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Abstract The round goby, Apollonia melanostoma,
a molluscivore specialist, was introduced to the Great
Lakes in the early 1990s and rapidly expanded its
distribution, especially in Lake Erie. Adult round
goby morphology suggests low dispersal and migra-
tion potential due to the lack of a swim bladder and
benthic [ife style. Given that the larval stage occurs
inside the benthic egg, and juveniles have adult
morphologies, it has been suspected that dispersal and
invasion potential is low for early life stages also.
However, we identified early juvenile round gobies in
the nocturnal pelagic in Lake Erie and thus we
conducted a sampling study to determine the extent to
which this life stage uses the nocturnal pelagic.
Replicate ichthyoplankton samples were collected at
3-h intervals (1900-0700 h) at three depths (2 m,
5 m, 8 m) in western Lake Erie (water depth = 10 m)
in July and August 2002 and June 2006. Early juvenile
round gobies (6-23 mm TL) were present almost
exclusively in the nocturnal samples (2200 h, 0100 h,
0400 h) with peak densities approaching 60 individ-
uals per 100 m* of water sampled. Nocturnal density
was also significantly greater at 8-m depth versus 2-m
and only the smallest fish (6~8 mm TL) migrated o
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the surface (2-m). Analyses of diet clearly demon-
strated that these fish are foraging on plankton at night
and thus may not be light limited for foraging in ship
ballast tanks. In ships that take on thousands of tonnes
of water for ballast, nocturnal ballasting could easily
result in transport of thousands of young round gobies
at a time. Additionally, within-lake dispersal at this
lifestage is likely common and may facilitate down-
stream passage across barriers designed to limit range
expansion.
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Introduction

Biological invasion success is a function of several
factors including propagule size (number of invad-
ers), invasion frequency, attributes of the invader
(fecundity, dispersal ability), as well as biotic and
abiotic conditions between the source and invasion
sites (species diversity, niche gaps, physical condi-
tions) (Ricciardi and Maclsaac 2000; Vanderploeg
et al. 2002). Invasion of the Great Lakes by zebra
mussels, (Dreissena polvmorpha), is an example in
which biological attributes such as high fecundity,
broad environmental tolerances, and rapid dispersal
ability combined with human activities (e.g.,
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transportation via ballast water) and the absence
of natural predators resulted in rapid colonization
(Nalepa and Schloesser 1993). Given the ecological
and economic importance of limiting exotic intro-
ductions (Mills et al. 1994), it is critical to understand
the mechanisms influencing species persistence and
population expansion, which ultimately result in
successful exotic species introductions.

Dispersal of fish from natal sites frequently occurs
at a young age (larvae) soon after egg hatching (Mora
and Sale 2002), although adult migration is also
common in pelagic fishes (Fuiman and Wermner 2002).
As a result of the relatively small size of larval fish
and the physical characteristics of the aquatic envi-
ronment, early life stage dispersal is generally
considered to be a function of water movements,
such as horizontal water currents and upwelling.
Additionally, many fish are able to adjust buoyancy
within the water column (vertical migrations) using
their swim bladder and thus utilize water currents for
dispersal throughout the aquatic landscape (Fuiman
and Werner 2002). Understanding dispersal mecha-
nisms of invading species is critical because these
provide potential avenues for efforts to block inva-
sions, such as ballast water technology and import
inspection procedures (MaclIsaac et al. 2002).

The Great Lakes have undergone a series of
biological invasions that have strongly meodified
biological and ecological interactions within the
system, such as a loss of bivalve biodiversity
(Schloesser et al. 1996; Strayer 1999), increased
habitat competition with native fishes (Dubs and
Corkum 1996), and increased resources to the benthic
community (Stewart et al. 1993). These invasions
are a direct result of human manipulation of the
environment (e.g., Welland Canal, lamprey introduc-
tions) or unintentional movement of species among
isolated but similar ecosystems.

A recent successful invader in the Great Lakes, the
round goby (Apollonia melanostoma), has rapidly
colonized the Great Lakes. The round goby was
initially discovered in the St. Clair River near Sarnia,
Ontario in 1990 (Jude et al. 1992), in Lake Erie in
1993 (Charlebois et al. 1997), and can now be tound
in all of the Great Lakes. Rapid population expansion
was not expected because the round goby (1) is a
benthic fish not adapted for long distance swimming,
(2) does not have a swim bladder to regulate
buoyancy, and (3) does not have a true larval stage
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000), These life history characteristics would be
cxpected to constrain dispersal and migration poten-
tial. However, the rapid colonization of the Great
Lakes suggests round gobies utilize other mecha-
nisms for effective dispersal.

The round goby is native to the Black and Caspian
Sea areas and was probably introduced to the Great
Lakes through transatlantic ballast water exchange,
although the specific life stage for this introduction is
not known (Charlebois et al. 1997). General life
history characteristics include aggressive territoriality
in adult males, repeated spawning sessions (May
through August), and high fecundity (200-10,000
eggs per individual per season: Charlebois et al.
1997). Eggs are guarded from predation and envi-
ronmental influences, such as siltation, by the male
until hatching, resulting in up to 95% of the eggs
hatching per nest (Charlebois et al. 1997). Although
round gobies are found at a range of depths (0 to
>40 m), some evidence suggests adults migrate
to deeper water during winter months and return to
shallow water areas in spring (Charlebois et al, 1997).
This putative seasonal migration of round gobies may
partially explain this species’ rapid expansion in the
Great Lakes: however, it is unlikely that these
migrations are the lone mechanism driving their
rapid range expansion. Recent observations of early
juvenile round gobies in the nocturnal plankton
(Miner, unpublished data: J. Hageman, pers. comm.)
suggested early post-hatching juvenile round gobies
are able to enter the pelagic water and may undergo
water current dispersal.

The objectives of this study were to quantify the
use of pelagic waters by carly juvenile round gobies
and address within lake water current dispersal
capability.

(ie., larval development occurs within the benthic
egy

Methods and materials

Nocturnal use of pelagic waters by early life stage
round gobies was quantified at a site between South
Bass and Middle Bass islands in the western basin of
Lake Erie during July, August 2002 and June 2006.
Ichthyoplankion samples were collected every 3 h,
from 1900 to 0700 h by horizontal plankton net tows
at three depths (2 m, 5 m, and 8 m) within the water
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column, which was always >10 m deep. Sunrise and
sunset during this period ranged from 0612 h to
0634 hand from 2041 h 10 2103 h, respectfully; thus,
both diurnal and nocturnal use of the plankton was
determined with this sampling. The nocturnal period
included samples collected at 2200 h, 0100 h. and
0400 h while the diurnal samples were collected at
1900 h and 0700 h. Four-minute tows were con-
ducted by deploying and retrieving a 0.75-m
diameter, 500-um mesh ichthyoplankton net towed
at a rate of >l ms™'. Two replicate samples per
depth and time were collected on each date. Depth
regulation of the net was achieved using a diving
plane and weights attached to the sampling gear. The
tow rope angle, measured with a clinometer, and
length of tow rope were used to attain the necessary
depth. The volume of water sumpled was estimated
using a General Oceanics mechanical flowmeter
(model 2030R) suspended within the ichthyoplankton
net mouth. Samples were collected on three dates,
July 17/18, July 25/26, and August 8/9 in 2002 and on
three dates in June 2006 (June 7/8, June 20/21, and
June 28/29. Collected organisms were preserved in
ethanol (50%-final concentration) for future labora-
tory analysis.

Early juvenile round gobies were identified,
counted, and measured (total length) using a stereo-
microscope with a graduated ocular micrometer. These
data were used to estimate the size-frequency of
collected round gobies and mean abundance of round
gobies in the pelagic (individuals per 100 m® of water
sampled). Total lengths for round gobies collected
during 2002 sampling were analyzed using a z°
contingency table to test for independence of round
goby total length and capture depth. Since preliminary
analyses of round goby pelagic density suggested that
the data violated the homogeneity of variance assump-
tion necessary for parametric statistical analyses, all
density data (+1) were log,, transformed (Zar 1999).
Early juvenile round goby density in the pelagic was
expected to be extremely variable resulting from
abiotic factors (i.e., weather, lunar cycles) and the
goal of this work was to evaluate diel vertical migration
of early juvenile round gobies; therefore, statistical
analysis incorporated a complete randomized block
design with sample date as a block variable, sample
depth (2 m, 5 m, 8 m) and time (nocturnal vs. diurnal)
as category variables in a multifactor ANOVA
(General Linear Model procedure, SAS Version 9).

A possible reason for the use of the nocturnal
pelagic by juvenile round gobies is to maximize
growth rate via foraging. To determine if juvenile
round gohies were foraging in the pelagic and if there
was selectivity for particular zooplankton during this
period, we collected depth and time-specific zoo-
plankton samples during one collection period
(i.e., 8-9 August 2002) using a Schindler-Patalas
trap (60-pun mesh, 24.5 1). Zooplankton abundance
and planktonic round goby diet data were used to
calculate Chesson’s diet selectivity indices (Chesson
1978). This index quantifies diet selectivity by
comparing the proportion of taxa in the environment
to the proportion of the same taxa in the diet using the
expression;

n

i = (ﬁ/{’i)/z (f'i/Pi)

i=1

where r; is the proportion of prey taxon i in an
individual fish’s diet, p; is the proportion of prey
taxon i in the environment, and # is the number of
prey taxa in the environment,

Zooplankton abundance estimates (#/L) in the
environment were determined by enumerating all
zooplankton from subsamples. For each fish used in
the diet selectivity analysis, the corresponding abun-
dance of zooplankton prey was based on the average
of the two replicate samples taken at that depth and
time. Taxonomic groups included copepods (cyclo-
poid and calanoid copepods), nauplii (copepod
nauplii), Daphnia spp. (Daphnia retrocurva and a
few Daphnia lumholtzi), Eubosmina coregoni, dre-
isscnid (bivalve) veligers, cggs that were likely
dreissenid, rotifers, and other rare taxa (Leptodora
sp., Diaphanosoma sp., and ostracods). Diet analysis
consisted of identifying all prey items from 50
Juvenile round gobies (6.4-20-mm TL) collected on
8-9 August and determining the proportion of each
taxon in each fish’s diet. Mean and 95% CI for diet
selectivity were then determined for each zooplank-
ton taxon. Positive selectivity for a particular prey
taxon occurred when mean selectivity and 95% CI
were greater than the estimate for neutral selectivity
(i.e.. l/n, where n = number of prey taxa = 7).
Similarly, negative selectivity for prey occurred when
the mean value and 95% CI were less than 1/n. Fish
with empty stomachs (n = 12) were not included in
the analysis.
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Results
Distribution

Pelagic early juvenile round gobies (<23-mm TL)
were collected almost exclusively in the three noc-
turnal sample times (2200 h, 0100 h, 0400 h) during
the six sampling dates (Fig. 1). Only seven round
gobies were collected during the two diurnal sampling
periods (1900 h and 0700 h) representing only 0.5%
of the round gobies collected (n = 1503 total, both
years). Although early juvenile round goby density
was variable when compared across all sampling
dates, all days had a characteristic peak of pelagic

round gobies occurring during nocturnal sampling
with densities declining to zero during diurnal periods
(Fig. 1). Peak round goby densities ranged from 60
individuals per 100 m* at 8-m deep on July 17/18 to
6.5 individuals per 100 m” on June 7/8 (5-m deep). OF
the >1500 fish collected. 23%, 34%, and 43% were
caught at 2-m. 5-m and 8-m depth, respectfully.
Pelagic round goby density varied significantly
by sampling time (i.e., diurnal vs nocturnal) and
sampling depth, while the time-by-depth interaction
was not statistically significant (ANOVA, Table I,
P < 0.05). Tukey post-hoc comparisons of sampling
depth indicate statistically higher densities of round
gobies collected at 8-m than at 2-m (no differcnces by

18 ~
16
14 4
12 4
1D
8_
6 -
4

6/7/2006 6/20/2006

6/28/2006 7/17/2002

60 -

40 -

20

Fig. 1 Pelagic juvenile 10 -
round gobv density for six
sampling dates in western 8 - —8— 2m
[Lake Erie, Filled circles —O0— 5m
indicate density at 2-m —v¥— 8m
depth; open circles = 5-m 6
depth; triangles = 8-m
depth. Fish were collected 4 ~
with an ichthyoplankton net
at 2 m, 5 m, and § m depth 2 -
in water >10-m deep.
Means (and % | standard 0 4
error) are based on two -
replicate samples i
(log p(density + 1) ‘?« 30 7
transformation). Nocturnal £
samples were collected at S 251
o
2200 h, 0100 h, and T 504
0400 h. Note: no data s
collected on 7/18/02 al % 15
0400 h, 6/20/06 at H700 h, o
and 6/28/06 at 1900 h and 'g 10 -
differences in scale for all =]
. : o
sainpling dates = 5
3
= i T
40 5
30 A
20
10 A
0 =

50

7/25/2002 8/8/2002

40 -

30 A

20

10

1900 2200 0100 0400 0700

@ Springer

] J ]
1900 2200 0100 0400 0700
Time



Diel vertical migration ol earlv juvenile round goby
¢ ¥l £0D}

1771

Table 1 Multiple-tactor ANOVA for the abundance of pela-
gie juvenile round gobies on three sampling dates in 2002 and
three dates in 2006 in western Lake Erie

Treatment dr MS F P

Time (T) | 95.57 86.48 <0.0001
Depth (D) 2 371 3.36 0.0371
DxT 2 0.54 0.49 0.6137
Error 172 I.11

Date was used as a blocking variable. Fish were collected with
an ichthyoplankton net at five times (1900 h, 2200 h, 0100 h.
0400 h, and 0700 h) at 3 depths (2 m, 5 m, 8 m) in water
=10 m deep. Times were classified as nocturnal (2200 h,
0100 h, 0400 h) or diurnal (1900 h. 0700 h) for analysis

depth with 5-m). The significant depth effect suggests
individuals do not distribute randomly throughout the
water column. Additionally, round goby abundance
in the nocturnal pelagic was significantly greater than
abundance during diurnal periods (1900 h and
0700 h, i.e., a time etfect, Fig. 1).

A size-dependent depth distribution of pelagic
round gobies was clear in the nocturnal samples
collected in 2002 (not addressed with 2006 data).
Individuals =10-mm TL were found only in 5- and
8-m deep samples, while individuals <I0-mm TL
were found at all sample depths (Fig. 2, 7° = 80.57,
df = 14, P < 0.0001). Overall, length of individuals
ranged from 5.6-mm total length (TL) to 23-mm TL
with a median length of 8.0-mm TL. Maximum
length of individuals captured at the 2, 5, and 8-m
depths were 9.4-mm TL, 20.0-mm TL, and 23.0-mm
TL, respectively (Fig. 2).
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Fig. 2 Length—trequency distribution by collection depth of
pelagic juvenile round gobies in western Lake Erie. Chi-square
analysis consisted of I-mm length classes and the class >13-
mm TL. » = 1097. Fish collected over three sample dates in
2002 were pooled

Diet and selectivity

Early juvenile round goby dict in August consisted
primarily of four pelagic taxa. Numerically, dreisse-
nids (eggs and veligers) comprised 35% of round
goby diets, while copepods comprised 31% ot the
diet (Fig. 3a). Eubosmina coregoni and Daphnia
retrocurva represented 22% and 11% of the diet,
respectively (Fig. 3a). Rotifers, copepod nauplii, and
miscellaneous taxa, such as Leprodora kindti, Diap-
hanosoma sp. and ostracods occurred infrequently in
the diet, less than 1% combined (Fig. 3a). Zooplank-
lon in the environment was numerically dominated
by Dreissena veligers and eggs (mean = 64.6%,
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Fig. 3 Diet analysis of nocturnal juvenile round gobics
collected in the pelagic of western Lake Erie. (a) Percentage
of taxa in diet (mean £ 95% CI), (b) percentage of taxa in
cnvironment (mean + 95% CI), and (c) diet selectivity ()
(mean + 95% CI)
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[45 organisms 17") and rotifers (mean = 16.6%)
(Fig 5b), while no other taxon accounted for morce
than 10% of the zooplankton in Lake Erie at this
location (Fig. 3b).

Early juvenile round gobies exhibited strong
positive diet selection for copepods and Eubosmina
coregoni (Fig. 3¢). All other taxa had mean selectiv-
ity and 95% CI values less than or equal to 1/n,
indicating negative or neutral selectivity (Fig. 3¢).
These results clearly demonstrate that planktonic
juvenile round gobies feed in the nocturnal pelagic,
and are not simply utilizing the pelagic water currents
as a mechanism of dispersal. The extent to which this
nocturnal planktonic foraging supplements diurnal
benthic consumption is not known.

Discussion

Results of this study confirm that early juvenile round
gobies undergo diel vertical migrations in Lake Erie.
In a similar study, density of early juvenile round
gobies were quantified in the surface waters of a Lake
Michigan estuary and Lake Erie (Hensler and Jude
2007). Although results are similar between these
studies and suggest early juvenile round gobies
undergo diel vertical migrations, Hensler and Jude
(2007) reported lower round goby densities than
observed in this study at a similar sampling location
in western Lake Erie. In our study, horizontal tows
were collected at 2, 5, and 8-m depths and suggest a
significant non-random vertical distribution of early
juvenile round gobies with generally higher densities
at the 8-m sampling depth. In comparison, Hensler
and Jude (2007) only conducted surface tows and did
not quantify early juvenile round goby density at
different depths in the water column. As such,
differences between round goby density estimates
of these two studies may be explained by depth-
dependent vertical migrations, abiotic factors such as
weather and lunar cycles influencing vertical migra-
tion, or more likely, a combination of abiotic and
biotic factors regulating vertical migration.

Previous research into the life history of round
gobies (Charlebois et al. 1997; Charlebois et al. 2001)
and its likely mechanism for dispersal and invasion of
new habitat has not identified the use of the pelagic
by early juveniles. A planktonic life stage is a
common characteristic of aqualic taxa with a high
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potential for invasion (Ricciardi and Rasmussen
1999 Vanderploeg et al. 2002) and the results of
this study demonstrate the potential planktonic
abundance and nocturnal distribution of carly juve-
nile round gobies.

Diel vertical migration by aquatic organisms is
well established, (Hutchinson [967; Wright el al.
1980; Neilson and Perry 1990) although. factors that
drive and regulate vertical migration of fishes are
thought to vary widely (Brett 1971; Hall et al. 1979).
Vertical migration by larval fishes may be (1) an
adaptive strategy for thermoregulation of resource
processing (i.c., digestive, metabolism; Brett 1971;
Wurtsbaugh and Neverman 1988), (2) a mechanism
for predator avoidance (Eggers [978), (3) a strategy
to maximize foraging success (Janssen and Brandt
1980) or (4) a combination of these hypotheses (i.e.,
predator avoidance-foraging hypothesis; Clark and
Levy 1988). Given that Lake Erie is generally
isothermal to depths of 10—I1 m, it is unlikely that
the adaptive significance of vertical migration by
early juvenile round gobies can be explained by
thermoregulation. The predator avoidance hypothesis
suggests predation risk is partially dependent on
detection ability by the predator, and thus, predation
risk may be reduced at times with low light intensity
(Clark and Levy 1983; Appenzeller and Leggett
1995). Thus, round gobies may enter the pelagic
water only at night when visual predators arc light
limited and remain close to the substrate during
diurnal periods while predators are actively foraging.
In our study, >99% of the juvenile round gobies
collected in the pelagic were obtained during the
nocturnal period. Although we do not know the
percentage of the overall juvenile round goby pop-
ulation that vertically migrates, it is clear that mass
vertical migration during nocturnal periods is occur-
ring, given the densities observed. In conjunction
with predator avoidance, vertical migration may
facilitate planktonic feeding (Clark and Levy 1988).
If early juvenile round gobies were not feeding in the
nocturnal pelagic, we would expect to find few
individuals with prey items in the diet or prey items
not distributed uniformly throughout the gut. How-
ever, our analyses suggest pelagic zooplankton prey
were present throughout the water column as well as
uniformly distributed throughout the gut. In general,
actively feeding larval and juvenile fish have short
gut evacuation times that decrease with increasing
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water temperatures (Persson 1979; Mills et al. 1984
Pedersen [95-4). Therefore, prey items consumed by
early juvenile round gobies during benthic periods
were presumably evacuated from the gut before
entering the nocturnal pelagic because they were not
reflected in our diet analyses. Although we cannot
definitively say that these fish were foraging in the
pelagic, our results suggest it is likely, Additionally,
our attempts to age these individuals were unsuc-
cessful because we could not identify daily
increments on otoliths. Daily otolith increment for-
mation in larval and juvenile fish may be a function
of feeding periodicity resulting from fish unable to
ctfectively forage during nocturnal periods and
undergoing a period of starvation (Campana and
Neilson 1983). Therefore, if early juvenile round
gobies do effectively forage throughout the diurnal
and nocturnal periods, daily otolith increments may
not develop.

Given the importance of rapid growth on survival,
nocturnal vertical migration may be an adaptive
strategy to minimize predation risk and maximize
foraging/growth success. Jude et al. (1995) have
shown that round gobies, with their exposed neuro-
masts, are better able to capture nocturnal zooplankton
than indigenous mottled sculpins, Cottus bairdi, which
raises the question why juvenile round gobies are
migrating into the pelagic when benthic resources
available during the day should also be accessible at
night. Clearly, exploring the predation risk-growth
rate tradeoff between diurnal and nocturnal periods in
the benthos versus the pelagic is needed (Werner et al.
1983; Anholt and Werner 1995),

Size-frequency distributions of planktonic round
sobies varied significantly by sample depth. This may
indicate decreasing benefits (or increasing costs) for
juvenile round gobies entering the nocturnal water
column as length increases. Individuals >10-mm TL
were only captured at 5- or 8-m depth and not in
surface waters (2-m depth). Energy expenditure by
round gobies to enter and maintain location within
the nocturnal pelagic, in addition to increased risk of
predation (resulting from increased size) must be
offset by the energetic gains of feeding on pelagic
zooplankton; this appears to occur when these fish are
small, but the trade-oft advantage appears to be lost
rapidly as they increase in size. Ontogenetic habitat
shifts similar to this are common (e.g., bluegill,
Lepomis macrochirus, Werner and Hall [988).

Another potential explanation for size-dependent
vertical migration is that individuals =10-mm TL
may be less gupe limited for benthic prey. therefore
lowering the benefits to entering the nocturnal
pelagic.

Logachev and Mordvinov (1979) suggest that
round gobies are active and able to swim immediately
following hatching and rapidly improve swimming
ability. Newly hatched round gobies are active 7% of
the time and have an average swimming rate of
2 ¢m s~ while three-day old round gobies are active
29% of the time and are able to swim 4 cm s~
Given these results, early juvenile round gobies may
be able to enter the pelagic water by swimming and
are not constrained to the benthos by the lack of a
swim bladder. Similarly, the pelagic lifestage of
marine gobies in the family Gobiidae is well docu-
mented (Sponaugle and Cowen [994; Kingsford
2001; Radtke et al. 2001; Mcllwain 2003). Clearly,
a better understanding of swimming ability for this
life stage is needed, as well as factors regulating use
of the pelagic.

Prevailing hypotheses suggest that adult round
gobies were entrained in ballast tanks and transported
to Lake Erie. However, our results demonstrate that
early juvenile round gobies are able to enter the
nocturnal pelagic and thus high densities of this life
stage may have been entrained in ballast tanks and
released in Lake Erie and at harbors throughout the
Great Lakes and Europe. Modern ships with high
capacity ballast tanks could easily provide substantial
propagule size (i.e., number of new colonists in a
single invasion event) to increase the likelihood of
establishment (Groves and Burdon [986; Ricciardi
and Rasmussen [993). In our study, the highest
abundance in the pelagic was 60 individuals m™.
Therefore, a ballast water uptake of 10,000 m* with
Jjuvenile round gobies at this density could result in
approximately 600,000 individuals entrained in the
ballast water. Furthermore, because adult round goby
densities are highest in the cobble/riprap substrates
common around harbors (Ray and Corkum 2001),
densities of planktonic juvenile round gobies may be
even higher where ballast tank filling occurs. Cer-
tainly, the hypothesis of a small founding population
in the Great Lakes is not supported by genetic studies,
as genelic variability of the round goby is similar
between European and Great Lakes populations
(Dougherty et al. 1996; Dillon and Stepien 2001).
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In addition to being the most likely sourcc of
transatlantic dispersal. early juvenile use of the
nocturnal planktonic may contribute strongly to
inra-lake dispersal of round gobies. As an exercise
to estimate potential dispersal distances of carly
juvenile round gobies. time spent in the pelagic was
multiplied by an estimate of water current velocity.
Given the results of our pelagic sampling, juvenile
round gobies appear to spend as much as 6 h per
night in the pelagic (although we could not track
individuals). Mean summer cwrrent velocity estimates
in Lake Erie range from 0.1 to 4.4 cm s7! (Kovacik
1972; Beletsky et al. 1999), Combining these vari-
ables suggests carly juvenile round goby dispersal
ability for a 6-h pelagic night is about | km. In this
example, seasonal mean current velocities were used
to estimate dispersal ability. Therefore, high velocity
water currents resulting from extreme weather may
result in substantial variability in dispersal ability.
This example does not suggest dispersal direction, or
take into consideration the ability of early juvenile
round gobies to direct dispersal outcome through
swimming; however it does illustrate the likely
importance of early life stage drift dispersal in
population expansion within the Great Lakes.

The ‘invasional meltdown’ hypothesis suggests
ecosystems become less invasion resistant with
increasing species diversity (Simberloff and Von
Holle 1999; Ricciardi 2001). This hypothesis sug-
gests perturbations of the community by previous
successful invasions may factlitate future invasions
by creating and modifying existing niches, effectively
opening the door to invaders adapted to those niches
(Simberloff and Von Holle 1999). In the Great Lakes,
the establishment of the zebra mussel (Dreissena
polvmorpha), an important prey for the round goby,
may have facilitated the subsequent establishment of
the round goby by providing an unexploited food
resource (Charlebois et al. 1997; Simonovic et al.
2001), The Great Lakes may be undergoing an
‘invasional meltdown’ and are likely to experience
future successful invasions (Ricciardi 2001). There-
fore, it is critical to identify all invading species
dispersal mechanisms and understand how those
mechanisms regulate successful species introduc-
tions. It secms unlikely that the round goby invaded
successfully from just a few adults in ballast water.
Instead, even a single introduction of thousands of
early juveniles at multiple locations may have been
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the lifestage and propagule size necessary to “seed’
the Great Lakes.
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Dye Testing Kaukuana Lock 1
8-16-17

FRNSA: Tim Rose, Jeremy Cords
raSmith: Jeff Mazanec

Test 1 — Blue Dye Test

Test was to see if there was any backwash through the lock gates from downriver side into the upriver
side. Outcome - No dye was detected on the upriver side.

Photo

1-1 - upriver side of lock before dye

1-2 — down river side of lock turbulence from butterfly valves

1-3 = similar to 2 and 4 showing turbulence

1-4 = Turbulence associated on down river side with butterfly valves open 4, 5, 6 valves open
1-5 — dye application by raSmith down river side of lock door

1-6 — dye application by raSmith down river side of lock door

1-7 - dye on down river side of lock door

1-8 — dye down river lock door butterfly valves opened

1-9 — Dye Application

1-10 - FRNSA and raSmith inspecting dye application

1-11 - Turbulence associated with butterfly valves open

1-12 —= Turbulence

1-13 - Turbulence at lock door associated with butterfly valves open and no dye present
1-14 - Turbulence at lock door no dye present

1-15 = Turbulence at lock door no dye present

1-16 — Water level upstream side of lock door at end of test

1-17 - Lock doors partially open showing no dye present

1-18 - Lock doors completely open showing no dye present

1-19 — Lack doors closed and lock chamber refilled

Test 2 — Blue Dye Test

To check the backwash from the downriver side to the upriver side with the butterfly valves open. Dye
was applied to surface of water on downriver side. Qutcome — No backwash was detected on the
upriver side.



Dye Testing Kaukuana Lock 1
8-16-17

FRNSA: Tim Rose, Jeremy Cords
raSmith: Jeff Mazanec

Photo

2-1 - Lock gates closed no dye added

2-2 — Blue dye added to upriver side of lock gate

2-3 — Downriver side of lock no blue dye detected

2-4 — Downriver side turbulence when lock gates open
Test 3 — Blue Dye Test

Butterfly valves and gates closed upriver side. Dye injected on the upriver side of the gates at the level
of the butterfly valve with PVC pipe

Photo

3-1 - Injecting blue dye to level of butterfly valve through a % inch PVC pipe
3-2 —upriver side dye present when butterfly valves opened

3-3 —same as 3-2

3-4 — Downriver side of the gate no blue dye detected

3-5 — Downriver side of gates with butterfly valves open no dye detected

Test 4 — Blue Dye Test

Water surface various locations upriver side of lock gate. Gate closed
4-1 - Dye being applied

4-2 —Various sites of dye application upriver side

4-3 —same as 4-2

4-4 — No dye present down river side of lock gate. Lock gates closed
Test 5 - Yellow Dye Test

Downriver side of lock gates to evaluate currents and eddies that develop when butterfly valves open.
5-1 - Yellow dye added to downriver side of lock gates

5-2 —same as 5-1

5-3 — Dye dispersal along lock gate downriver side

5-4 — Dispersal on both sides of lock gates

5-5 — Dye migration into the area of eddies between lock gate and lock wall



Dye Testing Kaukuana Lock 1
8-16-17

FRNSA: Tim Rose, Jeremy Cords
raSmith: Jeff Mazanec

5-6 — Eddy formation at lock wall and lock gate

5-7 — Migration of dye from lock wall and lock gate to center of lock gates
5-8 —same as 5-7

5-9 — Dye migration pattern downriver when butterfly valves open

5-10 —same as 5-9

5-11 —same as 5-9

5-12 — No dye present on downriver side of lock gates

5-13 —same as 5-12
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Objectives

The Aquatic Invasive Species (AIS) Control and Monitoring Plan of the Fox
River Navigational System Authority (FRNSA, 2009 update) has the stated objective to
“Monitor the presence and map the distribution of fish and invertebrate AIS in the Fox
River three navigation pools immediately up and downstream of the Rapide Croche
Lock.” Under the supervision of Dr. Bart De Stasio, Ph.D., Lawrence University, three
students (Chris Lee, Amanda Thomas, and Nabor Vazquez) were employed during the
summer of 2017 to carry out the investigations. Cherise John was supported by an
Advanced Opportunities Small Grant from the Wisconsin Louis Stokes Alliance for
Minority Participation (WiscAMP) program funded through the National Science
Foundation.

Sampling Design

Monitoring occurred at five of the standard six sites along the lower Fox River,
WI during the summer of 2017 (Table 1, Figure 1). Each sampling site designated a
general area for sampling efforts, and was further separated into mid-channel versus near-
shore sampling locations, depending on the type of sampling performed. We conducted
16 different sampling trips during the summer (Table 2). We could not sample site FR-3
due to inability to gain access to a boat ramp. Sites were sampled three or four times
over the course of the summer. Separate boats were employed upstream and downstream
of the Rapide Croche dam site on each date, and all nets and equipment were sanitized
thoroughly using bleach prior to the next sampling event according to the protocols
established by the WI DNR to prevent the spread of AIS
(http://dnr.wi.gov/topic/fishing/documents/vhs/disinfection_protocols.pdf).

Table 1. Latitude and Longitude coordinates of the sites sampled along the lower Fox
River, WI during summers 2008-2017.

Location Latitude Longitude

Upstream of Rapide Croche

FR-A (above Cedar lock) N 44° 16.562 W 88°20.541

FR-B (above Kaukauna Guard lock) N 44° 16.665 W 88° 17.042

FR-3 (above Rapid Croche lock) N 44° 19.077 W 88° 11.962
Downstream of Rapide Croche

FR-4 (below Rapid Croche lock) N 44° 18.947 W 88" 11.413

FR-C (above DePere dam) N 44° 25.813 W 88" 04.273

FR-D (below DePere dam) N 44° 27.742 W 88° 03.354
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Figure 1. Map of sampling locations along the lower Fox River, WI.




Table 2. Sampling effort upstream and downstream of the Rapide Croche dam on the
lower Fox River, WI during summer 2017. Dates on which sampling was performed at
each site are indicated for each type of sampling effort.

Benthic Seine

Date and Site Dip Net Plankton Tow  Grab Netting Fish Trap

FR-A 6/23/2017 1 1 1 1 0
FR-D 6/29/2017 1 0 0 1 0
FR-B 7/6/2017 1 1 1 1 0
FR-4 7/18/2017 1 1 1 i 0
FR-C 7/21/2017 1 1 1 0 0
FR-D 7/21/2017 ol 1 1 i 0
FR-A 7/24/2017 1 1 1 1 1
FR-B 7/25/2017 1 1 1 1 1
FR-D 8/2/17 1 1 1 1 1
FR-A 8/7/2017 1 1 1 1 0
FR-C 8/8/2017 1 1 1 0 0
FR-4 8/14/2017 1 1 1 1 1
FR-D 8/15/17 0 1 1 0 0
FR-C 8/15/17 1 1 1 0 0
FR-B 8/22/17 1 1 1 1 0
FR-4 8/23/17 1 1 1 1 0

Sampling Activities

Fish: Fish were sampled at each site using a combination of trapping, netting and seining
techniques. Three sizes of cod-end type traps were employed; standard “minnow” traps
(length=0.42m, opening=22mm, mesh=6.4mm), elongated eel traps (length=0.78m,
opening=40mm, mesh=6.4mm), and larger hand-made traps of the same design
(length=2m, opening=125mm, mesh= 12.5mm). Traps were deployed without bait for a
maximum of 24 hours, emptied, and redeployed during July and August at each site (see
Table 2). Netting included mid-channel as well as shoreline locations at each site using
standard hoop nets (2ft diameter, 10ft length, lin square mesh) either unbaited or using
frozen cod as bait. We also conducted at least three (and up to five) beach seine hauls at
each shoreline location on each sampling day (1/4 inch mesh, 4 foot height, 20 foot
length). If possible, fish were identified in the field to the species level and then released.
Specimens of new species compared to existing records, non-native species, or specimens
difficult to identify in the field were saved live for later identification in the laboratory.
Specimens were transported to Lawrence University in accordance with WI
Administrative Code NR 40 and all applicable permitting requirements under a WI
Scientific Collector’s permit (SCP-NER-148). Upon return to the laboratory specimens
were frozen for disposal or transferred to ethyl alcohol (70%) for long-term preservation.
Specimens were identified to the species level when possible, using Hubbs and Lagler
(2004), Lyons ef al. (2000), and the Wisconsin Fish ID software (2005).




Benthic invertebrates: Mid-channel areas were sampled using a standard Ekman grab
sampler (0.15m X 0.15m box size). Replicate grab samples were collected at each site
and filtered through a wash bucket with mesh bottom (mesh size=500um). Shoreline
areas at each site were sampled with a combination of dip netting and beach seining
techniques (generally until no new taxa were obtained). Animals captured were washed
into sorting trays, picked into sealed containers and later preserved with 80% ethyl
alcohol. Specimens were identified in the laboratory to the genus or species level, when
possible, using the references listed above for plankton identifications as well as
Pecharsky et al. (1990), Merritt ef al. (2008) and Hilsenhoff (1995).

Plankton: On each sampling date oblique tows were performed at the mid-channel
location of each site using a Wisconsin-type plankton net with retaining collar (mouth
diameter=0.13m, mesh size=63 um). Samples were preserved in 80% ethyl alcohol and
examined in the laboratory using 10X to 400X magnification. All zooplankton in the
samples were identified to the species level, when possible, using Edmonson (1965),
Balcer et al. (1984), Pennak (1989), Hopkins (1990), and Thorp and Covich (1991).
Abundances in samples were not enumerated, but entire samples were examined to
determine presence of each species.
Results

A total of 22 species of fish were collected from the five sites during the summer
0f 2017 (Table 3). Sixteen species of fish were observed downstream of the Rapide
Croche barrier, while 13 of the total 22 species were found upstream of Rapide Croche.
As in the previous year, only one invasive fish species, the round goby (Neogobius
melanostomus), was documented during the summer. Round goby was found at all sites
sampled below Rapide Croche, and was not observed at any of the sites above the barrier
(which extends upstream to the pool above the Cedar Lock).



Table 3. Fish species presence documented in the lower Fox River, WI upstream and
downstream of the Rapide Croche dam during summer 2017. A value of one indicates
presence. Sites FR-A, and FR-B are upstream, with FR-4, FR-C and FR-D downstream of
Rapide Croche dam. The round goby (highlighted) was the only invasive fish species
observed.

Fish FR-A FR-B FR-3 FR-4 FR-C FR-D

Aplodinotus grunniens (Freshwater drum) 1

Ambloplites rupestris (Rock Bass) 1

Covesius plumbeus (Lake chub) 1

Dorosoma cepedianum (Gizzard Shad)

Esox lucius (Northern pike) 1

Labidesthes sicculus (Brook silverside) |

Lepisosteus osseus (Longnose Gar) 1

Lepomis cyanellus (green sunfish) 1 1

Lepomis gibbosus (Pumpkin seed) 1

Lepomis humilis (orange spotted sunfish) 1 1

Lepomis macrochirus (Bluegill) 1 1 1

Micropterus dolomieu (Smallmouth bass) 1

Micropterus salmoides (Largemouth bass) 1 1 1

Neogobius melanostonus (Round goby) I

1V6rropis atherinoides kEmera!a Sﬁakﬁer) . 1

Notropis heterolepis (Blacknose Shiner)

Notropis hudsonius (Spottail Shiner) 1 1

Luxilus cornutus (Common Shiner) 1 1

Pimphales notatus (Bluntnose minnow) 1 1

Perca flavescens (Yellow Perch) l . |

Pomoxis annularis (White Crappie) 1

Rhinichthys cataractae (longnose dace)
TOTAL




Benthic Invertebrates:
There were 85 groups of benthic invertebrates observed during the summer of

2017 (Table 4). Zebra mussels were observed at all sites both above and below Rapide
Croche. Rusty crayfish were found at one site above the Rapide Croche. Two invasive
amphipod species (“side-swimmers”) were observed, one at FR-A and FR-B and another
at FR-D.




Table 4. Benthic invertebrate taxa documented upstream and downstream of the Rapide
Croche dam during summer 2016 (value of 1 indicates presence). Highlighted groups are

considered “invasive” species.
Macroinvertebrates FR-A FR-B FR-3 FR-4 FR-C FR-D

Hydra 1 1 1

(alderfly) Sialis sp. 1

(amphipod) Crangonyx pseudogracilis 1 1

{amphipod) Crangonyx spp. 1 1

{amphipod) Gammarus sp. 1 1

(amphipod) Crangonyctidae crangonyx 1

{amphipod) Echinogammarus ischnus 1
(amphipod) Hyalella azteca 1 1 1 1 1
(amphipod) Mornoporeia sp. 1

(aquatic snail) Menetus 1 1

(aquatic snail) Amnicola genus 1 1

(aquatic snail, disc-shaped) Gyraulus sp. 1 ! 1 1
(aquatic snail, left handed pond) Physella sp. 1 1

(aquatic snail, right handed) Pleurocera sp. 1 1 1

(aquatic snail) Helisoma sp. 1

(aquatic snail) Fossaria 1

(aquatic snail) Viviparus sp. 1

(caddisfly) Helicopsyche 1 1

(caddisfly) Brachycentrus 1

(caddisfly) Cheumatopsyche 1

(caddisfly) Hydropsychidae sp. 1 1 1
(caddisfly) Hydroptilidae 1 1

(caddisfly) Polycentropodidae sp. 1

(caddisfly) Trichoptera order 1

(caddisfly larvae) 1 1 1
(dsian elam) Corbicula fluminea 1

(fingernail clam) Sphaeriidae sp. 1 1 1 1

(damselfly) Amphiagrion sp. 1 1
(damselfly) Argia 1

(damselfly) Palaemnema 1




Table 4 (continued)

(midge) Brachycera

Macroinvertebrates FR-A FR-B FR-3 FR-4 FR-C FR-D
(damselflv) Anisoptera 1
(damselfly) Calopterygicdae 1
(damselfly) Coenagrion sp. 1 1
(damselfly) Enallagma sp. 1
(damselfly) Nehalennia sp. 1 1 1 1
(damselfly) Odonata lestidae 1
(damselfly) Zvgoptera suborder 1
(decollate shail) Bulimus genus 1
(dragonfly) Neurocordulia l
thoverfly) Sviphidae 1
(isopod) Asellidae caecidotea 1
(isopod) Caecidotea sp. 1
(leech) Glossiphoniidae sp. 1 1
(mayflv) Anthopotomus 1
(mayfly) Baetis hiemalis 1
fmayflv) Caenidae, cercobrachys 1 1 1 1
(mayfly) Caenis sp. 1 1 1 1
(mayfly) Callibaetis sp. 1
(mayfly) Cloeon genus 1
(mayfly) Danella sp. 1
(mayfly) Ephemerellidae sp. 1 1
(mayfly) Lestidae archilestes 1 1 1
(mayfly) Lestidae lestes 1 1 1 1
(mayfly) Stenacron 1
(mayfly) Stenonema 1 1 1
(mayfly} Paracloeodes 1 1
(mayfly larvae) 1 1 1 1
(mayfly) Ameletidae ameletus 1
(stonefly) Chauliodes 1
1 1 1




Table 4 (continued)

Macroinvertebrates

FR-A

FR-B

FR-3

FR-4

FR-C

FR-D

(midge) Chironomidae family

(midge, biting) Ceratopogonidae sp.

(midge) Chrysogaster

(midge) Dasyhelea

(midge) Dolichopodidae

(midge) Tanypodinae sp.

(midge) Hesperoconopa

(mollusk) Campeloma

(mollusk) Goniobasis

(rusty erayfish) Orconectes rusticus

(crayfish) Orconectes limosus

(Virile crayfish) Orconectes virilis

(threadworm) Oligochaeta sp.

(water mite) Hydrachna sp.

Water Mite

(water scorpion) Ranatra sp.

(waterboatman) Chymatia

(waterboatman) Corixidae

(waterboatman) Sigara sp.

(waterboatman) Trichocorixica sp.

(warm/bloodworm) Glycera

(worm) Naididae/Tubificidae

(worm) Tubifex

55

58

22

23

10




Plankton:

A total of 25 taxa of zooplankton were recorded in 2017, with 23 occurring
upstream of the barrier and 21 below (Table 5). The invasive spiny water flea,
Bythotrephes longimanus, was collected on 24 July 2017 at FR-A (a single individual
was found in an Ekman grab sample). More extensive sampling with a larger net (0.5m
diam, 250um mesh) did not show any spiny water fleas at this site. Examination of

Table 5. Zooplankton documented from sites upstream and downstream of the
Rapide Croche dam during Summer 2017. A value of one indicates presence. The
spiny water flea Bythotrephes longimanus (highlighted) was the only invasive species

observed. ) )
Zooplankton FR-A FR-B FR-3 FR-4 FR-C FR-D
| Acanthocyclops vernalis 1 1 1 1 1
Alonella 1 1 1
Alona Sp. 1 1 1 L

| Alonopsis elongata 1 1 1 1 1

Bosmina longirostris 1 1 1 1 1

(spiny waterflea) Bythotrephes longimanus 1

Cerlozﬁ:phrria = ] . | 1 | 1 1
Chydorus sp. 1 1 1 1 1
\Daphnia mendotae 1 1

Daphnia pulex 1

Daphnia pulicaria 1 1 1 1
Dapnia retrocurva 1 | L 1
Daphnia schodleri 1

Diaphanosoma birgei 1 1 1 1 1

Eubosmina coregoni 1 1 1 1 1

Eurycercus lamellatus 1 1

Leptodiaptomus siciloides 1 1 1 1 1
Leptodora kindti L 1 1 1 1
Leydigia sp. 1

Pleuroxus 1 1
Mesocyclops edax 1 1 1 1 1
Scapholeberis 1
Sida crystallina 1 1 1
Simocephalus serrulatus 1 1

Skistodiaptomus oregonesis 1 1 1 1 1
TOTAL

19 19 ] 19 12 17

11




additional Ekman grab samples on did not result in any tail spines or individuals. Based
on these data it appears that the spiny water flea had not established a reproducing
population at this site. The presence of spiny water fleas in the samples on 24 July may
be due to local contamination near the public boat ramp at Sunset Park near FR-A.

12
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Abstract

The spiny water flea (Bythotrephes longimanus) is an invertebrate aquatic
invasive species (AIS) in the Great Lakes that competes with native fish species for
smaller crustacean prey. The species can lay two types of eggs, resting eggs and
immediately hatching eggs. Resting eggs are tolerant to harsh conditions, allowing them
to be rapidly distributed when attached to fishing and other recreational gear and boats.
One goal of this project was to determine spiny water flea population dynamics in
southern Green Bay, the lower Fox River and Lake Winnebago, including when they
produce resting eggs. Six sites along the lower Fox River, two sites in southern Green
Bay and two sites in Lake Winnebago were sampled with oblique net tows approximately
biweekly from early June to late Septemeber 2017 to determine the abundance of
Juvenile and adult stages of the spiny water flea, including the type of eggs being
produced by adult females. No spiny water fleas were collected from Lake Winnebago
during 2017. Spiny water fleas were observed in the lower Fox River at a single site on a
single date in July. In southern Green Bay juvenile and female spiny water fleas were
first observed 7 June and individuals were observed continuously until at least late
September when sampling ceased. Peak population abundances occurred in Sept at both
sites in southern Green Bay. Females produced both types of eggs as early as 19 July.
Females continued to produce resting eggs at least into late September.

Round goby were sampled along shorelines near the outflows of Lake Winnebago
and at the six locations established along the lower Fox River for monitoring by the Fox
River Navigational System Authority. No round goby were collected from Lake
Winnebago. In the lower Fox River, round goby were observed only at sites below the
Rapide Croche barrier.

Introduction

The spiny water flea, Bythotrephes longimanus (formerly known as B.
cederstroemii), is an aquatic invasive species (AIS) of the zooplankton that has spread
throughout the Great Lakes, and was first observed in Lake Michigan in 1986 (Lehman
1987). This invasion has resulted in changes to the food web dynamics in Lake Michigan
(Lehman & Caceres 1993). It is a predatory cladoceran that competes with small fish and
other native invertebrates for food such as smaller zooplankton like the water flea



Daphnia (Lehman 1991, Pothoven et al. 2003, Pothoven & Hook 2014). The rapid
spread and success of this species throughout the Great Lakes and inland lakes in the
region is due in large part to the production of a resistant stage that can survive harsh
conditions during transport to new areas. The species can produce two types of offspring,
either immediately hatching eggs or the resistant embryos called resting eggs. Resting
eggs are in a dormant state and range from 0.4-0.5 mm in diameter with a golden brown
color. The resting eggs are known to tolerate a wide range of conditions, including
temporary drying and even passage through the guts of fish (Jarnagin et a/. 2000,
Branstrator ef a/. 2013).

This resistant resting stage and the fact that the tail spines of this species causes it
to get caught on fishing line, fabric, anchor ropes, etc. has allowed the species to spread
rapidly to new areas and become a successful invasive species. Spiny water fleas have
been recorded in Green Bay since at least the late 1980s (Jin & Sprules 1990) and there is
concern that it may spread up the lower Fox River and into the Lake Winnebago, Upper
Fox River and Wolf River systems if boats and gear are allowed to navigate upstream
without being properly cleaned. Some cleaning procedures will kill juveniles, adults and
immediately hatching eggs but not resting eggs. Concern for this possibility is warranted
based on the data on spiny water flea population dynamics collected in 2015 from
southern Green Bay. Although spiny water fleas are not established in the lower Fox
River, adult females were observed by late June and produced resting eggs from early
July until at least early October. Peak population abundances occurred in September (De
Stasio & Merkle 2016, Merkle & De Stasio, in review). Understanding the population
dynamics and when the various stages occur in Green Bay and the lower Fox River is
important to planning effective cleaning protocols and practices.

Another AIS of concern in northeastern Wisconsin is the round goby (Neogobius
melanostomus). It is known to be established in Green Bay and the lower Fox River as
far upstream as the invasive species barrier at Rapide Croche (Kornis & Vander Zanden
2010). Round goby have been shown to have important impacts on food webs and
fisheries (Lederer ef al. 2008, Kornis et /. 2012), and there is concern that spread of this
AIS inland would do damage to the important sport fishery in Lake Winnebago, known
to drive at least $234 million of the local economy (Cook & Neiswender 2007).

The goal of this study was to determine the spatial and temporal distribution of
spiny water flea and round goby in Lake Winnebago, the lower Fox River and southern
Green Bay during the main boating period of the year. In addition, the project was to
provide documentation of the abundance of each life stage of the spiny water flea during
the study period, with special attention paid to when resting eggs were being produced.

Methods

Field Collections - Samples for spiny water flea were collected from the lower Green Bay
area from 7 June through 23 Sept 2017. Two sampling sites established during previous
research on lower Green Bay were sampled (Table 1 & Fig. 1; De Stasio & Richman
1998, De Stasio et al. 2008, 2014). Oblique plankton tows from just above the sediment
to near the surface were collected using a standard conical plankton net (0.50 m diameter
opening, 200 cm length, 250 um mesh; Aquatic Research Instruments, Hope, ID). The
net was towed at a constant speed of 2 mph for either 3 min or 1 min when plankton were
abundant. Duplicate samples were collected to allow estimation of variability among



samples. On the lower Fox River, samples were collected from mid-channel areas at six
locations established and monitored since 2006 (Fig. 1; De Stasio 2016). Samples on
Lake Winnebago were obtained with duplicate plankton tows conducted the same as for
Green Bay but at two sites at the northern end of the lake (Fig. 1). Ekman grab sediment
samples were also collected at the WIN-1 location. Samples were held live in closed 2-L
containers and transported to the Lawrence University laboratory facility in accordance
with WI Administrative Code NR 40 and all applicable permitting requirements.
Animals and potentially contaminated water was maintained in the laboratory at
Lawrence University, decontaminated and prevented from release into natural waterways
or public water treatment system at all times.

Round goby were sampled along shorelines and shallow rocky reef areas in the
outflow regions of Lake Winnebago during summer 2017 (Fig. 2). Shallow areas were
sampled using a combination of trapping, dip netting, beach seining, and angling
techniques, procedures we have found to be effective for many years for catching round
goby in the lower Fox River. Two sizes of cod-end type traps were employed; elongated
eel traps (length=0.78m, opening=40mm, mesh=6.4mm), and larger hand-made traps of
the same design (length=2m, opening=125mm, mesh= 12.5mm). Traps were deployed
with bait (e.g. previously frozen fish, cheese) for a maximum of 24 hours, emptied, and
redeployed multiple times at each site. Multiple dip net sweeps (at least six at each site)
were performed in each region, being sure to disrupt the bottom and force fish into the
water for capture. Multiple beach seine hauls were conducted at shoreline locations (1/4
inch mesh, 4 foot height, 20 foot length). Hook & line angling was conducted in the
sampling areas utilizing standard fishing gear; specifically, size #14 hooks, Berkley
Gulp! Maggots bait, and no bobber. All fish caught were identified with the Wisconsin
Fish ID program and/or Field Guide to Wisconsin Streams.

Laboratory Procedures — Samples were preserved in 70% denatured alcohol upon return
to the laboratory. Either entire samples were enumerated, or samples were subsampled
using a Folsom plankton splitter (Wildco Inc., Yulee, FL) using liquid dishwashing soap
to eliminate surface trapping of specimens. Subsamples were counted at 10X — 40X using
five categories for life stages of spiny water fleas: juveniles, males, females with no eggs,
females with immediately hatching eggs, and females with resting eggs. Resting eggs are
a golden brown color (Jarnagin et @/. 2000) and this obvious visible trait allowed us to
determine the production of resting eggs by females. Our work in 2015 and 2016
confirmed that these golden brown eggs are always resting eggs based on hatching tests
performed on live females in the laboratory. Samples from the lower Fox River were not
enumerated, but presence/absence was determined.
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Table 1. Latitude and Longitude coordinates of established sampling sites along
the lower Fox River, WI (top section), lower Green Bay (middle section) and Lake
Winnebago (bottom section). Sites GB-1A and GB-2 are established sampling
locations from studies by De Stasio and colleagues (De Stasio et al. 2008, 2014).

Lower Fox River Locations Latitude Longitude
Upstream of Rapide Croche
FR-A (above Cedar lock) N 44°16.562 W 880 20.541
FR-B (above Kaukauna Guard lock) N 440 16,665 W 880 17.042
FR-3 (above Rapid Croche lock) N 44°019.077 W 88°11.962
Downstream of Rapide Croche
FR-4 (below Rapid Croche lock) N 44° 18.947 W88°11.413
FR-C (above DePere dam) N 44° 25.813 W 88°04.273
FR-D (below DePere dam) N 440 27.742 W 88°03.354
Lower Green Bay Locations Latitude Longitude
GB-1A N 44° 32.952 W 870 59.890
GB-2 N 44° 34.817 W 870 58.733
Lake Winnebago Locations Latitude Longitude
WINN-1 N 44°11.22 W 880 23.63
NW WIN-1 N 440 11.82 W 88° 25.33
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Figure 2. Map of round goby sampling areas for 2017 in Lake Winnebago, WI. Red
highlighted areas are where round goby are most expected to occur (e.g. shallow,

rocky areas, pipes).




Results

Round goby was not caught in Lake Winnebago in 2017. This was based on 386
hours of fish trapping at five locations, and 8.5 hours of angling at four locations, and dip
netting and beach seining at four locations from 30 June to 16 August 2017 (Appendix
A). On the lower Fox River round goby was found only at sites below the Rapide Croche
invasive species barrier (FR4, FRD), and was not observed at any of the sampling sites
above the barrier (which extends upstream to the pool above the Cedar Lock). Details of
sampling on lower Fox River are reported in De Stasio (2017).

No spiny water fleas were collected from Lake Winnebago in 2017. Samples
were collected from each sampling location biweekly from 15 June to 15 August 2017
(Appendix B). Spiny water fleas were absent from the lower Fox River except for a
single individual collected in a sediment sample on 24 July at site FR-A. No additional
animals were found in more extensive follow-up sampling, and none were collected by
additional sampling conducted by the WI DNR focused on that location (Maureen Ferry,
personal communication).

The overall dynamics of spiny water fleas in Green Bay were similar at the two
sites from June to late September (Figure 3, bottom). The population was not present at
GB-1A on the first sampling date (7 June 2017), but were already established at GB2 by
that date. Juveniles as well as adults were found at both sites by 21 June (Fig. 4).
Abundance at GB2 increased in June and then decreased in July. Population abundacne
at both locations increased starting in August and continued to increase through
September at GB2.

These dynamics were similar to those in 2015 and 2016 (Fig. 3, top and middle
panels). There were population decreases in all years during the middle of the summer,
followed by increased abundances in late August and September. The mid-summer
decrease in 2017 occurred earlier than in 2015 or 2016.

Seasonal changes in the population structure of spiny water flea at the two
sampling sites followed similar patterns as well (Fig. 4). Samples from 7 June at GB2
consisted of a mixture of juveniles, females without eggs, and females with immediately
hatching eggs. This is consistent with results from previous years indicating that the
population is initiated in late May or early June by hatching of individuals from resting
eggs in the sediments. Males and females with resting eggs were observed by 19 July
and were collected throughout the reminder of the sampling period. Females comprised
from 20% to 80% of the total population abundance depending on the sampling date,
with juveniles making a larger proportion of the population as the summer progressed.
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Discussion

No spiny water fleas were observed in Lake Winnebago and at only a single site
on a single date in the lower Fox River. This indicates that spiny water flea was not
established in the lower Fox River or Lake Winnebago. Spiny water fleas were recorded
in southern Green Bay from 7 June through 23 September 2017. The population size of
spiny water fleas at both locations in southern Green Bay was highest during August and
September, and showed a mid-summer dip in abundance. Similar dynamics have been
recorded in each of the last 3 years sampled. The population consisted of a mixture of all
life stages as early as 7 June, with females making resting eggs by 19 July and continuing
production until at least the end of September.

The population already included reproductive females in early June, similar to
what occurred in previous years. This suggests that resting eggs most likely hatched in
the middle of May. This pattern of resting egg hatching, juvenile maturation and
subsequent production of eggs is consistent with previous studies in the Laurentian Great
Lakes (e.g. Yurista 1992, 1997), inland lakes in North America (Yan ef a/. 2001, Brown
& Branstrator 2005, 2011) as well as European lakes where the species is native (Herzig
1985, Rivier 1998, Straile & Halbich 2000). Typically the newly hatched individuals
from the resting eggs will mature and reproduce asexually (using parthenogenesis) to
produce the next generation quickly. Some females switch to sexual reproduction at
some point to produce resting eggs that are resistant to harsh conditions. This sexual
reproduction requires males, so normally males will be observed in the population when
females carrying resting eggs are found. During our sampling in 2017 males and females
with resting eggs were first observed on 19 July, later than in the previous two years
studied. The presence of females carrying resting eggs indicates that resistant resting eggs
could be spread by boaters and other recreational users to new locations during the
middle of the summer, when boating activity is highest. In 2015 and 2016 resting eggs
were produced up to a month earlier than in 2017, extending concerns about dispersal
upstream throughout the main boating season on the lower bay and lower Fox River.

In Fall 2015 reports were obtained by the Wisconsin Department of Natural
Resources that round goby had been caught in Little Lake Butte des Morts just below the
Menasha dam (Ebert 2015). This lead to concern that this AIS might be able to disperse
through the boat lock at Menasha that was functioning at that time. The WI DNR
decided to force the closure of the lock in Fall 2015 and increased sampling efforts in
Lake Winnebago and encouraged the public to report any round goby caught in the area.
During the sampling conducted for our study in 2017 round goby were observed only in
the lower Fox River, at sampling locations below the Rapide Croche invasive species
barrier. No round goby were caught in Lake Winnebago, despite sampling throughout
the summer in shallow, rocky habitats known to be preferred by the fish. We used
multiple methods that successfully catch round goby in the lower Fox River. These data
support the conclusion that the round goby has not successfully established a population
in Lake Winnebago at this time.
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Appendix A: Sampling effort for round goby monitoring on Lake Winnebago and
lower Fox River during 2017.

Sample
Site Date Type Time (hr)
Jefferson Park 6/30/17 Angling 1
Smith Park 6/30/17 Angling 1.5
Smith Park 7/5/17  Angling 3
Kimberly Point, Neenah 8/10/17 Angling 1.5
ThedaClark Hospital 8/10/17 Angling 1.5

Sample
Site Date Type Time (hr)
Jefferson Park 7/5M17 Traps 24
Smith Park 7/5/17 Traps 72
Jefferson Park 717117  Traps 24
Smith Park 7M17/17 Traps 72
Kimberly Point, Neenah 8/10/17 Traps 98
Doty Park, Neenah 8/16/17 Traps 48

Nicolet Blvd Access 8/16/17 Traps 48



Appendix B: Sampling effort for spiny water flea monitoring on Green Bay and
Lake Winnebago during 2017.

Site Date

GB1A 6/7/17
GB1A 6/21/17
GB1A 71717
GB1A 7119/17
GB1A 8/1/17
GB1A 8/14/17
GB1A 8/21117
GB1A 9/23/17
GB2 6/7/17
GB2 6/21/17
GB2 7/119/17
GB2 8/M1/17
GB2 8/14/17
GB2 8/21/17
GB2 9/23/17
Win1 6/15/17
Win1 6/27/17
Win1 7117
Win1 7/25/17
Win1 8/15/17
NW WIN-1 6/15/17
NW WIN-1 6/27/17
NW WIN-1 717
NW WIN-1 712517

NW WIN-1 8/15/17
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Executive Summary

This report explores the economic impact of the Fox Locks system. Stretching
from Menasha to DePere. the Fox Locks represents a system of 17 locks on the Fox
River. Beginning in 2005, the Fox River Navigational System Authority (FRSNA)
was authorized to begin a $14.5 million project to renovate the lock system. This
report first evaluates the economic contribution of the completed work since 2005.
Next. the report estimates the future economic impact of the locks under four different
scenarios: (i) Menasha and Rapid Croche locks are closed (ii) Rapid Croche opens,
Menasha is closed (iii) Rapid Croche is closed, Menasha opens, and (iv) All locks are

fully operational. Summarizing the main findings:

o The work to date restoring the locks has contributed the following to the Fox

Valley Regional economy from 2003-2015 (Menasha is closed Scenario):

— $64.4 million in total output
— $39.2 million in labor income
— 1458 jobs

— $22 million in business investment

» The additional economic impact of opening each of Menasha and Rapide Croche
accumulated over a 10 year period starting in 2013:
L. Menasha is opened, Rapide Croche is closed:
— $42.9 million in additional total output accumulated over 10 years

— $26 million in additional labor income accumulated over 10 years



— 939 additional jobs accumulated over 10 vears
— $14.6 million in additional business investment accumulated over 10
years
2. Menasha is opened, Rapide Croche receives boat transfer station:
— $210 million in edditional total output accumulated over 10 years

$127.7 million in additional labor income accumulated over 10 ycars

4,595 additional jobs accumulated over 10 years

$71.8 million in additional business investment accumulated over 10

years
3. Rapide Croche receives boat transfer station, Menasha is closed:

~ $167.7 million in additional total output accumulated over 10 years

$102 million in additional labor income accumulated over 10 years

3.669 additional jobs accumulated over 10 years

$57.3 million in additional business investment accumulated over 10

vears
o Ovwer the next 10 years, the proposed Visitors’ Center has a potential economic
impact of:
— $79.7 million in additional total output accumulated over 10 years
- $48.5 million in additional labor income accumulated over 10 years
— 1,744 additional jobs accumulated over 10 years
— $27.2 million in additional business investiuent accumulated over 10 years
e In total, a fully functioning Lock system, including the visitors’ center has a 10
year potential economic impact of:
— $290 million in additional total output accumulated over 10 vears
— $176 million in edditional labor income accumulated over 10 vears
— 6,339 additional jobs accumulated over 10 years

— $99 million in additional business investment accumulated over 10 years



1  Introduction and Overview

Stretching from Menasha to DePere, the Fox Locks represents a svstem ol 17 locks on the
Fox River. Figure | provides a map of the Lock system. Beginning in 20053, the Fox River
Navigational System Authority (FRSNA) was authorized to begin a $14.5 million project to
renovate the lock system. Currently. 16 of the 17 locks have been restored and are potentially
fully operational; however, due Lo concerns regarding an aquatic invasive species (AIS), the
Menasha lock is closed (it was open from 2005-2015 and was closed in September of 2015).
Similarly, the lock at Rapid Croche is closed, although the FRNSA has a proposed plan to

make the lock operational via a boat transfer and cleaning station.
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Figure 1: Map of Lock System

This report has two primary objectives: 1) Evaluate the economic impact of the locks
and their restoration work, and 2) evaluate the future economic impact of differing levels
of lock functionality. depending on what combinations of locks currently closed are opened
and usable. While the details are described below in Section 2, the amount and timing of
restorations and maintenance to the Locks represents the key starting point for the analysis.



Since 2003, restoration on the existing locks occurred at the following dates:'

e 2003: Little Chute

e 2006: Appleton 1-4

o 2007: Cedars

e 2008: Little Chute

e 2009: Combined Locks

e 2011: Kaukauna 4

e 2012: Kaukauna 3 and 5

e 2013: Kaukauna 2

e 2014: DePere, Kaukauna 1, and Menasha

Over this period of time, $14.5 million was invested in the Fox Valley Regional economy.
Section 3 of this economic impact analysis examines the contribution of this previous work. In
Section 4, the potential future impact of the Locks system is evaluated under several different
scenarios. As discussed above, two locks are currently closed. The lock at Rapide Croche
is closed indefinitely to help prevent transmission of aquatic invasive species (AIS) from the
Great Lakes to Lake Winnebago. Similarly, the Menasha lock is closed since September 2015

due to AIS concerns (round goby). Thus, there exist four different scenarios to analyze:
1. Current system, Menasha and Rapide Croche stay closed
2. Menasha lock re-opened. Rapide Croche stays closed
3. Rapidé Croche opened, Menasha stays closed
4. Both Rapide Croche and Menasha open

Water sports and related activities represent an important component of the Wisconsin
economy, and this is especially true of the Fox Valley Region. With two large lakes, the
Fox River, and access to Lake Michigan, the water sport possibilities are significant. Indeed
boating, fishing, and other related water activities have a large economic impact on the
Fox Valley Regional economy. According to data from the National Marine Manufactures
Association (NMMA), in 2015 recreational boating had an estimated total economic impact
of $603.5 million and $742.8 million in Congressional Districts 6 and 8. respectively (which

1See http://www.foxlocks. org/the-locks/lock-system~overview/



includes the region defined for the Locks contribution).- Thus, recreational boating con-
tributes $1.3 billion annually to the Fox Valley Regional economy, representing nearly 12%
of total output (GDP) in the Fox Valley Regional economiy. Similarly, a 2006 Economic [m-
pact analysis of fishing activitics on Lake Winnebago found a total economic impact of $234
million annually. Adjusted for inflation, this is equivalent to an annual economic impact of
$275 million in 2016.

These studies show the importance of water-sports and activities to the Fox Valley Re-
gional economy. Although these previous studies are not used in the analysis below, they
are presented here simply to show the importance of water-sports and related activities to
the local economy. The Locks represent a key component of the interconnected waterways
supporting this economic activity. The goal of this analysis is to estimate the past and
potential future impact of the Locks on the Fox Valley Regional economy.

It is also worth noting that the analysis in this report characterizes the potential gains
from different levels of functionality of the Locks, assuming the necessary AIS protections
are in place. In this regard, this report focuses only on characterizing the potential economic
gains; as a result, it is not a cost-benefit analysis. A full cost-benefit analysis would require
estimating models to quantify the varying probabilities of AIS issues potentially propagated
by the Locks, as well as estimating their potential economic costs. While AIS protections
may utilized, as with all bodies of water, there exists some risk of potential AIS issues. The
economic impact numbers presented in this report should be considered relative to these
potential future costs.

Within each combination of lock openings/closures, different scenarios are analyzed to
estimate the future impact of the Locks on the Fox Valley Regional economy over the next
10 vears. The next section describes the details of the approach taken in this study, along

with the data and methodology.

2 Methodology, Approach, and Data

The Locks have several ways to contribute to the Fox Valley Regional economy. Most
immediately, the $1:4.5 million spent on lock repairs and renovations directly contributes.
Many industries are supported in this process. Of course, the impact stretches beyond
the immediate impact of $14.5 million. Specifically. there exist two other possibilities for

evaluating the total economic impact.

28ee nttps://www.nmna.org/statistics/publications/acocomic-impact-infograpnics



First, one could examine the additional spending created by a functioning Lock systen.
Sinece 2005, over 30.000 people and more than 6,000 boats have travelled through the locks
system. When recreational boaters and other water craft (e.g. kayaks) use the locks, they
spend money in the local economy. For example, on a trip through the locks, a group of 4
people in a boat eat lunch, purchase gasoline and other supplies for the boat, and may shop
at local stores along the way. Traditional economic impact analyses (using an input-output
model) focus on this injection of spending. This is referred to as an increase in final demand.
To meet this increase in demand, local business produce more goods and services from other
local businesses. causing the total impact to be a multiple of the initial injection of spending.

There are two reasons why examining additional spending by lock boaters is inappropriate
to judge the economic impact of the Locks. First, to be valid, the spending by boaters would
have to be from visitors to the area; that is, it must be truly new spending to the area.
While indeed some users of the locks come from out of the area, many others do not. Lacking
consistent data on the residence of Lock users, the spending approach becomes infeasible.
Moreover, this approach requires one to estimate the number of additional visitors that can
be directly attributable to the opening of the Locks, which again is difficult given currently
available data.

Second, the economic impact of the Locks is potentially well beyond the additional spend-
ing by lock users. Specifically, a functioning lock system provides opportunities for expansion
of local businesses. If lock users dock boats and explore local surroundings, the value of in-
vesting in expansions and new businesses increases. In addition, the Locks provide various
educational opportunities for users and visitors of the locks. Indeed, the planned Visitor’s
Center in Appleton is intended to highlight and expand these educational opportunities.
Viewed in this light, the lock restorations function similarly to investments in education.
This second effect is not well captured, if at all, by a traditional input-output model based

economic impact study.

2.1 Approach

To begin, consider how any additional spending or business investment affects a local
economy. To understand this question, we must first break down how an economy operates.
An economy produces goods/services that are referred to as output. To produce output, an
economy needs three key ingredients: (i) Capital, (ii) Labor, and (iii) Infrastructure. Capital
refers to the buildings, factories, machines, equipment, etc. that a business uses to produce its
products/services. Labor refers to the workers a business employs, and infrastructure refers
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to Public Capital. which is roads. bridges, power supplies, schools, etc. that facilitate
business activity.

IFor example, consider a restaurant. To produce meals for customers, the restaurant needs
a building and cooking equipment (ovens. refrigerators, etc.). This represents the restaurant’s
Capital. In addition, the restaurant will need employees to operate the equipment, prepare
the food, and serve customers. This represents the restaurant’s Labor. Finally, the restaurant
needs functioning roads/railways/waterways to transport the raw materials it uses and to
allow customers and workers to access their establishments, as well as a school system to
educate its owners and workers. This represents the Infrastructure.

The value of infrastructure, or public capital, on economic activity has been well estab-
lished in existing research.” Consider the restaurant example. Suppose that initially access
to the restaurant’s location was somewhat restricted. If the area invests in infrastructure im-
provements that increase access to the restaurant, the restaurant becomes more productive.
They will produce more meals and services, and hire more workers. The restaurant will likely
also have to purchase additional capital, referred to as business investment. Moreover, with
improved access and expansion of this particular restaurant, and as the increased incomes of
employees leads to more spending in the area, other businesses may decide to locate nearby.
Thus, the initial increase in infrastructure investment increases overall economic activity by
a multiple of the initial investment.

A similar scenario is true with respect to the Locks. Functioning locks increase the
infrastructure value of the Fox river and nearby lakes. For example, consider the recent
riverfront development in Appleton. Local housing, a coffee shop (Temptest), restaurant
(Mr. Brews Taphouse), and hotel (Marriot) have all been built along the waterfront. In-
deed, the water access represents a key component of the profitability of these investments
for local businesses. While the functioning locks that increase access to this area do not
represent the sole reason for this increased economic activity, it does represent a crucial
improvement/investment in the infrastructure that supports this economic activity. The
analysis presented in this report estimates the economic impact of the Lock system via its
value as infrastructure.

3See for example Glomm and Ravikwmar (1997) and Seung and Kraybill (2001) among many others.
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2.2 Methodology

Defining the relevant local economics potentially impacted represents an important first
step in the analysis. Again. the economic impact of the Locks stems from its value as
infrastructure for local economies; therefore, the lakes and waterways used by the locks,
or accessible via the locks, represent areas of potential impact. Given this, the Fox Valley
Regional economy is defined from Green Bay to Fond du Lac. This represents Brown,
Calumet, Outagamie, Winnebago. and Fond du Lac counties.

To estimate the economic impact of the infrastructure investments represented by the
Locks, a model of the local economy is developed. Estimating the relationship between
output, labor, capital, and infrastructure in the local economy represents a key foundation.
Towards this end, a production function must be estimated for the Fox Valley Regional
economy. An attached Technical Appendix describes the details of the specification of this
production function and its estimation.

Having estimated a production function, with data on actual output, employment, cap-
ital, and public capital (infrastructure), a model is specified that describes local business
investment decisions (how much capital to use) and employment decisions (how much labor
to hire and at what wages), taking as given the level of infrastructure. This model is then
fitted to existing data on the Fox Valley Regional economy as a benchmark. From this
benchmark, the desired “experiments” are conducted, varying the available infrastructure

based on different levels of Locks functionality.

2.3 Data

As discussed above, estimating a production function and fitting the model require data
for the Fox Valley Regional economy. Regional economic data is available from the U.S.
Department of Commerce via the Bureau of Economic Analysis (BEA)."! For some necessary
data series, regional availability is given by Metropolitan Statistical Areas (MSA). Given the
aforementioned definition of the Fox Valley Regional economy, the appropriate MSAs are:
Green Bay, Appleton, Oshkosh-Neenah, and Fond du Lac.?

To estimate the model, data on Real GDP (Gross Domestic Product), Employment, and
Public Capital (Infrastructure) is needed. Real GDP and Employment data were obtained
from the BEA. Data on Public Capital is not readily available and thus must be constructed.

4This data was ohtained at https://www.bea.gov/regional/index.htm.
5MSAs are defined and determnined by the Office of Management and Budget, https://www.whitehouse.

gov/omb.



[n this study, estimates of public capital for the State of Wisconsin were obtained from two
sources, Holiz-Labin (1923) and Fisher and Wassuer (2010). From these sources, the stock
of public capital is estimated at 2.89% of real GDP and is nearly constant across the relevant
vears. Thus. the stock of public capital is calculated based on this fraction of Real GDP for
the Fox Valley Regional economy. The remaining details of the estimating proceduwre and

data benchmarks is discussed in the Technical Appendix.

3  Economic Impact of the Locks: 2005-2015

The analysis begins by estimating the total economic impact of the Locks over the course
of their renovations and repairs, namely from 2005-2015. This is accomplished by using the
model of the Fox Valley Regional economy to predict what would have occurred had none of
the Locks been restored. That is, decrease the actual stock of public capital in a particular
vear by the amount of work done on Locks in that year. Given this counterfactual level of
infrastructure, what would GDP, employment, investment. and wages be? The difference
between the actual data and this counterfactual outcome gives the economic impact of the

Locks renovations.

Table 1: Economic Impact of Locks: 2005-2015

Variable Contribution of Locks
GDP $64, 421,074
Labor Income $39, 168,013
Investment $22,047, 490
Employment 1,458

Table 1 displays the cumulative economic impact of the Locks from 2005-2015. In terms
of total output, the Locks contributed $64.4 million in additional GDP to the Fox Valley
Regional economy. The Locks also contributed an additional $39 million in Labor Income,
stemming in part from the additional 1,438 jobs attributable to the Locks, and from an
increase in wages paid by firms. Wages increase primarily due to the increase in the capital
stock attributable to the Locks. When capital increases. workers become more productive
and earn higher wages. Combined with the increase in employment, total Labor Income
increased. Finally, investment increased by a cumulative sum of $22, 047,490, which is cal-
culated as the difference in capital income in the baseline case (data) and the counterfactual

economy (with no Locks renovations).



In Table i, the results apply only to the direct impact of the Locks renovations. That is,
in each vear a lock is renovated, the appropriate amount of infrastructure is removed from the
economy in that specific period; however, the cunmulative effect of removing the infrastructure
is not caleulated. To examine the full impact of the renovations. one must consider the
cumulative effect of removing the infrastructure. Consider the following example.

Suppose that each lock involves an infrastructure investment of $1 million. In year 1 one
lock is renovated. | is renovated in year 2, and 3 are renovated in year 3. This implics a
total investment of 5 locks or $5 million. In Table 1, the observed stock of public capital is
reduced by $1 million in year 1, $1 million, year 2, and then $3 million in year 3. This gives
the economic impact of each lock individually, but does not cumulate the total impact of
having none of the locks renovated. The total cumulative impact is represented by reducing
the stock of public capital by $1 million in year 1, 32 million in year 2, and then $5 million
in year 3. The total cumulative impact of the Locks on the Fox Valley Regional economy is

presented in Table 2.

Table 2: Total Cumulative Impact of the Locks: 2005-2015

Year | Real GDP ($’s) | Labor Income ($’s) | Emplovment | Investment ($’s)
2005 2,541,511 1,545,239 - 870,596
2006 13,121,962 7,978,153 18 4,489,106
2007 17,343,479 10,544,835 109 5,932,899
2008 91,739,819 13,217,810 216 7,436,369
2009 26,616,553 16,182,865 341 9,104,207
2010 29,312,554 17,822,033 486 10,026,271
2011 34,571,717 21,019,604 630 11,824,942
2012 42,748 AT1 25,991,070 790 14,621,411
2013 48,447,602 29,456,142 985 16,570,465
2014 60,567,592 36,825,096 1,203 20,715,558
2015 65,925,986 40,083,000 1,474 22,548,198
Total 362,937,247 220,665,846 6.252 124,140,021

Imagine the following counterfactual: none of the Locks were renovated, and thus none are
usable. Taking the difference between predictions with no locks and what actually occurred
calculates the value of the entire lock system. Table 2 presents these results. From 2005-
2015 the Lock system contributed a total of nearly $363 million in real GDP (output), $220.7
million in labor income, 6, 252 additional jobs, and $124 million in capital investments. This
amounts to an average of $33 million each year from 2005-2015 in total additional economic

activity. This cumulative look at the value of the Locks further underscores its importance
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to the Fox Valley Regional economy. If the locks are all closed at some point in the future,

the last row ol Table 2 displayvs what impact this would have on the local economy over a

10 vear period.

4  Economic Impact of Rapide Croche and Menasha

Locks

This section analyzes the economic value of both the Menasha and Rapide Croche locks.
As both locks currently are closed, a baseline predicted path for the economy must be estab-
lished. The projected future path of the key economic variables for the Fox Valley Regional
economy are first estimated using a linear time-trend specification. Having estimated a spec-
ification for each of real GDP, employment, and population growth, the remaining variables
can similarly be computed /imputed from the model economy. This exercise then predicts
levels for real GDP. employment, labor income, and investment for the next 10 years.” Once
the benchmark future economy is established, the counterfactual cases may be analyzed.

Each case is now discussed.

4.1 DMenasha is opened and Rapide Croche is closed

If the Menasha lock is opened, this increases the value of existing infrastructure. The lock
has already been restored and had been operational. so opening the lock also restores the
infrastructure value. If the Rapide Croche lock remains closed, however, there is no change
to the baseline level of public capital. Thus, the first experiment increases infrastructure by
the value of the Menasha lock, and recomputes the levels for real GDP, employment, labor
income, and investment for the next 10 years. The value of the Menasha lock is assumed as
a baseline to be equal to the average infrastructure value of 1 lock. which is equivalent to
distributing the $14.5 million investment equally across the locks repaired. This assumption
almost certainly understates the full impact of the Menasha lock, as this lock was the most
used in the system. acting as a gateway to Lake Winnebago: as a result. Menasha is likely

significantly more valuable than average.

5The levels predicted for the basecline economy do not affect the results presented here. Since the pro-
duction function exhibits constant returns to scale (i.e. homogeneous of degree 1), any level changes in real
GDP result in proportionate changes in capital. labor, and public capital. Assuming that real GDP grows
somewhere approximately close to trend in the future, the estimates presented here will not vary significantly

if real GDP varies mildly from its predicted value.

11



Table 3: Economic Impact ot Menasha Lock over 10 years

Investment ($'s)

Year | Real GDP (§'s) | Labor Income ($'s) | Employment
l 2,865,331 1,742,121 18 978,447
2 3,187,099 1,937,756 35 1,088,479
3 3,507,351 2,132,469 a2 1,197,992
4 3,825,816 2,326,096 70 1,306,893
) 4,142,230 2,518,476 86 1.415,093
6 4,456,328 2,709,448 103 1,522,502
7 4,767,856 2,898,856 120 1.629,031
8 3,076,560 3,086,548 136 1,734,594
9 5,382,194 3,272,374 152 1,839,108
10 5,684,518 3,456,187 167 1,942,489
Total 42,895,282 26,080,332 939 14,654,628

Table 3 displays the effect of opening the Menasha lock over the next 10 years. In total
over the next 10 years, the Menasha lock has the potential to bring an additional $43 million
in total output, $26 million in labor income, and additional 939 jobs, and increases capital
investment by a total of $14.6 million. In addition, notice that the annual impact of opening
the Menasha lock, adjusted for inflation, grows each vear. This occurs as the additional
infrastructure generates more investment, increasing the capital stock, and generating more

employment. These affects accumulate over time. This represents the economic growth

potential of the infrastructure value of the Locks.”

Table 4: Economic Impact of Opening Both Menasha and Rapide Croche

Year | Real GDP ($’s) | Labor Income ($’s) | Employment | Investment ($’s)
1 14,030,819 8,530,738 86 4,797,044
2 15,607,474 9,489,344 172 5,336,247
3 17,176,710 10,443,440 257 5,872,912
4 18,737,205 11,392,221 340 6,406,588
5 20,287,655 12,334,895 423 6,936,829
6| 21,826,781 13,270,683 505 7,463,197
71 23,333,325 14,198,822 585 7,985,261
8 24,866,054 15,118,561 665 8,502,601
g 26,363,764 16,029,169 743 9,014,805
10 27,845,279 16,929,930 820 9.521,469
Total 210,095,067 127,737,801 4,595 71,836,954

"See Glomm and Ravikumar (1997), Rioja (2003), Gibson and Rioja (2017), among others for discussion

of the economic growth potential on infrastructure investments.
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4.2 Menasha is opened, Rapide Croche receives boat transfer sta-
tion

In this scenario, in addition to the infrastructure impact of the Menasha lock described in
Section 4.1, the planned boat transfer and cleaning facility is completed at Rapide Croche,
making this lock also fullv operational. The boat transfer and cleaning facility is estimated to
cost $3.8 million and would be potentially operational by 2018 (the start date does not impact
the estimated economic impact). Based on these scenarios, Table 4 shows the economic
impact on Real GDP, Labor Income, Employment, and Investment over the next 10 years.
In total, over the next 10 years a fully functional lock system has the potential to add an
additional $210 million in output, $127.7 million in labor income, nearly 5,000 jobs, and an
additional $71.8 million in capital investments. On average, this represents an additional

$21 million annually to the Fox Valley Regional economy.

4.3 Rapide Croche receives boat transfer station, Menasha Lock
is closed

Assuming Rapide Croche receives the boat transfer and cleaning station while Menasha
is closed represents the final Lock scenario to analyze. As discussed above, the proposed
boat transfer and cleaning facility is estimated to cost $3.8 million. 77 displays the 10 year
impact of increasing the level of infrastructure in the Fox Valley Regional economy by this

amount.

Table 5: Economic Impact of Rapid Croche Boat Transfer, Menasha is closed

Year | Real GDP (%’s) | Labor Income ($'s) | Employment | Investment ($’s)
1 11,202,308 6,811,003 69 3.820,604
2 12,460,889 7,576,220 137 4,260,115
3 13,713,542 8,337,833 205 4,688,509
4 14,959,212 9,095,201 272 5,114,515
5 16,196,858 9,847,690 338 5,537,776
6 17,425,458 10,594,679 403 5,957,944
T 18,644,008 11,335,557 467 6.374,675
8 19,851,523 12,069,726 331 6.787,632
9 21.047,042 12,796,601 593 7,196,486
10 22,229,624 13,515,611 655 7,600,915
Total 167,730,464 101,980,122 3,669 57.348,260
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From Tahle 5. in total. a functional lock at Rapide Croche has a potential economic
impact of $167.7 million of additional output, $101.9 million in labor income. and addi-
tional 3.700 jobs. and an additional $57.3 million in capital investments. Annualized this is

equivalent to an additional $16.7 million of total economic activity per year.

4.4 Appleton Visitors’ Center

Finally, this section examines the potential economic impact of completing the proposed
Appleton Visitors” Center. As discussed above, the proposal is for a $1.8 million Visitor’s
Center located at Appleton Lock 3 (see http://foxlocks.org/visitor-center/ for more

details).

Table 6: Economic Impact of Appleton Visitors' Center over 10 years

Year | Real GDP ($’s) | Labor Income ($’s) | Employment | Investment ($’s)
1 5.324,628 3,237,374 33 1,819,527
2 5,922,633 3,600,961 65 2,024,031
3 6,017,818 3,962,834 97 2,227,571
4 7,109,683 4,322,687 129 2,429,976
5 7,697,731 4,680,220 161 2,631,075
6 8,281,476 5,035,137 192 2,830,702
7 8,860,441 0,387,148 222 3,028,695
8 9,434,157 5,735,968 252 3,224,892
9 10,002,168 6,081,318 282 3,419,139
10 10,564,027 6,422,928 311 3,611,281
Total 79,714,760 48,466,574 1,744 27,246,889

Table 6 displays the potential economic impact each vear over the next 10 years. As
previously discussed, the potential economic impact of the Visitors® Center is significant as
it may be viewed similarly to an investment in education. Indeed, Table ¢ confirms this.
showing a total potential impact of an additional $79.7 million of output, $48.5 million in
labor income. 1, 744 additional jobs. and $27.2 million in additional capital investments. On
average, this represents a potential $7.9 million per year of additional economic activity. As
with the other cases examined, the economic impact of the visitors’ center increases over time
(after adjusting for inflation), reflecting the economic growth potential of such investments

in the infrastructure in the Fox Valley Regional economy.

14



5 Total Potential Impact of the Locks and the Eco-
nomic Impact of Related Activities

This section cumulates the total impact of the Locks under each scenario above. To
begin, first combine the future potential impact of each lock opening/closing scenario with
the cconomic impact of the Visitors’ Center, which occurs in each scenario. Table 7 presents
the total 10 year impact on the relevant economic variables, and Table * displays the average
annual contribution in each variable under each scenario. From Table 3. on average, having
both the Menasha and Rapide Croche locks open has the potential to contribute $29 million
in total output, $17.6 million in additional Labor Income, $634 additional jobs, and $99
million in additional capital investment, each year for the next 10 vears.

As a matter of comparison, consider the economic impact of the EAA AirVenture event
on the Fox Valley Regional Economy. Based on a recent study of its economic impact, in
2017 it contributed a total of $170million in additional economic activity, including around
2,000 additional jobs.” Thus, the potential contribution of the Locks represents on average
about 20% of the total contribution of AirVenture to the Fox Valley Regional economy.

Next, consider the total 20 year impact of each Lock opening scenario. In this case, we
want to include the 2005-2015 impact of the Locks, and add to it the potential additional
future impact. To do so. one adds the impact of the appropriate variable from Table 1 to the
same variable under each scenario in Table 7. Table U displays this total economic impact.

Finally, again considering the full 20 year impact. Table 10 adds the cumulative contribu-
tion of the Locks from 2005-2015 to the appropriate variable under each scenario in Table 7.
giving the full cumulative impact of the Locks over a 20 year period. Table || presents the

average annual impacts of this case.

Table 7: Total 10 year Impact including Visitors’ Center

Scenario Real GDP (8°s) | Labor Income ($’s) | Employment | Investment ($’s)
Menasha Open 122,610,042 71,546,906 2,683 41,901 517
Rapide Croche Open 247,445 224 150,446,696 5,413 84,595,149
Both Open 239,809,827 176,204,375 6,339 99,083 344
Bl'.'t'zps //wwa.eaa.org/en/eaa/eaa-naws-and-aviation-nays/naus/09-21-2017-airventurs-contributss
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Table 8: Average annual impact of Table 7 scenarios

Investment ($’s)

Scenario Real GDP ($’s) | Labor Income ($’s) | Employment

Menasha Open 12,261,004 7,454,691 268 4,190,152
Rapide Croche Open 24,744,522 15,044,670 541 8,459,515
Both Open 28,980,983 17,620,437 634 9,908,334

Table 9: Total Impact of Each Scenario, Including 2005-2015 Individual Impacts

Scenario Real GDP ($’s) | Labor Income ($’s) | Employment | Investment ($’s)
Menasha Open 187,031,116 113,714,019 1141 63,949,007
Rapide Croche Open 311,866,298 189,614,709 6,871 106,642,639
Both Open 354,230,901 215,372,388 7,797 121,131,334

8 Conclusion

The analysis presented above estimates the economic impact of the Locks system on the
Fox Valley Regional economy. To date the Locks have already had a significant economic

impact on the Fox Valley Regional economy. Including the visitors’ center, having a fully

functioning lock system has the potential to generate an additional $290 million in economic

activity over the next 10 vears, supporting over 6,300 additional jobs. This underscores

the great value the Locks add to the Fox River in an area where water sports and related

activities represent a key part of the economy.
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Table 10: Total Impact of Each Scenario. Including 2005-2015 Cumulative limpact

Scenario Real GDP ($'s) | Labor Income ($’s) | Employment | Investment ($'s)
Menasha Open 028,442,571 321,293,083 9.871 180.696.166
Rapide Croche Open 610,382,471 371,112,542 11,665 208,735,170
Both Open 652,747,074 396,870,221 12,591 223,223.864

Table 11: Average Annual Impact of Scenarios from Table L0

Scenario Real GDP ($’s) | Labor Income ($'s) | Employment | Investment (§’s)

Menasha Open 25,163,932 15,299,671 470 8,604,579

Rapide Croche Open 29,065,832 17,672,026 255 9,939,770

Both Open 31,083,194 18,898,582 600 10,629,708
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A Model of the Local Economy

This technical appendix describes the model used in the analysis above. Towards this
end. the production function describing the relationship between the capital stock, labor
stock, and public capital stock to total output (real GDP) must be specified. Following
Glomm and Ravikuwroar (1997) and Seung and Kravbill (2001) . a constant returns to scale
production function in the Cobb-Douglas class is specified. The production function for the

Fox Valley Regional economy is:

where Y;. i, L;, and (; represent output, capital stock, labor stock, and public capital stock
in period ¢, respectively. The parameters z;, o, and = must be determined based on existing
data, which is described below.

This function describes how the economy combines the inputs of capital, labor, and
infrastructure and produces output. We assume that firms in the economy operate under
perfect competition and make decisions to maximize profits. Under these assumptions, the

market prices for capital and labor are determined by:

w :?ﬁ s (1 — (\f)(l _ 5)ztK—Exﬂ«s)Lgl—u}(lvs)lef (2)
0L,
8}r ; ~e{l—z)— —apl—2 =

Tt :aKi = ol — ) KT LI (3)

where w, represents the real wage in period ¢. and r; is the return to capital in period ¢.
Thus, the price of labor, w;, and capital, ,, are determined by their respective marginal

products.

A.1 Determination of Employment and Investment

Workers are assumed to supply labor inelastically. The stock of potential labor is taken
as the current level of employment. Then, employment evolves as workers either migrate to
the Fox Valley Region, or current workers exit (either to work in another location. to enter
unemployment, or if they leave the labor force). Specifically, following. emplovment evolves

according to:

Li=Ly (14 g)+ M (4)
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where L, is the employment level in period ¢, g is the population growth rate, and 1/ is the
net-migration of workers to the Fox Vallev Region. Following Seuing ave! Rravhill (2001) net
migration is determined by:

we

M, = Lﬁ{(—_-)*” - 1} (5)

Wy

where 10, represents the ROW (rest of world wage), or the outside option for a worker
enmployed in the region in period £. From Equation (73), workers in-migrate to the region if
wages are higher than the outside option, and out-migrate it the ROW wage remains higher.
The parameter p measures the elasticity of labor migration with respect to this relative wage.

[nvestment depends on two factors: (i) depreciation and (ii) expected future profitability

of capital. Letting d;, denote the depreciation rate of capital, capital evolves according to:
Ki=(1-0)Ki1+ 1 (6)

where K is the capital stock in period ¢t and I, denotes investment in new capital. To
determine the level of investment, I set K; = K}, where Kf represents capital demand and
is given by solving Equation (3) for Ky

1
i al-5)-1
I(d = £ v = 5 )
t [a(l - E)zt(L;)(l_c‘)“—E)Gf] ({)

Thus. we have

L=K'—-(1-90)K,_, (8)

B Calibration and Simulation of Countertfactuals

This section describes the calibration of the baseline model and simulation of the counter-
factual cases. To begin, several of the baseline parameters are readily available in the existing
literature. Table |2 lists these parameters, their values, and the source of the data/values.
Capital share of income is determined by « (see Equation | 1)), which is set at the standard
value determined by the NIPA (National Income and Product Accounts). The depreciation
rate of capital is set to 0.04, following Seung and Krayhill (2001), while p. the elasticity of
labor mobility is set to 0.137 according to Plaut (1951). Finally, the elasticity of output with
respect to public capital, £ is set to 0.05, following Costa. Ellson. and Martin (1937). This
value represents the lowest value found in the existing literature. Garcia-Mila, MeGuire, and
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Porter (1996) tinds a value of 0.20, and Seung and Krayvbill (2001) use a value of 0.10 as a
baseline. Generally. the higher the value of =, the stronger the effect of the locks estimated
above will hecome: as a result. it was prudent to error on the side of underestimating the

impact by using the lowest estimated value of <.

Table 12: Parameterization from existing estimates

Variable | Description Value | Source

e Capital Share 0.36 | NIPA

g Elasticity of public capital | 0.05 | Costa. Ellson. and Martin (1987)
O Depreciation rate, Capital | 0.04 | Seung and Kraybill (2001)

7 Elasticity of Labor Mobility | 0.137 | Plaut (1931)

Given the parameters in Table 12, the remaining parameters are estimated to fit the
model’s predictions to existing data from the 2003-2016 time period. The data utilized are
as follows. First, output in the model is estimated to match total Real GDP in the Fox
Valley Regional Economy. The Fox Valley Regional economy is defined as Brown, Calumet,
QOutagamie, Winnegabo, and Fond du Lac counties. Data on Real GDP was obtained from
the Bureau of Economic Analysis (BEA) for the metropolitan areas of Green Bay, Appleton,
Oshkosh-Neenah, and Fond du Lac (which comprises the aforementioned counties: see the
definitions of these MSAs). Similarly, both employment and population data was obtained
from the same source.

Once the model is estimated and fitted to the 2005-2016 period, the counterfactual ex-
periments are performed. For the future 10 year predictions, the baseline levels must be
established. The model then predicts the additional economic activity based on different
scenarios. For the future 10 year levels, time trend models were estimated on each of the
aforementioned data series. Although forecasting at longer horizons involves increasingly
large confidence intervals, the ability of these time trend models to predict does not affect
the estimated impact of the Locks. The impact of the Locks is relutive to current GDP,
employment, and investment; the time trend predictions simply provide the most informecd

estimate of the baseline scenario in the future.
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