20347-01).  

 The second fin ray has been used primarily in the federally listed sturgeons to 

date but has only been evaluated in one published study (Baremore and Rosati 2014). 

Further research, including other species of sturgeons, would be beneficial for assessing 

the broad applicability of the second fin ray as an age estimation tool. The use of the 

second fin ray has yet to be evaluated in lake sturgeon but may provide an alternative 

method that could be used to obtain important age information in systems where 

managers are hesitant to incorporate fin spine removal into their sampling programs. In 

this study, I determined if the second fin ray could be used as a substitute for the fin 

spine to age lake sturgeon by 1) using precision across readers to evaluate the 

readability of the second fin ray, 2) comparing ages estimated from both structures to 

true ages for a subset of known-age individuals to investigate the accuracy of the 

second fin ray compared to the fin spine, and 3) comparing ages estimated using the 
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lake sturgeon from Lake Champlain, a small section (approximately 1 cm in length) of 

the first through third fin rays was removed from a single pectoral fin at the time of 

capture. The proximal cut used to extract the fin rays was positioned at least 0.5 cm 

away from the point of articulation to avoid bleeding (Rossiter et al. 1995).  

5.3.2. Structure Processing and Age Estimation  

To replicate the type of samples that are collected during a field sampling 

program, a small section (approximately 1 cm in length) of the first through third fin 

rays was removed from each of the fin samples collected from the Lake Winnebago 

System and the mortalities collected from Lake Champlain. For all samples, a scalpel 

was used to separate the fin spine from the second fin ray. When the second fin ray was 

incorporated into the fin spine on both sides and could not be separated for age 

estimation (which was rare), the third fin ray was separated from the spine instead, 

again to replicate the type of samples that would have been collected during a field 

sampling program.  

 All samples were air-dried prior to mounting. Following methods similar to 

Koch and Quist (2007), both fin spine and second fin ray samples were mounted in 

epoxy (Electron Microscopy Sciences, Hatfield, Pennsylvania) and allowed to harden 

for a minimum of 24 hours. A Buehler IsoMet low speed saw (Buehler, Lake Bluff, 

Illinois) was used to cut three transverse sections at 0.2, 0.3, and 0.4 mm thick from 

each structure. Three different thicknesses were cut to investigate whether a variation in 

thickness would enhance annulus clarity in the second fin ray, and sections were sanded 

and polished as needed. For each individual fish, the three sections cut from a single fin 
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spine and the three sections cut from a single second fin ray were mounted on separate 

microscope slides to avoid bias during age estimation. Images of each section were 

taken under both transmitted and reflected light using an Infinity 1 digital camera 

(Lumenera Corporation, Ottawa, Canada) mounted to an Olympus SZX9 stereo 

microscope (Olympus Corporation, Tokyo, Japan). Only images were used by readers 

for estimating ages. Live viewing of sections under the microscope was investigated for 

estimating ages as well; however, ages estimated in live view were similar to those 

estimated from photos. Therefore, live viewing was not pursued further.  

 Ages of each fin spine and second fin ray were estimated independently by 

three readers. Two readers had multiple years (35+ and 5+) of experience estimating 

ages of fish using a variety of structures but had limited to no experience aging 

sturgeon, while the third reader was new to fish aging. Samples of known-age fin 

spines from the Cornell Biological Field Station were used to train readers. Because use 

of the second fin ray is new in lake sturgeon, no known-age samples of this structure 

were available for training. However, readers did read and discuss pictures of Atlantic 

sturgeon second fin ray cross sections obtained from the University of Maine prior to 

estimating ages for this study. The order of fin spine and second fin ray images was 

randomized to avoid any bias from previously viewed structures, and age estimates 

were made without knowledge of the fish identification number, capture location, 

biological information, and ages assigned by other readers. Readers had access to 

images of sections of all three thicknesses for each structure. Ages were estimated 

based on the clearest section or using a combination of all three sections, depending on 
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reader preference and sample quality. Consistent with standard age estimation methods 

for sturgeons, a single annulus consisted of one translucent ring and one opaque ring 

that were distinct and continuous around the section (Brennan and Cailliet 1989; 

Rossiter et al. 1995; Kahn and Mohead 2010; Baremore and Rosati 2014). For 

consistency, the edge was counted as an annulus in all samples since samples were 

taken from fish captured at different times of year (i.e., Lake Winnebago System in 

winter, Lake Champlain juveniles in summer and fall).  Extreme discrepancies in the 

fin spine ages estimated by one reader indicated the need for further training in age 

estimation. Following retraining using a series of samples aged by two sturgeon 

researchers not involved in this study, a subset of the fin spine samples (n = 35) for this 

study was aged a second time by the original reader. These 35 samples included the 

ones where age discrepancies were evident along with an additional 15 samples where 

discrepancies were not evident so the reader was not biased in a particular direction 

during re-aging. The new ages estimated for this subset replaced the original ages for 

the following analyses. These samples were aged over a month after the original set, 

and still without knowledge of fish identification number, capture location, biological 

information, or ages assigned by other readers.  

5.3.3. Precision, Accuracy, and Bias  

As a measure of readability for each structure, precision of age estimates across 

readers was determined using the coefficient of variation (CV) (Chang 1982):  
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where �: �Ü�Ý = the ith  age determination for the jth fish  

          �:�Ý = the mean age for the jth fish; and  

          �4 = the number of times each fish was aged.  

Therefore, a higher CV corresponds to greater differences in ages estimated by different 

readers, indicating poor precision. Mean CV values are reported to allow for direct 

comparisons to the age estimation literature. I also include median CV values since 

sample sizes in this study are small and individual CV values were highly variable. A 

paired sample Wilcoxon signed rank test was used to test for differences in CV for the 

ages estimated from the fin spine and the second fin ray.   

Age estimates from the fin spine and the second fin ray were compared using 

age bias plots (Campana et al. 1995). When true age was available from known-age 

fish, age bias plots were produced for true age vs. estimated age from both the fin spine 

and the second fin ray. Percent agreement (PA) between each structure and true age, 

calculated at exact agreement, ± 1 year, and ± 2 years was used to assess accuracy of 

the second fin ray compared to the accuracy of the fin spine. A paired sample Wilcoxon 

signed rank test was used to test for differences between how much each structure 

differed from true age.  

5.3.4. Acceptable Levels of Variation  

To account for potential increased reader variability with increasing age, I 

divided fish into four groups based on maturity status. Maturity status was chosen to 

delineate these groups because age inaccuracies from the fin spine in the Lake 

Winnebago System fish begin at the onset of gonadal development (Bruch et al. 2009). 
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4) Mature: Mature individuals include lake sturgeon that were identified as M2 

(fully developed male), F2 (early vitellogenesis female), F4 (fully developed 

female), or F6 (spent female) (Bruch et al. 2001). This group also included a 

single F1 individual that, based on its size (1608 mm TL), was most likely 

mature. It has been estimated that 100% maturity of females occurs at 1520 mm 

TL in the Lake Winnebago population (Bruch 2008). In this group I would expect 

variation in age estimates from the fin spine due to slow growth as fish age.  

Based on size, one mortality from Lake Champlain was placed in the developing group 

(1448 mm TL) and the other mortality was placed in the mature group (1981 mm TL). 

When appropriate, individuals in the young immature and immature groups are 

collectively referred to as juveniles, while the developing and mature groups are 

collectively referred to as adults.  

 Each group was given an acceptable level of variation (± years) to be used to 

assess an approximate match between the fin spine and the second fin ray for each 

reader for each fish. To do this, I chose to use the reader variability (the difference, in 

absolute value, between readings by two readers for the same fin spine) that I saw in 

my samples as a proxy for the acceptable variation I could see from the structure 

variability (the difference, in absolute value, between readings by a single reader for the 

fin spine and the second fin ray from the same fish). While these two metrics are 

influenced by different sources of bias, comparing structure variability between the fin 

spine and second fin ray to reader variability for the fin spine alone serves as a method 

to investigate if overall aging conclusions are likely to differ if using the second fin ray.  
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 For each group, two acceptable levels of variation (AV) were calculated: 1) 

AV-90, using the 90th percentile for the reader variability from the fin spine, and 2) 

AV-75, using the 75th percentile for the reader variability from the fin spine. In both 

cases, values were rounded to integers when necessary to report the acceptable levels of 

variation in ± years. The percentage of paired fin spine/second fin ray readings that fell 

within the acceptable levels of variation was calculated for each maturity group. If 

overall conclusions would not be different if estimating age using the second fin ray, I 

would expect these percentages to be close to 90% for AV-90 and 75% for AV-75. To 

ensure that my analyses would be comparable to readings produced by more 

experienced readers, I repeated the same acceptable level of variation analysis on a 

subset of samples where the individual CV of the fin spine was less than or equal to 

10% (low reader variability). This removed any samples where poor agreement 

between readers (due to inexperience) may have had an outsized effect on results.   

5.4. Results 

The three readers assigned ages to all second fin rays from 89 lake sturgeon. A 

subset of the fin spines (n = 20) could not be aged because the structure was degraded 

(parts of the top and/or center of the structure were missing). The 20 individual lake 

sturgeon with unreadable fin spines (including two known-age fish) were removed 

from analysis, leaving 69 individual fish that provided both fin spines and second fin 

rays with estimated ages (Table 5.1). 

5.4.1. Precision, Accuracy, and Bias  

Precision of age estimates across readers for the full dataset (n = 69 individuals) 
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Figure 5. 1. A) Age bias plots comparing true age of lake sturgeon to ages estimated from the fin 
spine (left) and the second fin ray (right) for the 16 known-age lake sturgeon that were each aged 
by three readers (48 readings total). Points are displayed as number of readings. The 1:1 line 
denoting an exact match between the true age and the age estimate is shown by boxes. The dotted 
lines indicate age readings that were ± 1 year from true age, and the dashed lines indicate age 
readings that were ± 2 years from true age. Note: One observation is omitted from the fin spine 
panel because the true age was 18 but the estimated age was 28. B) Boxplot showing the difference 
(in absolute value) between the true age of the fish and the age estimated using the fin spine and 
the second fin ray. 

Annuli were generally clear in young immature fish but distinguishing the first 

annulus on the second fin ray was challenging in some samples (Figure 5.3A and 5.3B). 

In maturity groups that contained older individuals, annuli were easily distinguishable 

in some second fin rays (Figure 5.3C), but unclear in most samples (> 70%, Figure 

5.3D). In older individuals, some annuli could be distinguished only in thinner sections 

(0.2 mm and 0.3 mm), and even in these sections the second fin rays tended to 

underestimate age compared to the fin spine (Figure 5.3E).  

5.4.2. Acceptable Levels of Variation  

The calculated acceptable levels of variation ranged from ± 1 year (AV-75) and 

± 2 years (AV-90) in the young immature fish to ± 6 years (AV-75) and ± 8 years (AV- 
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Figure 5. 2. Age bias plot of ages estimated using the fin spine vs. age estimated using the second fin 
ray for 69 lake sturgeon used in this study. Points are displayed as number of readings (each 
sample was read by three readers resulting in a total of 207 readings). The 1:1 line (denoting an 
exact match between the fin spine and the second fin ray) is shown by boxes. *Note: Three 
observations are omitted from plot because they are beyond the current axes. Omitted 
observations include (fin spine vs. second fin ray): 55 vs. 39, 49 vs. 15, and 55 vs. 36.   

90) in the mature fish (Figure 5.4A). The structure variability fell within AV-90 in 96% 

and 86% of paired fin spine/second fin ray readings for the young immature and 

immature groups, respectively. In these two groups, the structure variability fell within 

AV-75 in 93% and 71% of paired fin spine/second fin ray readings. In the developing 

group, 58% of paired readings fell within AV-90 and 45% fell within AV-75. The 
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mature group had 51% of paired readings within AV-90 and 37% within AV-75.  

 For the subset analysis, there were 35 individuals where the CV for the fin 

spine was less than or equal to 10%. The mean CV for the fin spine of the subset was 

6.0% (median 6.7%). The mean CV for the second fin ray of the subset was 16.3% 

(median 13.2%). Between 18 and 61% of paired fin spine/second fin ray readings fell 

within AV-90 or AV-75 depending on maturity group, with lower percentages for the 

maturity groups with the oldest fish (Figure 5.4B).  

 
5.5. Discussion 

Second fin ray sections from young immature lake sturgeon showed clear, 

distinct annuli, and overall were not difficult to read. Section width was an important 

factor, with thinner sections (0.2 mm and 0.3 mm) sometimes required to identify 

annuli. However, due to sample availability, the majority of samples for this study 

came from larger, older lake sturgeon, where the annuli in the second fin ray were 

difficult to distinguish. In these individuals, poor annuli clarity was not only observed 

at the edge of the structure, which is common for sturgeon fin spines as well as 

calcified structures in other species as growth slows over time (Beamish 1981; Brennan 

and Cailliet 1989; Beamish and McFarlane 2000; Kocovsky and Carline 2000; Bruch et 

al. 2009; Hessenauer et al. 2018), but also towards the center of the structure. 

Additional processing measures, including sanding, polishing, and live viewing, were 

not able to improve annulus clarity for the second fin ray in sections that were 

challenging to read. 
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readers assigned age accurately in17% of the readings using the second fin ray (same 

percentage as when using the fin spine). The discrepancy between my study and the 

work with hatchery-raised Atlantic sturgeon likely stems from the higher ages of the 

known-age fish in my study. Deviations from true age when using fin structures is not 

unexpected; it has been noted that the fin spine underestimates age in lake sturgeon 

greater than 14 years old (Bruch et al. 2009). While underestimates occurred when 

using both structures, there was often a greater age discrepancy when using the second 

fin ray.  

 Overall, the samples used in my study point to issues with the use of the second 

fin ray in lake sturgeon, however, separating individuals by maturity status indicated 

that the second fin ray could potentially be used to estimate age of juvenile lake 

sturgeon. When examining the full dataset for the young immature and immature 

groups, the percentage of samples within AV-90 and AV-75 was close to the 

percentages I would expect to see if the structures had comparable variability. While 

the analysis on the subset of the data had lower values within the acceptable levels of 

variation, the number of samples in the two juvenile sturgeon groups in the subset 

analysis was low and the differences suggest that further investigation of the second fin 

ray may alleviate the issues. The differences in the young immature fish in the subset 

analysis were only ± 1 year, which were largely due to misinterpretations of the first 

annulus. Additional work investigating the second fin ray from a larger number of 

juvenile lake sturgeon could lead to increased ability to identify the first annulus. 

Information on the first annulus could also be useful for fish in the immature group, 
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where AV-90 and AV-75 were ± 2 years. Except for a single poor-quality second fin 

ray (with readers estimating age differences of -4, -5, and -9 from the fin spine), 90% of 

readings in the immature group fell within ± 3 years. Further investigation with larger 

sample sizes of juvenile fish could provide more conclusive results on the usefulness of 

this structure in estimating ages of younger lake sturgeon.  

 While results from the limited number of younger fish in my study were 

promising, I did observe large differences between age estimates derived from the fin 

spine and the second fin ray for adult fish, which included the developing and mature 

groups. Despite the acceptable level of variation increasing in these groups, less than 

60% of readings fell within the acceptable level of variation for the full dataset and less 

than 50% fell within the acceptable level of variation for the subset. Ages estimated 

using second fin rays were typically less than ages estimated using fin spines, which 

would compound issues of underestimation that have already been documented in older 

lake sturgeon when using the fin spine to estimate age (Bruch et al. 2009; Hessenauer et 

al. 2018). Use of the second fin ray to estimate age in adult fish would lead to 

inaccurate estimates of not only age, but also population dynamics parameters such as 

growth, mortality, and age at maturity.  

In contrast to work on Gulf sturgeon (Baremore and Rosati 2014), which 

concluded that the second fin ray and the fin spine had high precision and high percent 

agreement up to 25 years, I documented mismatches between the structures in fish 

younger than 25 years old. These mismatches increased as the age estimated from the 

fin spine increased. One difference between my study and the study using Gulf 
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transferred to the field setting, however, research based on mark-recapture methods has 

indicated that there may be an effect of fin spine removal on long term survival in 

pallid sturgeon (Steffensen and Hamel 2018) and white sturgeon (Kohlhorst 1979). 

While the authors of both field-based studies note that their results should be examined 

with caution, managers will often need to weigh the potential benefits of obtaining age 

estimates for their population of interest vs. the chance of decreased survival. To my 

knowledge, impacts of fin spine removal on growth and survival of lake sturgeon in the 

lab or in the field have not been evaluated. Removal of the second fin ray is less 

invasive and my results suggest that it may serve as an alternative to fin spine removal 

for estimating the age of younger fish in some situations.  

When considering how the second fin ray could potentially be used for 

managing lake sturgeon populations, I examined my results in the context of two 

studies that have indicated that the fin spine is considered accurate for aging younger 

lake sturgeon, but ages should be estimated for older fish using alternative means 

(Bruch et al. 2009; Hessenauer et al. 2018). In the first study, to age older fish (> 14 

years old, or > 1000 mm TL) in the Lake Winnebago System, ages from otoliths that 

were validated using bomb radiocarbon were used to develop a correction function to 

more accurately assign age estimates to fish aged with a fin spine (Bruch et al. 2009). 

Unfortunately, I found no consistent pattern in differences between the second fin ray 

and the fin spine or true age that could be used to create a correction function from my 

data. In the second study, lake sturgeon in the St. Clair, Michigan System that were less 

than 1000 mm TL were able to be aged accurately using the fin spine. The authors of 
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this study suggest that age information from individuals captured when they are less 

than 1000 mm TL combined with a mark-recapture program would allow for the 

development of length-age relationships that can be used to assign ages to novel fish 

over the length threshold (Hessenauer et al. 2018). The method proposed in the St. Clair 

System could be used with any structure that accurately estimates the ages of juvenile 

fish. If the second fin ray can be validated for use in juvenile lake sturgeon, this 

structure could be used instead of the fin spine to create length-age relationships from 

recaptured individuals. Growth and maturity are likely population specific in lake 

sturgeon, and relationships would have to be developed on a system by system basis to 

allow appropriate interpretation of age estimates from any structure (Bruch et al. 2009; 

Hessenauer et al. 2018). Despite system-specific growth rates, the two groups that 

contained juvenile fish for my study were from two different systems (Lake Champlain, 

Vermont and Lake Winnebago, Wisconsin), suggesting that the use of the second fin 

ray could be useful in multiple systems across the broad range of lake sturgeon.  

My results suggest that the second fin ray can potentially be used as a substitute 

for the fin spine in juvenile lake sturgeon. However, in the case of younger lake 

sturgeon, underestimates of even one or two years could have significant effects on 

management actions that use growth or year-class strength as metrics, so I caution 

against the use of the second fin ray without a more thorough investigation. Samples 

taken in the field often include the second fin ray already because of its proximity to the 

fin spine, so collecting both structures from juvenile fish to further investigate the 

usefulness of the second fin ray in comparison to the fin spine would add minimal 
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effort to ongoing sampling programs that encounter juvenile sturgeon on a regular 

basis. Separation of the two structures for aging would be important to avoid potential 

bias in any future research on the second fin ray. However, poor reader agreement and 

lack of annulus clarity seen in my study indicate that the second fin ray is not a suitable 

substitute for the fin spine in adult lake sturgeon and would compound issues of age 

underestimation.  
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Previous studies in riverine systems have either noted no differences between 

adult and juvenile movements (Thayer et al. 2017), or that adults had larger ranges than 

juveniles (Trested et al. 2011; Lacho 2013). In contrast, I saw that juvenile lake 

sturgeon had larger home ranges, made longer-range movements, and had a broader 

distribution overall than adults in the winter in Lake Champlain. This was surprising, 

since previous research has often reported a substantial decrease in movements during 

the winter months (Knights et al. 2002; Trested et al. 2011; Thayer et al. 2017). Winter 

ecology of fishes remains understudied (Marsden et al. 2021), and my results suggest 

that winter may be a time of more activity than previously thought in some lake 

sturgeon populations.  

While lake sturgeon in the basin spend the majority of their life in Lake 

Champlain, the spawning migration is a key component of the lake sturgeon life cycle. 

Lake sturgeon can migrate long distances to spawn in unfragmented systems (Rusak 

and Mosindy 1997; Wishingrad et al. 2014). However, little focus has been placed on 

the migratory behavior of lake sturgeon in short river systems (< 30 km), which are 

common throughout the range of lake sturgeon due to the construction of dams on 

many spawning tributaries (Auer 1996a; Daugherty et al. 2009). Examining the 

spawning run in the Winooski River allowed us to assess migratory behavior in a short 

river system where lake sturgeon had historically only been able to migrate 17 km 

upstream to the first natural barrier, which is now the site of a dam (Moreau and Parrish 

1994). River discharge and temperature were identified as significant factors in the 

models describing upstream movements. These results coincide with the lake sturgeon 
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literature, where discharge and temperature are commonly identified as key drivers in 

lake sturgeon migrations (Rusak and Mosindy 1997; Lallaman et al. 2008; Forsythe et 

al. 2012). While the drivers of migration are the same, the multi-run migratory behavior 

described in my study is rare, with only one other river system reporting similar 

behavior (Upper Black River, Michigan; Larson et al. 2020). I hypothesize that the 

prevalence of multi-run spawners in a season is likely driven by discharge patterns. 

Additionally, the existence of the multi-run migratory behavior may be only possible in 

populations that spawn in short river systems. Future research, both within the Lake 

Champlain basin and throughout the range of the species, focusing on lake sturgeon 

movements in shortened river systems would be beneficial in understanding the 

prevalence and drivers of this behavior.  

The existence of multi-run spawners in short rivers could have important 

implications for the monitoring of the lake sturgeon populations that spawn in these 

systems. Advanced sonar technologies are being more frequently used to assess 

sturgeons without capture, often with a focus on population size (Auer and Baker 2007; 

Flowers and Hightower 2016; Hughes et al. 2018; Mora et al. 2018). Not accounting for 

multi-run individuals could violate assumptions of population models, leading to 

potentially biased estimates. In the case of using a DIDSON to estimate abundance of 

spawning lake sturgeon in the Winooski River (Chapter 4), a lack of knowledge on 

multi-run individuals would have led to individual spawners being counted multiple 

times, inflating the overall abundance estimate. The data collected in the Winooski 
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River show how individual movements can have an impact on the interpretation of 

abundance estimates, particularly when remote observation methods are used.   

The second focus of my dissertation was to develop and test methods that could 

be used to assess and monitor lake sturgeon populations. No prior abundance estimate 

exists for lake sturgeon in Lake Champlain or any of its spawning tributaries 

(MacKenzie 2016), so the method I developed presents the first abundance estimate for 

this species in the system. This work builds on previous efforts in other systems to 

estimate sturgeon abundance without physically handling many fish (Mora et al. 2015, 

2018; Flowers and Hightower 2016; Hughes et al. 2018). As opposed to the previously 

cited methods, which used mobile hydroacoustic surveys to estimate abundance, the 

method I developed relies on a fixed-location dual-frequency identification sonar 

(DIDSON) deployed throughout the spawning season. Use of a DIDSON unit that is 

continuously monitoring comes with some advantages, such as the ability to capture 

changes that occur over the duration of the spawning period. On the other hand, 

continuous deployments collect large amounts of data. In the case of my study, the 

DIDSON footage was manually processed for sturgeon targets by trained technicians. If 

this method is used in the future to monitor lake sturgeon populations in Lake 

Champlain or elsewhere, it would be advantageous to further investigate automated 

filtering of DIDSON data (Petreman et al. 2014) to speed up processing time.  

The method used to estimate abundance of spawning lake sturgeon in the 

Winooski River also builds on quantitative methods that have integrated acoustic 

telemetry data into abundance estimates for other sturgeon species (Mora et al. 2018; 
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the high end of what is reported in the literature, 1:6, would lead to an overall 

population size ranging from 186 to 252 individuals. These back-of-the-envelope 

calculations show that more information on the spawning run sex ratio in the Winooski 

River is needed to extrapolate to total population size. In this dissertation, I have 

provided an abundance estimate based on what was measured during the spawning run.  

Lastly, I tested if the second marginal pectoral fin ray could be used as an 

alternative to the first marginal pectoral fin ray (commonly referred to as the fin spine) 

for estimating age in lake sturgeon. The methods I used accounted for the variability 

that occurs between readers when estimating age from sturgeon fin spines, particularly 

if readers have limited experience. My results suggested that the second fin ray is not 

suitable for estimating age of adult lake sturgeon but might be useful in estimating age 

of juvenile lake sturgeon. Due to the source of my samples (mostly from the Lake 

Winnebago, Wisconsin spear fishery), the majority of lake sturgeon in my study were 

adults. Comparing fin rays from a larger sample size of juvenile lake sturgeon would be 

necessary to determine the usefulness of the second fin ray. Some agencies are already 

moving away from collecting fin spines from adult lake sturgeon (Hessenauer et al. 

2018; C. MacKenzie, VFWD, personal communication) due to the inaccuracy of 

estimated ages in older fish (Rossiter et al. 1995; Bruch et al. 2009; Hessenauer et al. 

2018). Therefore, the second fin ray may still be useful and allow managers to age 

juvenile lake sturgeon while minimizing handling concerns.  

Lake sturgeon inhabit a wide variety of freshwater systems throughout the 

central part of North America (Bruch et al. 2016), including large river systems 
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(Knights et al. 2002; Haxton and Findlay 2008; Lacho 2013; McDougall et al. 2017), 

the connecting channels and tributaries of the Great Lakes (Auer 1999; Gerig et al. 

2011; Krieger and Diana 2017; Kessel et al. 2018; Colborne et al. 2019; Ecclestone et 

al. 2020), and small lakes imbedded in river systems (Smith and King 2005a; Bruch 

2008). Due to the variety of systems they inhabit, some lake sturgeon traits such as 

migration and habitat use have been noted to be highly plastic (Pollock et al. 2015; 

Bruch et al. 2016). Migration and habitat use can play an important role in how 

managers assess and monitor lake sturgeon populations for potential recovery. 

Therefore, an understanding of the variability in lake sturgeon behavior across the 

range of the species is key to successful management of the species. In this dissertation, 

I added to the understanding of lake sturgeon behavior by focusing on lake sturgeon 

that spawn in the Winooski River, Vermont and spend most of their life in Lake 

Champlain. First, the results presented here have filled in some critical information 

gaps on lake sturgeon movements, habitat use, and abundance in Lake Champlain. 

Secondly, the methods described and tested provide managers with options for 

obtaining abundance and age data while minimizing handling time and their impact on 

endangered lake sturgeon populations. Lastly, this dissertation provides a baseline for 

further research on lake sturgeon in the Lake Champlain basin, which will be important 

in tracking progress towards lake sturgeon recovery in the system.  
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APPENDIX A: V9-2L TAG RANGE TESTING 

 

Figure A. 1. Map of set up of range test conducted using four V9-2L test tags (locations shown by 
Xs). The three acoustic receivers that were the target of the range test are labeled (Shallow, Deep 1, 
and Deep 2). Test tags were deployed on 21 August 2019 and retrieved on 29 August 2019.  
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Figure A. 2. The percent of signals from V9-2L test tags detected (± standard deviation) on the 
three receivers of interest (see Figure A.1 for receiver and test tag locations). Detection percentages 
and standard deviations were calculated using VEMCO Range Test software.  
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APPENDIX B: CUMULATIVE HOME RANGE MAPS 

 

Figure B. 1.  Cumulative seasonal overall use areas (95% LDE home ranges) for tagged juvenile 
(top) and adult (bottom) lake sturgeon in Lake Champlain during the summer in all years of the 
study. Shading of each cell (250 m x 250 m) is based on the number of lake sturgeon that had the 
given cell as part of their home range. Depth contours (10 m) are included. 
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Figure B. 2. Cumulative seasonal overall use areas (95% LDE home ranges) for tagged juvenile 
(top) and adult (bottom) lake sturgeon in Lake Champlain during the fall in all years of the study. 
Shading of each cell (250 m x 250 m) is based on the number of lake sturgeon that had the given 
cell as part of their home range. Depth contours (10 m) are included.   
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Figure B. 3. Cumulative seasonal overall use areas (95% LDE home ranges) for tagged juvenile 
(top) and adult (bottom) lake sturgeon in Lake Champlain during the winter in all years of the 
study. Shading of each cell (250 m x 250 m) is based on the number of lake sturgeon that had the 
given cell as part of their home range. Depth contours (10 m) are included. 
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Figure B. 4. Cumulative seasonal overall use areas (95% LDE home ranges) for tagged juvenile 
(top) and adult (bottom) lake sturgeon in Lake Champlain during the spring in all years of the 
study. Shading of each cell (250 m x 250 m) is based on the number of lake sturgeon that had the 
given cell as part of their home range. Depth contours (10 m) are included.   



 

151 
 

 
Figure B. 5. Cumulative seasonal core use areas (50% LDE home ranges) for tagged juvenile (top) 
and adult (bottom) lake sturgeon in Lake Champlain during the summer in all years of the study. 
Shading of each cell (250 m x 250 m) is based on the number of lake sturgeon that had the given 
cell as part of their home range. Depth contours (10 m) are included. 
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Figure B. 6. Cumulative seasonal core use areas (50% LDE home ranges) for tagged juvenile (top) 
and adult (bottom) lake sturgeon in Lake Champlain during the fall in all years of the study. 
Shading of each cell (250 m x 250 m) is based on the number of lake sturgeon that had the given 
cell as part of their home range. Depth contours (10 m) are included. 
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Figure B. 7. Cumulative seasonal core use areas (50% LDE home ranges) for tagged juvenile (top) 
and adult (bottom) lake sturgeon in Lake Champlain during the winter in all years of the study. 
Shading of each cell (250 m x 250 m) is based on the number of lake sturgeon that had the given 
cell as part of their home range. Depth contours (10 m) are included. 
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Figure B. 8. Cumulative seasonal core use areas (50% LDE home ranges) for tagged juvenile (top) 
and adult (bottom) lake sturgeon in Lake Champlain during the spring in all years of the study. 
Shading of each cell (250 m x 250 m) is based on the number of lake sturgeon that had the given 
cell as part of their home range. Depth contours (10 m) are included
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APPENDIX C: SPAWNING RUN MOVEMENTS FULL MODEL LIST 

Table C. 1. Full list of all a priori models tested to examine the effects of environmental variables 
on lake sturgeon upstream or downstream movement. Discharge = Daily mean discharge (m3/s), 
Temp = Daily mean temperature (ºC), DChange = change (magnitude and direction) in daily mean 
discharge over the previous 1, 2, or 3 days, TChange = change (magnitude and direction) in daily 
mean temperature over the previous 1, 2, or 3 days, Diel = day or night. All models also included 
timestep, previous location, and year as random effects. 

Full Model List 
Null Model (random effects only)  
Discharge + Discharge2 
Discharge + Discharge2 + DChange1day 
Discharge + Discharge2 + DChange2day 
Discharge + Discharge2 + DChange3day 
Discharge * DChange1day 
Discharge * DChange2day 
Discharge * DChange3day 
Temp + Temp2 
Temp + Temp2 + TChange1day 
Temp + Temp2 + TChange2day 
Temp + Temp2 + TChange3day 
Temp * TChange1day 
Temp * TChange2day 
Temp * TChange3day 
Discharge * Temp  
Discharge * Temp + DChange1day + TChange1day 
Discharge * Temp + DChange1day + TChange2day 
Discharge * Temp + DChange1day + TChange3day 
Discharge * Temp + DChange2day + TChange1day 
Discharge * Temp + DChange2day + TChange2day 
Discharge * Temp + DChange2day + TChange3day 
Discharge * Temp + DChange3day + TChange1day 
Discharge * Temp + DChange3day + TChange2day 
Discharge * Temp + DChange3day + TChange3day 
Discharge + Discharge2 + Temp + Temp2 + DChange1day + TChange1day 
Discharge + Discharge2 + Temp + Temp2 + DChange1day + TChange2day 
Discharge + Discharge2 + Temp + Temp2 + DChange1day + TChange3day 
Discharge + Discharge2 + Temp + Temp2 + DChange2day + TChange1day 
Discharge + Discharge2 + Temp + Temp2 + DChange2day + TChange2day 
Discharge + Discharge2 + Temp + Temp2 + DChange2day + TChange3day 
Discharge + Discharge2 + Temp + Temp2 + DChange3day + TChange1day 
Discharge + Discharge2 + Temp + Temp2 + DChange3day + TChange2day 
Discharge + Discharge2 + Temp + Temp2 + DChange3day + TChange3day 
Diel 
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Full Model List (continued) 
Discharge * Temp + Diel  
Discharge * Temp + DChange1day + TChange1day + Diel  
Discharge * Temp + DChange1day + TChange2day + Diel 
Discharge * Temp + DChange1day + TChange3day + Diel 
Discharge * Temp + DChange2day + TChange1day + Diel 
Discharge * Temp + DChange2day + TChange2day + Diel 
Discharge * Temp + DChange2day + TChange3day + Diel  
Discharge * Temp + DChange3day + TChange1day + Diel 
Discharge * Temp + DChange3day + TChange2day + Diel 
Discharge * Temp + DChange3day + TChange3day + Diel 
Discharge + Discharge2 + Temp + Temp2 + DChange1day + TChange1day + Diel  
Discharge + Discharge2 + Temp + Temp2 + DChange1day + TChange2day + Diel 
Discharge + Discharge2 + Temp + Temp2 + DChange1day + TChange3day + Diel 
Discharge + Discharge2 + Temp + Temp2 + DChange2day + TChange1day + Diel 
Discharge + Discharge2 + Temp + Temp2 + DChange2day + TChange2day + Diel 
Discharge + Discharge2 + Temp + Temp2 + DChange2day + TChange3day + Diel 
Discharge + Discharge2 + Temp + Temp2 + DChange3day + TChange1day + Diel 
Discharge + Discharge2 + Temp + Temp2 + DChange3day + TChange2day + Diel 
Discharge + Discharge2 + Temp + Temp2 + DChange3day + TChange3day + Diel  

 




