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<A> Abstract

Alewives Alosa pseudoharengus are the preferred food of Chinook Salmon
Oncorhynchus tshawytscha in the Laurentian Great Lakes. Alewife populations collapsed in
Lake Huron in 2003, but remained comparatively abundant in Lake Michigan. We analyzed
capture locations of coded-wire-tagged Chinook Salmon before, during, and after Alewife
collapse (1993-2014). We contrasted the pattern of tag recoveries for salmon released at Swan
River in northern Lake Huron and Medusa Creek in northern Lake Michigan. We examined
patterns during April-July, when salmon were primarily occupied by feeding, and August—
October, when salmon were primarily occupied by spawning. We found evidence that the Swan
River salmon shifted their feeding location from Lake Huron to Lake Michigan after the
collapse. Over years, proportions of Swan River salmon captured in Lake Michigan increased in
correspondence with the decline in Alewives in Lake Huron. Mean proportions of Swan River
salmon captured in Lake Michigan were 0.13 (SD, 0.14) before (1993-1997) and 0.82 (SD, 0.22)
after (2008-2014) and were significantly different (Pairwise permutation test: Z=2.80, P=0.01).
In contrast, proportions of Medusa Creek salmon captured in Lake Michigan did not change.
Means were 0.98 (SD, 0.05) before and 0.99 (SD, 0.01) after. The mean distance to the center of
the coastal distribution of Swan River salmon shifted 357 km (SD, 169) during April-July, from
central Lake Huron before to central Lake Michigan after.  The coastal distributions of salmon
during August-October were centered on the respective sites of origin, which suggested that
salmon returned to release sites to spawn regardless of their feeding locations. Regarding the
impact on Alewife populations, this shift in inter-lake movement would be equivalent to
increasing the stocking rate within Lake Michigan by 30%. The primary management
implication is that inter-lake coordination of Chinook salmon stocking policies would be

expected to benefit the recreational fishery.
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<A> Introduction

Chinook Salmon Oncorhynchus tshawytscha were successfully introduced into lakes
Michigan and Huron of the Laurentian Great Lakes in the 1960s to support recreational fisheries
and to suppress overabundant Alewives Alosa pseudoharengus, a non-native planktivore (Tanner
and Tody 2002; Claramunt et al. 2012). Populations of Lake Trout Salvelinus namaycush, the
native apex piscivore, had collapsed during the mid-20th century from commercial fishing and
predation by invasive Sea Lamprey Petromyzon marinus (Wells and McClain 1973). The loss of
Lake Trout reduced fishing opportunities and enabled Alewives to reach extremely high
abundances (Smith 1968; Wells and McClain 1973; Muir et al. 2012). Along with Chinook
Salmon, other salmonine predators also were stocked to support fisheries and ecosystem
rehabilitation, including Lake Trout, Rainbow Trout Oncorhynchus mykiss, Coho Salmon
Oncorhynchus kisutch, and Brown Trout Salmo trutta. However, Chinook Salmon were
arguably the most successful in terms of their popularity among recreational anglers and their
performance as Alewife predators (Stewart and Ibarra 1991; Claramunt et al. 2012). Beginning
in the 1980s, many Chinook Salmon were tagged with coded-wire tags (CWTSs) to evaluate their
survival and movements. Adlerstein et al. (2007; 2008) analyzed CWT recoveries to describe
the seasonal movement patterns of Chinook Salmon during the 1990s and found that salmon
traveled extensively within each lake but traveled little between lakes even though the
connection between lakes, the Straits of Mackinaw, is a broad, deep channel with no apparent
barriers to fish passage. These results supported the prevailing management structures which
were designed to organize and coordinate Chinook Salmon management by individual lakes. For
example, management within the state of Michigan was coordinated by Lake Basin Teams and
international and interstate management across the lakes was coordinated by Lake Committees
through the Great Lakes Fishery Commission (GLFC). Thus, Chinook Salmon fishing
regulations and stocking policies were developed separately by lake, with minimal attention to

inter-lake coordination.

More recently, however, assessment of catch-per-effort (CPE) in recreational fisheries
showed that the distribution of Chinook Salmon in the two lakes changed after the 1990s (Clark
et al. 2016). Clark et al. (2016) suggested that the change may have been driven at least in part
by increases in inter-lake travels of Chinook Salmon from Lake Huron into Lake Michigan as a
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response to changes in the relative abundance of Alewives between lakes. Alewives are the
preferred food of Great Lakes Chinook Salmon (Jacobs et al. 2013), and Alewife populations
collapsed in Lake Huron in 2003 and have subsequently remained low (Riley et al. 2008;
O’Gorman et al. 2012; Roseman et al. 2016). In contrast, Alewives have persisted in Lake
Michigan despite a declining trend in recent years, and Chinook Salmon abundance is nearing an
all-time high (Tsehaye et al. 2014; Clark et al. 2016; Madenjian et al. 2016). Fisheries managers
have agreed to manage for a sustainable balance between Chinook Salmon and Alewives in Lake
Michigan so as to maintain both at near present abundance levels and to avoid a collapse as

occurred in Lake Huron (Lake Michigan Committee 2014).

In Lake Huron, abundance and body condition of Chinook Salmon declined sharply after
the collapse of Alewives (Johnson et al. 2010; Brenden et al. 2012), but the severity of these
declines varied regionally. The CPE of Chinook Salmon in the sport fishery declined over 90%
from 2002 to 2010 in the main basin south of 45° N latitude (Figure 1) (Clark et al. 2016), likely
from starvation as evidenced by critically low body conditions measured in this region after the
Alewife collapse (Johnson et al. 2007). In contrast, declines in abundance and body condition
were less affected in the main basin north of 45° N latitude and in Georgian Bay (Johnson and
Gonder 2013; Clark et al. 2016). Chinook Salmon populations remain physically healthy and
seasonally abundant in these regions. Our hypothesis is that these Chinook Salmon were able to
persist at comparatively high levels because they changed their feeding locations from Lake
Huron to Lake Michigan to take advantage of the more abundant Alewives in Lake Michigan.

In this study we test our hypothesis by assessing the spatial distribution of captures of CWT
Chinook Salmon over a series of years that include periods before, during, and after the collapse
of Alewife populations in Lake Huron. We will attempt to relate any changes found to changes

in the relative abundance of Alewives between lakes.
<A> Methods

We compared movement patterns of CWT Chinook Salmon released at index sites in
each lake, Swan River in Lake Huron and Medusa Creek in Lake Michigan (Figure 1), over a
period of 21 years (1993-2014). These sites provided the longest and most continuous set of
tag-capture data for Chinook Salmon among the potential sites. Also, these sites had several

other desirable characteristics. Both are small streams with little potential for Chinook Salmon
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natural reproduction; are the same distance (80 km) on opposite sides of the dividing line
between the two lakes (middle of the Straits of Mackinaw); and are north of 45° N latitude where
the primary potential exists for the exchange of fish between lakes (Figure 1). From 1991-2014,
tagged Chinook Salmon were released at both index sites in all but 5 years (1995- 1999), when
none were tagged at Medusa Creek (Table 1). The fish released at both sites were reared from
eggs and tagged at Platte River and Wolf Lake State Hatcheries in Michigan in the Lake
Michigan watershed (Figure 1) and were transported by truck to the release sites. Production
water for Platte River Hatchery was primarily from Brundage Creek and spring water from
Brundage Spring. Production water for Wolf Lake Hatchery was predominately from wells.
From 1991-1999 and 2007-2014, all tagged fish for both index sites came from Platte River
Hatchery (Table 1).

We used preexisting datasets for our analysis that were produced and maintained by the
Michigan Department of Natural Resources (MDNR), U.S. Fish and Wildlife Service (USFWS),
and U.S. Geological Survey, Great Lakes Science Center (USGS, GLSC). These included data
on: 1) tagging and recovery of CWT Chinook Salmon (MDNR and USFWS); 2) recreational
fishing effort (MDNR); and 3) YAO Alewife abundance (USGS, GLSC). The tagging data
included fish that were manually tagged with CWTs and fin-clipped through 2009, and fish that
were tagged and fin-clipped using an automated system (AutoFish System ™, Northwest Marine
Technology, Shaw Island, WA) thereafter. Under both processes, CWTs were inserted into
cartilaginous tissue in the snout, while adipose fins were clipped to provide an external identifier
of tagged fish. Unique tag numbers were assigned to groups of fish to denote year classes and
stocking locations. These tagging operations included making estimates of the amount of
tagging error and loss and the effectiveness of fin clipping. The results provided estimates of the
number of effectively tagged fish by lot and are hereafter referred to as the number of
recoverable tags. During the study, the mean recoverable tags by lot was 95.6% (SD, 6.0%), and
this mean value was applied to tag lots for which information on tagging error/retention at

release was not available.

Free-ranging Chinook Salmon in the open-waters of the lakes were sampled for tags in
catches of the recreational fishery, and we adjusted capture rates for differences in fishing effort

by subregions within lakes. We used estimates of fishing effort that targeted trout and salmon
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from boats for the state of Michigan portion of both lakes as reported by Clark et al. (2016).
Fishing effort was estimated through angler surveys using a stratified, random sampling design at
all major salmon fishing access sites (Su and Clapp 2013). Troll fishing from boats was the most
effective mode of capturing Chinook Salmon and regularly accounts for 85% of the harvest
(Rakoczy and Svoboda 1997). Fishing effort was measured in angler hours, defined as the total
number of anglers multiplied by the total hours of each completed fishing trip (Su and Clapp
2013).

We compared annual trends in opposite-lake capture rates for the index sites to trends in
yearling and older (YAQ) Alewife abundance. We defined opposite-lake captures as captures of
fish released at Swan River in Lake Michigan and captures of fish released at Medusa Creek in
Lake Huron. In addition, we compared Lake Michigan captures rates, finer-scale coastal
distributions, and minimum distances and directions traveled for series of years before and after
the Alewife collapsed in Lake Huron.

We used estimates of abundance of YAO Alewives derived from lake-wide, bottom trawl
surveys to characterize trends in abundance of Alewives within the individual lakes (Madenjian
et al. 2016; Roseman et al. 2016). These surveys have produced annual, lake-wide biomass
estimates for YAO Alewives since 1973 by expanding the biomass caught in areas swept by
trawls to the estimated amount of all similar habitats lake wide. However, while these estimates
reflected the trends in abundance in each lake, they differed by lake in the proportion of area
covered, seasonal timing, gear size, and towing methods (Gorman 2012). For example, in Lake
Michigan, 11.9-m head rope, 20-m footrope, ¥ Yankee bottom trawls were towed along contour
depths of 9 to 110 m for 10 minutes at several index transects each year. In Lake Huron, trawl
sizes changed over the years: 11.9 m head rope trawls from 1973-1991 and 21-m head rope
trawls from 1992-2014. We did not attempt to make direct comparisons of abundances between
lakes, because such a comparison would have been dubious and was not necessary to test our
hypothesis. The trend in abundance of Alewives in Lake Huron was the most important factor
for testing our hypothesis, because it showed the timing of Alewife population collapse. The
trend in abundance in Lake Michigan was sufficient to show Alewives persisted and were

comparatively abundant there.
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We divided captures of fish from each site into spatial and seasonal strata. We used two
levels of spatial strata. Because our primary objective was to determine the extent of inter-lake
movement, we first divided captures by lake. Then we used annual trends in the proportions of
opposite-lake captures as a measure of the distribution of tagged fish between lakes when
comparing to Alewife abundances. Second, because we wanted to describe finer-scale lake
distributions and evaluate minimum distances and directions traveled, we organized captures into
a regional grid system that was similar to methods used for evaluating movements of Chinook
Salmon on the Pacific Coast of North America (e.g. Weitkamp 2010). We defined three regions
in Lake Michigan as LM1, LM2, and LM3 and three regions in Lake Huron as LH1, LH2, and
LH3 (Figure 1). We restricted our analysis to regions in state of Michigan waters because tag
recovery effort was extensive and consistent there for our entire period of study. We assumed
that captures in these regions would serve our primary purpose of identifying changes in inter-
lake movements and would provide useful descriptions of coastal distributions and minimum
distances and directions traveled from the stocking sites. These regions spanned the entire
latitudinal gradient and covered about half the main basins of each lake. However, it should be
recognized that the lakes are up to 160 km wide (east-west) and 500 km long (north-south), and
the recreational fisheries, from which tagged fish were captured, primarily operated within 15
kilometers from shore. This meant that the movement patterns of Chinook Salmon we described
herein were heavily weighted towards shoreline areas and should be considered as near-shore or
coastal distributions.

We divided years into two seasonal strata, because we thought it was likely that Chinook
Salmon would change their feeding locations but not their spawning locations. Chinook Salmon
stocks in the Great Lakes are semelparous fall spawners. The hatchery fish used in this study
were released near the mouths of Swan River or Medusa Creek in April-May. They entered the
open lakes as fingerling-sized smolts (90-95 mm total length), fed and grew for one to four years
until maturity, and then returned to the site of their release to attempt to spawn beginning in mid-
August through October. Thus, to help isolate feeding and spawning behavior, we defined the
months of April through July as the feeding season and the months of August through October as
the spawning season. We realized our definitions of feeding and spawning seasons were only
approximations; for example, Chinook Salmon do feed in August through October, and

immature fish might not exhibit spawning behavior in fall. Nonetheless, dividing tag recovery
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data into these two seasons is reasonable based on life history considerations. Fishing effort and
captures of salmon were very limited during the winter months of November through March
because wind, cold, and ice cover reduced fishing effort to near zero, so this season was
excluded from analysis.

We examined the correlation in timing of changes in movements between lakes to
changes in Alewife abundance by comparing annual trends of the proportions of opposite-lake
capture to annual trends in the abundance of YAO Alewives in the source lakes. We reasoned
that the hypothesis would be supported if: 1) the trend in the proportion of opposite-lake
captures for Swan River during the feeding season appeared to be inversely related to the trend in
abundance of YAO Alewives in Lake Huron; and 2) the proportion of opposite-lake captures for
Medusa Creek was comparatively low during the feeding season, or at least did not increase

when the abundance of YAO Alewives in Lake Huron decreased.

We tested for significant (e = 0.05) changes in the proportion of captures in Lake
Michigan by site and season using nonparametric permutation tests that compared the annual
proportions by site and season in periods before (1993-1997) and after (2008—2014) the Alewife
collapse in Lake Huron. We organized captures as though the tagging of Chinook Salmon was
initially designed to be a set of single-factor experiments to test the effects of reducing Alewife
abundance in Lake Huron on the proportions of fish captured in Lake Michigan. Thus, our
design can be viewed as though Medusa Creek (Lake Michigan) was an experimental control site
where Alewives were present in both before and after periods and Swan River (Lake Huron) was
the experimental treatment site where Alewives were present before, but were greatly reduced or
absent after. We excluded 2009 and 2010 from the after period because we judged there were
insufficient captures (<10 per year) during the feeding season for Swan River (Appendix Table
Al). We did not include the 1998-2007 recovery data in these tests, because, based on the
timing of the Alewife collapse in Lake Huron, we thought movement patterns during that period
could be in a transitional state. Also, no tagged Chinook Salmon were released at Medusa Creek
during 1995-1999 (Table 1) and, because of the relatively short life span of these fish,
insufficient captures (<10 per year) were collected for Medusa fish from 1998-2001 (Appendix
Tables A3 and A4). Applying these criteria resulted in a balanced, one-way comparison of

before and after periods with a sample size of 5 years per period for the tests (i.e., 1993-1997
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before and 2008, 2009, 20122014 after). Hereafter, we will refer to the after period simply as
2008-2012. In an initial analysis, we examined whether the groups defined by release site,
season, and period differed in the proportion of salmon recovered from Lake Michigan (response
variable) using a multifactorial permutation test (Manly 1998); the Imp function from the
LmPerm package in R. This approach uses normalized sum of squares and type 3 tests (i.e., it
evaluates an effect with all others in the model). Given this model would lead to significant (a =
0.05) interaction effects and an overall significant model (in comparison with a constant mean
model), we planned to followed up with four specific before versus after period comparisons of
interest: 1) Swan River salmon recovered in feeding season; 2) Medusa Creek salmon recovered
in feeding season; 3) Swan River salmon recovered in spawning season; and 4) Medusa Creek
salmon recovered in spawning season. These post hoc tests were based on pairwise permutation
tests with Bonferroni-adjusted P values (a« = 0.05) to correct for the family-wise error rate in the
multiple-test comparisons. We used the PairwisePermutationTest function in the rcompanion

package in R for these tests (Mangiafico 2016).

We described coastal distributions of Chinook Salmon for each release site by plotting
the average annual proportions and standard errors of fish captured by lake region in each
season. We compared plots of distributions for before (1993-1997) and after (2008—2014)
periods. We assessed differences in lake distributions by visual comparisons of these plots. If
our hypothesis was correct, we expected the coastal distribution of Swan River fish to shift into
Lake Michigan during the feeding season in the after period, and the distributions for Medusa
Creek fish not to change, or at least not to shift into Lake Huron.

We defined the displacement distance for each capture as the shortest swimming distance
from its release site to the center of the lake region of capture. These displacement distances
would represent the minimum distances travelled from the release site. Distances were measured
with the Google Earth® ruler function. We calculated means (SDs) for displacement distances
by age for captures aggregated for entire fishing seasons (April-October), feeding seasons
(April-July), and spawning seasons (August— October). We also calculated coefficients of
variation (CV =100 - SD/mean) to compare the relative dispersion of captures by season. Our
displacement distances for entire fishing seasons were comparable to methods used by Weitkamp

(2010) to calculate the mean minimum distances traveled by age for 29 Chinook Salmon stocks
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along the Pacific Coast of North America and allowed us to compare age-specific distances

traveled for stocks in lakes Huron and Michigan to stocks in their native range.

To help assess changes in directions traveled by Chinook Salmon, we standardized
distributions of displacement distances so that they were centered on the release sites. That is,
we assigned a negative sign (-) to distances for captures from lake regions to the west of the
release site, a positive sign (+) to distances for captures from lake regions to the east of the
release site, or a distance of 0 to captures from the lake region containing the release site. This
approach causes the mean displacement distance for any sample of captures to be zero if fish
moved equally to the west and the east of the release site, to be negative if more fish moved
greater distances to the west, or to be positive if more fish moved greater distances to the east.
Because of the geographic configuration of the lakes, these (-) and (+) directions would actually
be southwest and southeast from the stocking sites (Figure 1), but we treated the continuous Lake
Michigan-Lake Huron shoreline within the state of Michigan as a straight, east-west line for the
analysis. The end result is essentially a linearized simplification of the two-dimensional map
space, but it provided a practical assessment of potential changes in direction and mean
minimum distances of movements. We defined the mean, standardized displacement distance as
the net displacement distance and compared net displacement distances by site, season, and age

group in before and after periods by plotting them on maps of the lakes.

We expected that spatial differences in fishing effort and temporal differences in numbers
of tags released would bias the distribution of tag recoveries. We knew that fishing effort in Lake
Huron was substantially lower than in Lake Michigan and that fishing effort had declined to a
greater extent in Lake Huron over the period of study (Clark et al. 2016). Also, the number of
recoverable tags stocked by year varied from 0-394 thousand (Table 1). In order to adjust for
these biases, we weighted each individual capture by the fishing effort in the stratum (i.e., region,
season, and year) of its capture and the number of recoverable tags released in the year it was
stocked. Then, we used the sum of weighted captures in each stratum as an index of abundance
of tagged fish in the stratum. In essence, our weighting adjustment was similar to assuming CPE
is an index of abundance, but here we are assuming captures-per-effort-per-number-tagged is an
index of abundance. Thus, the index of abundance of tagged fish NR in region i, season j, and

year k from a given site was:
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Tk

NRi,j,k = z WCi,j,k,l
=1

where nr;; was the total number of captures in region i, season j, year k and WC;x, was the |
weighted capture. Similarly, the index of abundance of tagged fish in an entire lake NL in region

I, season j, year k from a given site was:

nli,j,k
NL;jx = Z WCijxu
=1
where nl;;, was the total number of captures in lake i, year j, year k, and WC;, is the ™
weighted capture. Weighted captures WC were calculated as:

WCijxi = (1/Eiji)/Tm

where E;;x was the fishing effort in region i, season j, and year k and T, is the number of
recoverable tags stocked at the given site in year m, which was the year the tagged fish was
released.

Assessment of other potential biases. — We were aware of two other potential sources of
bias in our analysis that we wanted to assess: 1) temporal and spatial differences in mortality;
and 2) temporal and spatial differences in sampling effort for tagged fish. Concerning the first,
we knew that proportional distributions of fish over space could change because movement
patterns changed, mortality patterns changed, or both. For example, if the proportion of Swan
River fish captured in Lake Michigan increased in the after period, it could be caused by
increased fish movement from Lake Huron to Lake Michigan, by increased mortality of fish
entering Lake Huron (e.g., from starvation), or a combination of both. To evaluate the potential
effects of mortality bias on spatial distributions of Swan River-released fish, we calculated total
capture rates (i.e., all captures from both lakes for a cohort divided by number of recoverable
tags stocked for the cohort) by year in both the before and after periods. We used the total
capture rates as surrogates for survival/mortality and tested for differences between periods with
a pairwise permutation test (o = 0.05) (Mangiafico 2016). We reasoned that if the spatial
distributions of captures changed from Lake Huron to Lake Michigan in the after period because
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mortality increased in Lake Huron and not because movement patterns changed, it should be
reflected as significantly lower total capture rates for after period cohorts. Alternatively, if the
capture rate in the after period was equal to or greater than the before period, then it would be
more likely that changes in movements were responsible for changes in spatial distributions.

Concerning the second potential bias, it should be recognized that overall recoveries of
tags were obtained from numerous sources, and that each source had potential biases with
respect to spatial distribution. We attempted to minimize biases by only using recoveries taken
from the open-water recreational fishery by technicians who were trained to collect tagging data.
This fishery generally targeted Chinook Salmon and consistently operated in both of our
seasonal strata. Other captures, such as those from stream fisheries, weirs, research
assessments, commercial fisheries, and volunteer anglers were not used because returns from
these sources occurred only during spawning and not the feeding season (i.e., stream fisheries
and weirs), Chinook Salmon were not targeted and bycatch was sporadic across strata (i.e.,
commercial fisheries and research assessments), or captures were not spatially or temporally
consistent (i.e., voluntary returns from anglers). The technicians collecting data consisted of
three primary types: angler survey clerks (i.e., technicians employed to collect data on fishing
effort and catch), tag recovery technicians (i.e., technicians employed specifically to target tag
recovery by sampling angler catches), and charter captains (professional anglers who serve as

guides for others).

The temporal and spatial deployment of sampling effort and the efficiency of tag
recovery per unit of effort was different for each type of technician (Adlerstein et al 2007),
which potentially could have caused biases in describing the lake spatial distributions of Chinook
Salmon. The majority of the CWT recoveries were from two sources, angler survey clerks
(42%) and tag recovery technicians (48%). Sampling effort of angler survey clerks was the most
temporally and spatially consistent over the entire period of study because these technicians were
deployed in a stratified sampling design with a primary purpose of estimating the catches and
fishing efforts for multiple species of fishes. They collected CWT Chinook Salmon only when
they were observed in angler catches. On the other hand, tag recovery technicians targeted CWT
trout and salmon. They sampled at times and places where the highest trout and salmon catches

were expected, such as during fishing tournaments, and they were more efficient in obtaining
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tags per unit of sampling effort. Because fishing tournaments were not evenly distributed
throughout the lakes, we were concerned that this type of target sampling could bias the spatial
distribution of captures of CWT Chinook Salmon. We elected to use captures by tag recovery
technicians in spite of this potential bias, because addition of these captures more than doubled
the sample size, and we though the bias would have a minimal effect on the results. However, to
assess the presence and degree of this potential bias, we ran one-way permutation tests of
symmetry and post hoc pairwise permutation tests using data from each source of recovery
separately (a = 0.05) to evaluate the proportions of Swan River salmon captured in Lake
Michigan in before and after periods during the feeding season, the combination of greatest
interest. We assumed that if results of tests were similar for both sources of recovery, then target

sampling did not cause undue bias in the distributions.
<A> Results

Our analysis was based on a total of 2,327 recoveries (1,095 in feeding season and 1,232
in spawning season) of CWT Chinook Salmon released at Swan River, Lake Huron (Appendix
Tables Al and A2) and 2,718 recoveries (1,349 in feeding season and 1,369 in spawning season)
of fish released at Medusa Creek, Lake Michigan (Appendix Tables A3 and A4). These captures
all met our criteria of being collected by trained technicians from the open-water recreational
fishery in state of Michigan waters, and were used in all the analyses after being adjusted for
fishing effort and numbers stocked.

<B> Proportions of Captures by Lake Versus Alewife Abundance

The estimated percent of CWT Chinook Salmon released at Swan River, Lake Huron and
captured in Lake Michigan during the feeding season showed an increasing trend over years,
which appeared to be inversely related to the population density of YAO Alewives in Lake
Huron (Figure 2 — top panel). The estimated percent captured in Lake Michigan increased
sharply from 16% in 1999 to 58% in 2000, which was 4 years prior to the Alewife collapse in
Lake Huron, but did correspond with the peak abundance of YAO Alewives in Lake Michigan
(Figure 2 — bottom panel). On the other hand, the estimated percent of salmon released at
Medusa Creek, Lake Michigan and captured in Lake Huron during the feeding season (Figure 2

— bottom panel), the estimated percent of Swan River salmon captured in Lake Michigan during
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the spawning season (Figure 3 — top panel), and the estimated percent of Medusa Creek salmon
captured in Lake Huron during the spawning season (Figure 3 — bottom panel) were all
consistently low and without apparent trend, and thus, did not appear to be related to the
abundance of YAO Alewives in either lake.

We found a highly significant overall effect for the proportion captured in Lake Michigan
for the groups defined by site of release, season, and period (Multifactorial permutation test; P <
0.000001). Given that all the interactions were highly significant, main effects were not
interpreted, and we focused on our planned comparisons. Of the four planned comparisons, the
only significant result was the before and after period comparison of Swan River salmon
recovered in feeding season, where a higher proportion of fish were recovered in Lake Michigan

after Alewife collapse than before (Table 2).
<B> Coastal Distributions Before and After Alewife Collapse

Graphical comparisons of coastal distributions before and after Alewife collapse also
showed that the distribution of tagged fish released at Swan River shifted from Lake Huron to
Lake Michigan during the feeding season (Figure 4 — top panel). In contrast, the majority of
captures of salmon released at Medusa Creek were in Lake Michigan regions in both before and
after periods (Figure 4 — bottom panel). During the spawning season, the greatest portion of

captures occurred in the lake regions where fish were released (Figure 5).
<B> Displacement Distances

Mean displacement distances for all age groups were greater in the feeding season than
the spawning season. They ranged from 127 km (SD, 125) to 274 km (SD, 160) in the feeding
season and from 55 km (SD, 110) to107 km (SD, 110) in the spawning season (Table 3). On the
other hand, CVs were greater in the spawning season than the feeding season for all ages. For
example, CVs for age-1 fish for Swan River were 157% in the spawning period and 70% in the
feeding season (Table 3). Mean displacement distances by age ranged from 85 km (SD, 116) to
177 km (SD, 177) for captures aggregated for entire fishing seasons (April-October)

<B> Net Displacement Directions Before and After Alewife Collapse
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In the feeding season, the net displacement directions for salmon released at Swan River
shifted from east of the stocking site, in the before period, to west of the stocking site in the after
period. When these distances are repositioned onto maps of the lakes, it is clear that Swan River
salmon of all ages shifted locations from Lake Huron to Lake Michigan (Figure 6). In the before
period, net displacements were +7 km (SD, 231), +81 km (SD, 142), and +100 km (SD, 121) east
of the stocking site in Lake Huron for ages 2, 3, and 4, respectively. Net displacement was -70
km (SD, 223) west of the stocking site for age 1, but still in Lake Huron (Figure 6 — top panel).

In contrast, during the after period, net displacements were -293 km (SD, 132), -316 km (SD,
144), and -337 km (SD, 150) from the stocking site and well into Lake Michigan for ages 1, 2,
and 3, respectively (Figure 6 — bottom panel). Therefore, the change in displacement location for
Swan River fish from before to after was 223 km (SD, 178) at age 1, 323 km (SD, 187) at age 2,
418 km (SD, 146) at age 3, and 357 km (SD, 169) for all fish combined. No age 4 fish were

captured during the after period.

For salmon released at Medusa Creek, net displacements in the feeding season were all
west of the stocking site in both before and after periods, which means they were well into Lake
Michigan (Figure 7). During the before period, net displacements were -245 km (SD, 118), -225
km (SD, 124), and -220 km (SD, 109) west of the stocking site in Lake Michigan for ages 1, 2,
and 3, respectively (Figure 7 — top panel). During the after period, net displacements for all age
groups were -209 km (SD, 101) east of the stocking site in Lake Michigan (Figure 7 — bottom

panel).

During the spawning season, net displacements for fish released at Swan River in both
before and after periods were relatively short distances east or west of the site, all within Lake
Huron (Figure 8). The net displacements were +30 km (SD, 102) east of the stocking site for
age-2-and-older fish and -40 km (SD, 168) west of the site for age-1 fish (Figure 8 — top panel).
Net displacements for salmon of all ages were -34 km (SD, 104) to -64 km (SD, 133) west of the
stocking site during the after period, but still within Lake Huron (Figure 8 — bottom panel). Net
displacements for fish released at Medusa Creek were all relatively short distances west of the
stocking site and all within Lake Michigan (Figure 9), varying from -198 km (SD, 127) for age-1
fish in the before period to -35 km (SD, 79) for age-3 fish in the after period.

<B> Assessment of Potential Bias
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Potential biases from increased mortality in Lake Huron did not have a significant effect
(o = 0.05) on the distribution of recoveries between lakes. Total capture rates for Swan River
fish were not significantly different in before and after periods (Pairwise permutation test: Z =
1.47, P = 0.14).

Potential biases from target sampling did not have a significant effect (« = 0.05) on the
distribution of recoveries between lakes. The distributions in before and after periods for
salmon released at Swan River and captured in Lake Michigan were statistically significant for
captures collected solely by spatially-consistent sampling (Pairwise permutation test: Z=2.80, P
=0.02, P adjusted = 0.04) and for captures collected solely by target sampling (Pairwise
permutation test: Z=2.95, P =< 0.01, P adjusted = 0.01).

<A> Discussion

The multiple analyses of CWT Chinook Salmon we conducted all supported the
hypothesis that the fish stocked into northern Lake Huron changed their feeding location from
Lake Huron to Lake Michigan to take advantage of the more abundant Alewives in Lake
Michigan. The proportion of Swan River salmon captured in Lake Michigan increased during
the feeding season and the timing of the increase corresponded with the decline in YAO Alewife
abundance in Lake Huron. Alewife abundance has remained low in Lake Huron for over 10
years and the proportion of Swan River salmon captured in Lake Michigan has remained high
(Figure 2). The proportion captured in Lake Michigan was significantly greater (« = 0.05) in
years after than before Alewife collapse (Table 2). Spatial assessment of capture locations
within and between lakes showed that the coastal distributions of Swan River salmon shifted to
Lake Michigan after collapse (Figure 4). And finally, the net displacement distances of Swan
River salmon shifted 357 km from central Lake Huron to central Lake Michigan after collapse
(Figure 6). We ruled out the potential effects of biases in these analyses caused by spatial
differences in natural mortality and for different methods of sampling for tagged fish. In
contrast, the same analyses applied to Medusa Creek salmon found that those fish tended to
remain in Lake Michigan for the entire period of study. Thus, tag recoveries from these two
stocking sites suggested that the shift in inter-lake movement was in one direction: Lake Huron

to Lake Michigan.
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The degree of change in movement patterns that we found were reasonable based on the
expected feeding behavior and physical capabilities of Chinook Salmon. The shift in capture
locations occurred only during April-July, a time of year when salmon were primarily feeding,
and it has been established that Chinook Salmon in the Great Lakes preferred Alewives as prey,
even when Alewife abundance was low and alternative prey were present (Jacobs et al. 2013). In
addition, the minimum distances moved by Chinook Salmon in our study, including the distance
from Swan River to central Lake Michigan (300 km), were comparable to distances of
movement reported previously for the species in their native range (Quinn 2005; Weitkamp
2010). The grand average minimum distance traveled for 29 West Coast stocks was 152 km, 215
km, 297 km, and 314 km for ages 1, 2, 3, and 4, respectively (Weitkamp 2010), which could be
compared directly to our “entire fishing season” distances in Table 3. Thus, minimum distances
traveled by our Great Lakes stocks were about average for younger salmon (age 1) but below

average for older salmon (ages 2-4).

The basic movement behavior of Chinook Salmon in lakes Huron and Michigan was
similar to that observed in their native range on the West Coast of North America. That is, they
imprinted on their stocking sites, traveled hundreds of kilometers in open-water to feed, and
displayed a high degree of homing fidelity in returning to their stocking sites to attempt to
spawn. Even the Swan River fish maintained a high degree of homing fidelity to their release
site after changing their feeding location from Lake Huron to Lake Michigan. Their distribution
during the spawning season remained centered on LH1, the lake region containing Swan River,
for the entire 21-year study period (Figure 5). Fish released at Medusa Creek also displayed a
high degree of homing fidelity (Figure 5).

However, major changes in coastal distributions like we found here have not been
reported for Chinook Salmon in the Pacific Ocean. Studies there found that stocks from the
same freshwater origin and genetic background maintained distinctive coastal distributions that
were consistent over years despite considerable variability in ocean ecological factors, including
periods of strong El Nifio and La Nifia events (Weitkamp 2010; Quinn et al. 2011; Chamberlin
and Quinn 2014). In contrast, our Swan River Chinook Salmon were from the same freshwater
origin, run type, and genetic background for our entire period of study (Weeder et al. 2005; Suk

et al. 2012), yet they displayed a major, long-term change in their coastal distribution that was
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most likely driven by ecological factors (i.e., changes in forage distribution). While many
unknowns remain regarding genetic versus ecological control of coastal distributions, our
findings suggested that changes in ecological factors can lead to substantial changes in
movement patterns and coastal distributions. Chinook Salmon are not native to the Great Lakes,
and this fact could have confounded genetic control of feeding migrations here causing salmon to
be more opportunistic. Also, the Pacific Ocean probably contains more numerous forage
options for Chinook Salmon as compared to the Great Lakes where they rely heavily on
Alewives and travel long distances to seek them out. In addition, our ability to detect the change
in distribution of Swan River salmon was enhanced because we stratified our captures into
seasonal periods. Had we not done so, the consistency of the homing behavior in August—

October might have obscured the change in distribution that occurred only in April—July.

We found that Chinook Salmon in lakes Huron and Michigan were spatially more
dispersed in the spawning season than the feeding season. For fish released at both sites and for
all age groups, CVs for displacement distances in the spawning season were about double those
for the feeding season (Table 3). We can only speculate that greater dispersion in the spawning
season was caused by separation of mature and immature fish, with mature fish tending to return

to release site and immature fish tending to remain in spring-summer feeding areas.

Although we focused our assessment on only two stocking sites, we think the results
have broader management implications. First, Chinook Salmon tagged and released at other
sites in region LH1 since 2011 have travelled into Lake Michigan at rates similar to salmon
stocked at Swan River (authors’ unpublished data), and the potential impact of all LH1-stocked
salmon on the forage base of Lake Michigan is likely significant. An average of 0.7 million
Chinook Salmon per year have been stocked in LH1 in recent years versus 1.8 million per year
stocked directly into all of Lake Michigan. Therefore, even if only 80% of the LH1 fish fed in
Lake Michigan, which would be reasonable based on our findings, then movements of LH1
salmon into Lake Michigan would have a similar impact on the forage base as directly increasing
the annual stocking rate within Lake Michigan by 0.5 million Chinook Salmon, or by about 30%.
Thus, consideration of Chinook Salmon stocked into region LH1 of Lake Huron when
determining stocking policies for Lake Michigan would be expected to enhance effective

management of the Lake Michigan recreational fishery, based on our analysis results. Also,
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because the shift in movement of Swan River salmon has persisted for over 10 years, it is
unlikely to change in the future unless the relative abundance of Alewives in the two lakes also
changes. Nevertheless, continuing to tag Chinook Salmon stocked into northern Lake Huron at
a sufficiently high level would enable fishery managers to monitor possible future changes in

inter-lake movement patterns.

The only other Chinook Salmon stocked into Lake Huron and potentially travelling to
Lake Michigan were released in the Province of Ontario, where an average of 0.3 million
fingerlings per year were stocked. Most of these fish were stocked into southern Georgian Bay
about 400 km from Lake Michigan, but they have not been tagged in recent years, so we could
not describe their movement dynamics. However, it seems likely that some of these fish have
been feeding in Lake Michigan, because CPE of anglers in Georgian Bay did not decline after
the Alewife collapse (Clark et al. 2016). Also, mean minimum recovery distances of over 700
km from tagging sites have been observed for Chinook Salmon in the Pacific Ocean (Weitkamp
2010), so Lake Michigan should be within range of Georgian Bay salmon. Tagging or marking
Chinook Salmon stocked into Georgian Bay would broaden our understanding of inter-lake
movement, which, in turn, would be expected to improve management of the Lake Michigan
recreational fishery.

Wild, naturally-produced Chinook Salmon originating in tributaries of Lake Huron are
also likely entering Lake Michigan. Tagged wild and hatchery Chinook Salmon of the same
genetic background and originating from the same freshwater sites displayed similar marine
distributions in the Pacific Ocean (Weitkamp 2010). In Lake Huron, Ontario tributaries in
particular are known to produce substantial numbers of wild Chinook Salmon (Johnson et al.
2010; Johnson and Gonder 2013), and these wild fish are genetically similar to the tagged,
hatchery fish released at Swan River (Suk et al. 2012). Furthermore, based on otolith
microchemistry, Marklevitz et al. (2016) found that the recreational catch of Chinook Salmon in
Lake Huron during 2010 was composed mostly of wild fish, of which, 55% originated from
streams of southern Georgian Bay and 35% originated from streams in northern Lake Huron.
The northern Lake Huron group included fish originating from the same freshwater region (LH1)
as the Swan River fish, which indicated there must be substantial natural reproduction in streams

entering LH1. If these LH1-wild fish behave as LH1-hatchery fish, then the majority are
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currently traveling to Lake Michigan in the feeding season. Additional work in the future
examining otolith microchemistry of wild fish from Lake Michigan could help determine the

proportion coming from Lake Huron tributaries.

Another important result from this study with management implications was that age-1
Chinook Salmon exhibited mean minimum travel distances of up to 300 km (Figure 6). The
importance of this finding related to the way that managers have been estimating the amount of
Chinook Salmon natural reproduction. Since the late-1990s, all hatchery-reared Chinook
Salmon stocked into Lake Michigan were marked with either oxytetracycline (Williams 2012) or
CWTs (Bronte et al. 2012). Managers used the proportion of unmarked age-1fish captured in the
fishery to estimate wild recruitment rates (Williams 2012). We found that an average of 82% of
tagged fish released at Swan River and captured during the feeding seasons of 2008-2014 were
captured in Lake Michigan and that these fish were already present in Lake Michigan by age 1
(Figure 6).  Prior to 2014, estimates of wild recruitment were made using the total number of
fish stocked within each individual lake without any consideration of inter-lake movement.
Tagged, age-1 salmon stocked into Lake Huron and moving into Lake Michigan would have
biased these estimates of wild recruits. Therefore, based on our results, we suggested to fisheries
managers to account for Chinook Salmon planted in region LH1 of Lake Huron when estimating
the abundance of wild Chinook Salmon that will potentially feed in Lake Michigan, and our
suggestion was implemented (Notes of winter meeting of the Lake Michigan Technical
Committee in Zion, Illinois, January 28-29, 2015, B. Breidert, Indiana Department of Natural
Resources, Chair).

One of the main limitations of our study was our assumption that state of Michigan
waters were representative of the whole lakes, which was necessary to assemble the most
temporally and spatially consistent recovery data. One possible violation of this assumption
would be that tagged Chinook Salmon increased their movements during the feeding season into
Ontario waters of Lake Huron, because if this happened, it would weaken our conclusion that
Swan River fish shifted their feeding locations into Lake Michigan. However, we thought this
was unlikely given that CPE of Chinook Salmon in Ontario waters declined or remained constant
after the collapse of Alewives (Clark et al. 2016). On the other hand, CPE of Chinook Salmon
increased more in Wisconsin waters of Lake Michigan than in Michigan waters after collapse
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(Clark et al. 2016), which suggested that Swan River salmon could have moved into Wisconsin
waters of Lake Michigan at a greater rate than into Michigan waters. If so, then our conclusion
would be strengthened, because it would mean that more Swan River fish were in Lake Michigan
than we estimated. The potential effects of these biases can be resolved more definitively in the
future, because the CWT program for Chinook Salmon was expanded in 20112016, so that all
hatchery-reared Chinook Salmon were tagged and the sampling for recoveries was expanded and

made more consistent across state boundaries.
<A> Acknowledgements

We thank the many individuals employed by the collaborating agencies who contributed
data and field work to make this study possible. The Great Lakes Fishery Trust provided
funding for our analysis as part of Grant 2012.1230. Angler surveys and tagging and recovery of
Chinook Salmon were funded by sales of recreational fishing licenses and U.S. Federal Aid to
Fish Restoration Projects for the state of Michigan and by the Great Lakes Restoration Initiative
grants to the USFWS. MDNR provided funding for the efforts of J. R. Bence. Any use of trade,
product, or firm names is for descriptive purposes only and does not imply endorsement by the
U.S. Government. The findings and conclusions in this article are those of the authors and do not

necessarily represent the views of the U.S. Fish and Wildlife Service.
<A> References

Adlerstein, S. A., E. S. Rutherford, D. Clapp, J. A. Clevenger, and J. E. Johnson. 2007a.
Estimating seasonal movements of Chinook Salmon in Lake Huron from efficiency
analysis of coded wire tag recoveries in recreational fisheries. North American Journal of
Fisheries Management 27:792-803.



605
606
607
608

609
610
611

612
613
614
615
616

617
618
619

620
621
622
623

624
625
626
627

628
629
630
631

Clark et al. — Changes in Movements of Chinook Salmon - 22

Adlerstein, S. A., E. S. Rutherford, R. M. Claramunt, D. F. Clapp, and J. A. Clevenger. 2008.
Seasonal movements of Chinook Salmon in Lake Michigan based on tag recoveries from
recreational fisheries and catch rates in gill-net assessments. Transactions of the
American Fisheries Society 137:736—750.

Brenden, T. O., J. R. Bence, and E. B. Szalai. 2012. An age-structured integrated assessment of
Chinook Salmon population dynamics in Lake Huron’s main basin since 1968.

Transactions of the American Fisheries Society. 141:919-933.

Bronte, C.R., K. A. Walch, J. M. Dettmers, M. Gaden, M. J. Connerton, M. Daniels, and T. J.
Newcomb. 2012. A coordinated mass marking program for salmonines stocked into the
Laurentian Great Lakes. Pages 27-42 In J. McKenzie, B. Parsons, A. Seitz, R. K. Kopf,
M. Mesa, and Q. Phelps, editors. Advances in fish tagging and marking technology.

American Fisheries Society Symposium 76, Bethesda, Maryland.

Chamberlin, J. W. and T. P. Quinn. 2014. Effects of natal origin on localized distributions of
Chinook Salmon, Oncorhynchus tshawytscha, in the marine waters of Puget Sound,
Washington. Fisheries Research 153:113-122.

Claramunt, R. M., C. P. Madenjian, and D. F. Clapp. 2012. Pacific salmonines in the Great
Lakes Basin. Pages 609-650 in W. W. Taylor, A. J. Lynch, N. J. Leonard, editors. Great
Lakes Fisheries Policy and Management: a binational perspective, 2nd edition. Michigan

State University Press, East Lansing, Michigan.

Clark, R. D., Jr., J. R. Bence, R. M. Claramunt, J. E. Johnson, D. Gonder, N. D. Legler, S. R.
Robillard, and B. D. Dickinson. 2016. A spatially explicit assessment of changes in
Chinook Salmon fisheries in lakes Michigan and Huron from 1986 to 2011. North
American Journal of Fisheries Management 36:1068-1083.

Gorman, O. T., 2012. Great Lakes Prey Fish Populations: A Cross-Basin Overview of Status and
Trends Based on Bottom Trawl Surveys, 1978-2012. U.S. Geological Survey Report to
Upper and Lower Lakes Committee Meetings, Great Lakes Fishery Commission, Duluth,
Minnesota, March 19-21, 2013, Niagara Falls, New York, March 26-28, 2013.



632
633
634

635
636
637

638
639
640

641
642
643

644
645
646

647
648
649
650

651
652
653

654
655

Clark et al. — Changes in Movements of Chinook Salmon - 23

Jacobs, G. R., C. P. Madenjian, D. B. Bunnell, D. M. Warner, and R. M. Claramunt. 2013.
Chinook Salmon foraging patterns in a changing Lake Michigan. Transactions of the
American Fisheries Society. 142:362-372.

Johnson, J. E., S. P. DeWitt, and J. A. Clevenger, Jr. 2007. Causes of variable survival of
stocked Chinook Salmon in Lake Huron. Michigan Department of Natural Resources,

Fisheries Division, Fisheries Research Report 2086, Ann Arbor, Michigan.

Johnson, J. E., S. P. DeWitt, and D. J. A. Gonder. 2010. Mass marking reveals emerging self-
regulation of the Chinook Salmon population in Lake Huron. North American Journal of
Fisheries Management 30:518-5209.

Johnson, J. E., and D. Gonder. 2013. Status of introduced salmonines. Pages 50-60 in S. F.
Riley, editor. The State of Lake Huron in 2010. Great Lakes Fishery Commission Special
Publication 13-01.

Lake Michigan Committee. 2014. Lake Michigan salmonine stocking strategy.
http://www.qglfc.org/pubs/lake committees/michigan/Lake%20Michigan%20Committee
%20Salmon%20Stocking%20Strateqy%202014.pdf

Madenjian, C. P., D. B. Bunnell, T. J. Desorcie, M. J. Kostich, M. A. Chriscinske, and J. V.
Adams. 2016. Status and trends of prey fish populations in Lake Michigan, 2015. U.S.
Geological Survey Report to Lake Michigan Committee at Milwaukee, Wisconsin,
March 22, 2016.

Mangiafico, S.S., 2016. Summary and analysis of extension program evaluation in R, version

1.8.3 rcompanion.org/handbook/. (Pdf version:

rcompanion.org/documents/RHandbookProgramEvaluation.pdf.)

Manly, B.F., 1998. Randomization, bootstrap and Monte Carlo methods in biology. 2" Edition.

Chapman and Hall, London.


http://www.glfc.org/pubs/lake_committees/michigan/Lake%20Michigan%20Committee%20Salmon%20Stocking%20Strategy%202014.pdf
http://www.glfc.org/pubs/lake_committees/michigan/Lake%20Michigan%20Committee%20Salmon%20Stocking%20Strategy%202014.pdf
http://rcompanion.org/handbook/
http://rcompanion.org/documents/RHandbookProgramEvaluation.pdf

656
657
658
659

660
661
662
663
664

665
666
667
668
669

670
671

672
673
674

675
676
677

678
679
680

Clark et al. — Changes in Movements of Chinook Salmon - 24

Marklevitz, S. A. C., B. J. Fryer, D. Gonder, Z. Yang, J. Johnson, A. Moerke, Y. E. Morbey.
2011. Use of otolith chemistry to discriminate juvenile Chinook Salmon (Oncorhynchus
tshawytscha) from different wild populations and hatcheries in Lake Huron. Journal of
Great Lakes Research 37:698-706.

Muir, A. M., C. C. Krueger, and M. J. Hansen. 2012. Re-establishing lake trout in the
Laurentian Great Lakes: past, present, and future. Pages 533-588 in W. W. Taylor, A. J.
Lynch, N. J. Leonard, editors. Great Lakes Fisheries Policy and Management: a
binational perspective, 2nd edition. Michigan State University Press, East Lansing,
Michigan.

O’Gorman, R., C. P. Madenjian, E. F. Roseman, A. Cook, and O. T. Gorman. 2012. Alewife in
the Great Lakes: old invader — new millennium. Pages 705-732 in W. W. Taylor, A. J.
Lynch, N. J. Leonard, editors. Great Lakes Fisheries Policy and Management: a
binational perspective, 2nd edition. Michigan State University Press, East Lansing,

Michigan.

Quinn, T. P., 2005. The behavior and ecology of Pacific salmon and trout. University of
Washington Press, Seattle.

Quinn, T. P., J. Chamberlin, and E. L. Brannon. 2011. Experimental evidence of population-
specific marine spatial distributions of Chinook Salmon, Oncorhynchus tshawytscha.
Environmental Biology of Fish 92:313-322.

Rakoczy, G. P., and R. F. Svobada. 1997. Sportfishing catch and effort from the Michigan
waters of lakes Michigan, Huron, Erie, and Superior, April 1, 1994 — March 31, 1995.
Michigan Department of Natural Resources, Fisheries Technical Report 97-4.

Riley, S. C., E. F. Roseman, S. J. Nichols, T. P. O’Brien, C. S. Kiley, and J. S. Schaeffer. 2008.
Deepwater demersal fish community collapse in Lake Huron. Transactions of the
American Fisheries Society 137:1879-1890.



681
682
683

684
685

686
687

688
689

690
691
692

693
694
695
696

697
698
699
700

701
702
703

704
705
706

Clark et al. — Changes in Movements of Chinook Salmon - 25

Roseman, E. F., M.A. Chriscinske, D.K. Castle, and C. Prichard. 2016. Status and Trends of the
Lake Huron Offshore Demersal Fish Community, 1976-2015. U. S. Geological Survey
Report to the Lake Huron Committee at Milwaukee, Wisconsin, March 21, 2016.

Smith, S. H. 1968. Species succession and fishery exploitation in the Great Lakes. Journal of the
Fisheries Research Board of Canada 25:667—693.

Stewart, D.J., and Ibarra, M. 1991. Predation and production by salmonine fishes in Lake
Michigan, 1978-88. Canadian Journal of Fisheries and Aquatic Sciences 48(5): 909-922.

Su, Z., and D. Clapp. 2013. Evaluation of sample design and estimation methods for Great Lakes

angler surveys. Transactions of the American Fisheries Society. 141(1):234-246.

Suk, H.Y., Neff, B.D., Quach, K., and Morbey, Y.E. 2012. Evolution of introduced Chinook
Salmon (Oncorhynchus tshawytscha) in Lake Huron: emergence of population genetic

structure in less than 10 generations. Ecology of Freshwater Fish. 21:235-244.

Tanner, H. A., and W. H. Tody. 2002. History of the Great Lakes salmon fishery: a Michigan
perspective. Pages 139-154 in K. D. Lynch, M. L. Jones, and W. W. Taylor, editors.
Sustaining North American salmon: perspectives across regions and disciplines.

American Fisheries Society, Bethesda, Maryland.

Tsehaye, I., M. L. Jones, J. R. Bence, T. O. Brenden, C. P. Madenjian, and D. M. Warner. 2014.
A multispecies statistical age-structured model to assess predator—prey balance:
application to an intensively managed Lake Michigan pelagic fish community. Canadian
Journal of Fisheries and Aquatic Sciences 71:1-18.

Weeder, J.A., Marshall, A.R., and Epifanio, J.M. 2005. An assessment of population genetic
variation in Chinook Salmon from seven Michigan rivers 30 years after introduction.

North American Journal of Fisheries Management 25: 861-875.

Weitkamp, L. A. 2010. Marine distributions of Chinook Salmon from the West Coast of North
America determined by coded wire tag recoveries. Transactions of the American
Fisheries Society 139:147-170.



707
708
709

710
711
712

713

Clark et al. — Changes in Movements of Chinook Salmon - 26

Wells, L., and A. L. McClain. 1973. Lake Michigan: man’s effects on native fish stocks and
other biota. Great Lakes Fishery Commission Technical Report 20. Ann Arbor,

Michigan.

Williams, M. C. 2012. Spatial, temporal, and cohort-related patterns in the contribution of wild
Chinook Salmon (Oncorhynchus tshawytscha) to total Chinook harvest in Lake

Michigan. MS Thesis. Department of Fisheries and Wildlife, Michigan State University.



Clark et al. — Changes in Movements of Chinook Salmon - 27

714 Table 1. — Numbers (thousands) of Chinook Salmon tagged (recoverable CWTs)
715 and released at Swan River (Lake Huron) and Medusa Creek (Lake Michigan) from
716 1991-2014. Total number and number from each source hatchery, Platte River (PR)
717 and Wolf Lake (WL), are given below release site.
Swan River, Lake Huron Medusa Creek, Lake Michigan
Year PR WL Total PR WL Total
1991 203 0 203 106 0 106
1992 187 0 187 100 0 100
1993 189 0 189 86 0 86
1994 186 0 186 85 0 85
1995 92 0 92 0 0 0
1996 86 0 86 0 0 0
1997 91 0 91 0 0 0
1998 86 0 86 0 0 0
1999 94 0 94 0 0 0
2000 88 0 88 82 0 82
2001 85 103 187 75 94 170
2002 95 84 180 97 100 197
2003 94 101 195 97 98 195
2004 89 87 175 97 85 182
2005 96 89 185 97 88 186
2006 63 93 157 80 89 169
2007 96 0 96 89 0 89
2008 88 0 88 97 0 97
2009 93 0 93 96 0 96
2010 98 0 98 215 0 215
2011 394 0 394 215 0 215
2012 336 0 336 190 0 190
2013 360 0 360 71 0 71
2014 348 0 348 68 0 68
Totals 3,637 556 4,193 2,043 556 2,599

718
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Table 2. — Summary of pairwise permutation test results comparing the
proportion of Chinook Salmon captured in Lake Michigan during before (1993—
1997) and after (2008—2014) periods for groups based on sites of release and
seasons of capture. Adjusted P was the Bonferroni adjustment for 4 test
comparisons. The “*” indicates that before and after distributions were
significantly different (P < 0.05). Means and SDs of the groups are also given

for reference.

Release site, Adjusted
Period Mean SD Z P P

Feeding Season

Swan River
Before 0.13 0.14 2.80 0.01 0.04 *
After 0.82 0.21

Medusa Creek
Before 0.98 0.05 0.66 0.51 1.00
After 0.99 0.01

Spawning Season

Swan River
Before 0.06 0.02 -0.36 0.71 1.00
After 0.05 0.01

Medusa Creek
Before 0.97 0.04 -1.29 0.20 0.80
After 0.91 0.07
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730 Table 3. — Mean displacement distances (km) (SDs) and coefficients of variation (CV =
731 100 - SD/mean) by site and age for Chinook Salmon captures aggregated by entire fishing season
732 (April-October), feeding season (April-July), and spawning season (August—October). Means
733 are for the entire period of study (1993-2014) and do not account for direction of travel.

Age (years)

Mgan

recoveries

per age
Release site group 1 2 3 4

Entire fishing season
Swan River 583 142 (163) 177 (177) 122 (155) 85 (116)
CVv 114% 100% 127% 137%
Medusa Creek 694 141 (125) 171 (123) 141 (120) 141 (108)
CVv 89% 2% 85% 771%
Feeding season
Swan River 274 237 (167) 274 (160) 197 (164) 127 (125)
CVv 70% 58% 83% 98%
Medusa Creek 340 201 (120) 226 (106) 208 (103) 200 (73)
CVv 60% 47% 50% 36%
Spawning season

Swan River 309 82 (128) 72 (127) 55 (110) 60 (103)
CVv 157% 176% 198% 171%
Medusa Creek 354 93(108) 107 (110) 88 (104) 102 (111)
CVv 116% 103% 119% 109%

734
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Figure 1. — Regions used to evaluate Chinook Salmon movements are delineated on this
map as LM1, LM2, LM3 in Lake Michigan and LH1, LH2, and LH3 in Lake Huron.
Locations of Medusa Creek and Swan River stocking sites and Platte River and Wolf Lake
Hatcheries are also indicated on the map. Medusa Creek and Swan River are 80 km and 87

km, respectively, from the dividing line between lakes Michigan and Huron.
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Swan River-Released Fish - Feeding Season Captures
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Figure 2. — For the April-July feeding season, the top panel shows the percent of
Chinook Salmon released at Swan River in Lake Huron and captured in Lake Michigan (left
axis) along with YAO Alewife biomass by year in Lake Huron (right axis). Also for the feeding
season, the bottom panel shows the percent of Chinook Salmon released at Medusa Creek in
Lake Michigan and captured in Lake Huron (left axis) along with YAO Alewife biomass by year
for Lake Michigan (right axis). Error bars for YAO Alewife biomass are + 1 standard error.
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Swan River-Released Fish - Spawning Season Captures
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Figure 3. — For the August—October spawning season, the top panel shows the percent of
Chinook Salmon released at Swan River in Lake Huron and captured in Lake Michigan (left
axis) along with YAO Alewife biomass by year in Lake Huron (right axis). Also for the
spawning season, the bottom panel shows the percent of Chinook Salmon released at Medusa
Creek in Lake Michigan and captured in Lake Huron (left axis) along with YAO Alewife
biomass by year for Lake Michigan (right axis). Error bars for YAO Alewife biomass are + 1

standard error.
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Swan River Fish - Feeding Season
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Figure 4. — Distributions of captured Chinook Salmon before (1993-1997) and after
(2008-2014) the collapse of Alewives in Lake Huron during the feeding season. The top panel
shows average annual percentages captured by region for fish released at Swan River, Lake
Huron. The bottom panel shows average annual percentages captured by region for fish released

at Medusa Creek, Lake Michigan. Error bars are + 1 standard error of annual values.
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897
898 Figure 5. — Distributions of captured Chinook Salmon before (1993-1997) and after

899  (2008-2014) the collapse of Alewives in Lake Huron during the spawning season. The top panel
900 shows average annual percentages captured by region for fish released at Swan River, Lake

901  Huron. The bottom panel shows average annual percentages captured by region for fish released
902 at Medusa Creek, Lake Michigan. Error bars are £ 1 standard error of annual values.

903



Clark et al. — Changes in Movements of Chinook Salmon - 35

Swan River — Feeding Season
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927 Figure 6. — Numbered boxes on maps represent age groups of tagged Chinook Salmon
928  stocked at Swan River, Lake Huron. Locations of boxes show the approximate the net
929  displacement directions from Swan River during the feeding season before (1993-1997 — top

930 panel) and after (2008-2014 — bottom panel) the collapse of Alewife populations in Lake Huron.
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Medusa Creek — Feeding Season
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Figure 7. — Numbered boxes on maps represent age groups of tagged Chinook Salmon
stocked at Medusa Creek, Lake Michigan. Locations of boxes show the approximate the net
displacement directions from Medusa Creek during the feeding season before (1993-1997 — top

panel) and after (2008-2014 — bottom panel) the collapse of Alewife populations in Lake Huron.
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Swan River — Spawning Season
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981  stocked at Swan River, Lake Huron. Locations of boxes show the approximate the net
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983  panel) and after (2008-2014 — bottom panel) the collapse of Alewife populations in Lake Huron.
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Medusa Creek — Spawning Season
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1007 Figure 9. — Numbered boxes on maps represent age groups of tagged Chinook Salmon
1008  stocked at Medusa Creek, Lake Michigan. Locations of boxes show the approximate the net
1009  displacement directions from Medusa Creek during the spawning season before (1993-1997 —
1010  top panel) and after (2008-2014 — bottom panel) the collapse of Alewife populations in Lake
1011 Huron.
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1012  <A> Appendix: Number of individual captures for each release site by season, year, lake, and
1013 lake region.
1014

1015 Table Al. — Locations of feeding season (April-July) recoveries for Chinook Salmon
1016  released at Swan River Lake Huron.

Lake and region of capture

Michigan Huron
Lake Lake Grand
Year LM3 LM2 LM1 total LH1 LH2 LH3 total total
1993 1 1 0 2 8 7 14 29 31
1994 4 1 0 5 43 21 44 108 113
1995 3 15 2 20 106 45 32 183 203
1996 6 16 0 22 7 14 14 35 57
1997 11 11 0 22 22 19 28 69 91
1998 8 18 0 26 16 21 12 49 75
1999 4 4 0 8 12 3 4 19 27
2000 13 15 0 28 6 1 1 8 36
2001 5 7 0 12 0 1 2 3 15
2002 10 15 2 27 1 2 1 4 31
2003 33 13 0 46 5 0 1 6 52
2004 23 16 10 49 6 2 0 8 57
2005 5 10 2 17 2 0 0 2 19
2006 1 1 0 2 2 0 0 2 4
2007 2 3 0 0 0 0 8
2008 5 10 8 23 1 0 0 1 24
2009 6 7 1 14 0 0 0 0 14
2010 0 4 0 4 0 0 0 0 4
2011 1 5 0 6 1 0 0 1 7
2012 7 27 6 40 2 0 0 2 42
2013 14 21 7 42 9 0 2 11 53
2014 45 75 3 123 9 0 0 9 132
Grand
total 207 295 44 546 258 136 155 549 1095

1017
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1018 Table A2. — Locations of spawning season (August—October) recoveries for Chinook
1019  Salmon released at Swan River Lake Huron.

Lake and region of capture

Michigan Huron
Lake Lake Grand
Year LM3 LM2 LM1 total LH1 LH2 LH3 total total
1993 1 1 0 1 15 7 1 23 24
1994 0 2 0 5 69 13 0 82 87
1995 3 7 3 12 74 34 2 110 122
1996 2 3 0 4 31 22 4 57 61
1997 1 3 1 5 70 24 3 97 102
1998 1 8 3 11 25 22 0 47 58
1999 0 8 1 9 58 3 1 62 71
2000 0 0 1 4 31 4 0 35 39
2001 3 2 0 2 35 1 0 36 38
2002 0 4 2 10 27 8 4 39 49
2003 4 15 3 19 42 4 0 46 65
2004 1 10 5 16 33 4 0 37 53
2005 1 5 1 6 9 0 0 9 15
2006 0 2 0 2 4 0 0 6
2007 0 3 0 3 7 0 0 7 10
2008 0 7 0 7 24 0 0 24 31
2009 0 2 0 4 19 0 0 19 23
2010 2 1 0 1 19 0 0 19 20
2011 0 2 0 2 19 0 0 19 21
2012 0 9 0 9 28 2 0 30 39
2013 0 7 1 18 118 1 0 119 137
2014 10 16 6 29 130 1 1 132 161
Grand
total 27 117 35 179 887 150 16 1053 1232

1020
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1021 Table A3. — Locations of feeding season (April-July) recoveries for Chinook Salmon
1022  released at Medusa Creek Lake Michigan.

Lake and region of capture

Michigan Huron
Lake Lake Grand
Year LM3 LM2 LM1 total LH1 LH2 LH3 total total
1993 10 9 0 19 0 0 0 0 19
1994 9 7 0 16 0 0 1 1 17
1995 14 11 3 28 0 0 0 0 28
1996 5 15 0 20 0 0 0 0 20
1997 4 5 1 10 0 0 0 0 10
1998 0 1 0 1 0 0 0 0 1
1999 0 0 0 0 0 0 0 0 0
2000 0 0 0 0 0 0 0 0 0
2001 0 1 0 1 0 0 0 0 1
2002 21 35 2 58 0 0 1 1 59
2003 89 40 129 0 2 0 2 131
2004 73 71 22 166 0 0 0 0 166
2005 40 77 23 140 0 0 0 0 140
2006 50 43 21 114 1 0 0 1 115
2007 28 60 22 110 0 0 0 0 110
2008 27 50 17 94 1 0 0 1 95
2009 17 59 1 77 0 0 0 0 77
2010 17 36 3 56 0 0 0 0 56
2011 19 27 2 48 0 0 0 0 48
2012 35 84 7 126 1 0 0 1 127
2013 20 19 4 43 0 0 0 0 43
2014 34 52 0 86 0 0 0 0 86
Grand
total 512 702 128 1342 3 2 2 7 1349

1023
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1024 Table A4. — Locations of spawning season (August—October) recoveries for Chinook
1025  Salmon released at Medusa Creek Lake Michigan.

Lake and region of capture

Michigan Huron
Lake Lake Grand
Year LM3 LM2 LM1 total LH1 LH2 LH3 total total
1993 5 6 10 21 0 0 0 0 21
1994 6 8 6 20 2 0 0 2 22
1995 0 6 5 11 0 1 0 1 12
1996 3 5 25 33 0 0 0 0 33
1997 0 6 11 17 0 0 0 0 17
1998 0 0 2 2 0 0 0 0 2
1999 0 0 0 0 0 0 0
2000 0 0 0 0 0 0 0 0 0
2001 0 3 0 3 0 0 0 0 3
2002 3 10 23 36 2 0 0 2 38
2003 23 39 86 148 0 1 0 1 149
2004 19 32 84 135 6 0 0 6 141
2005 6 35 39 80 3 0 0 3 83
2006 14 93 62 169 4 0 0 4 173
2007 6 53 20 79 1 0 0 1 80
2008 5 56 17 78 3 0 0 3 81
2009 0 54 20 74 0 0 0 0 74
2010 1 29 39 69 0 0 0 0 69
2011 1 10 77 88 2 0 0 2 90
2012 4 39 60 103 1 0 0 1 104
2013 13 14 69 96 5 1 0 6 102
2014 9 32 30 71 4 0 0 4 75
Grand
total 118 530 685 1333 33 3 0 36 1369
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