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Increasing anthropogenic turbidity alters underwater visual environments, leading to disrupted percep-
tion of visual cues with a variety of consequences, such as diet shifts and reduced prey consumption. In
this study, we used novel techniques, including a citizen science mobile phone application (app), to
investigate the effects of altered water clarity on recreational fisheries. Our objectives were to determine
if elevated turbidity (suspended sediments or algae) alters lure success in the recreational Walleye
(Sander vitreus) fishery and if the behavior of recreational anglers shifts with algal blooms. We developed
a mobile phone app to gather real time data on lure success across water clarity conditions in collabora-
tion with Lake Erie charter captains. Citizen science data collected with the app showed that lure color
success shifted with water color and clarity: white lures were most successful in clear water, yellow in
sedimentary turbidity, and black in algal conditions. A survey of charter captains suggested that fishing
practices and lure usage may change over the long term if algal blooms persist.

� 2020 The Authors. Published by Elsevier B.V. on behalf of International Association for Great Lakes
Research. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

Recreational fisheries are important generators of food, income,
and social capital worldwide (Arlinghaus et al., 2002). The poten-
tial fish harvest from recreational fisheries is thought to represent
around 12% of the global fish harvest annually (Cooke and Cowx,
2004). Many communities that have a long history of recreational
fishing depend heavily on revenues brought in from these fisheries
and fisheries-related tourism (Hushak et al., 1988; Lichtkoppler
et al., 2015). Although declines in recreational fishing participation
have been linked to shifting demographics (Fedler and Ditton,
2001; Arlinghaus, 2006), anglers are also sensitive to the quality
of the environment (Holland and Ditton, 1992). Indeed, water qual-
ity and natural beauty are rated among the most important factors
that influence recreational fishing enjoyment (Moeller and
Engelken, 1972; Slagle et al., 2014). Thus, environmental change
may be key to understanding shifting trends in recreational fishing
participation.

Recreational fishing is likely to be altered by changes to the
aquatic environment through alterations to ecological function,
including how anglers interact with target species across a range
of environmental conditions. Excessive sediment and nutrient
loading are considered particularly detrimental to freshwater
ecosystems, leading to elevated sedimentary turbidity and
increased occurrence and severity of harmful algal blooms, respec-
tively (Donohue and García Molinos, 2009; Michalak et al., 2013).
Sedimentary turbidity can be elevated through increased sediment
run-off from land use change, resuspension from more severe
storm events associated with climate change, and increased dredg-
ing (reviewed in Dudgeon et al., 2006; Reid et al., 2018). Organic
turbidity results from algal growth that is enhanced by nutrient
inputs and eutrophication (Pearl and Otten, 2013). These stressors
can result in physical damage to fish (e.g., abrasion of sensitive gill
structures; Sutherland and Meyer, 2007), indirect impacts via
altered visual landscapes (e.g., reduced visual sensitivity and forag-
ing efficiency; Nieman et al., 2018; Nieman and Gray, 2019), and
ultimately population shifts that alter the aquatic community
(Kemp et al., 2011). Further, these stressors can result in drastic
changes to the underwater visual environment.

Elevated turbidity from both inorganic and organic sources
causes light entering the water to be scattered and absorbed. Thus,
elevated turbidity decreases the amount of light available for
vision, shifts the spectrum of light that may alter the perceived
color and contrast of an object, and blurs visual resolution of
objects (Lythgoe, 1979; Utne-Palm, 2002). Sedimentary turbidity
typically reduces the amount of light with shifts in the color of
light depending on the type of sediment. For example, suspended
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sand and volcanic ash can shift the light spectrum toward longer
wavelengths (Storlazzi et al., 2015), whereas gray, clay-based sed-
iments tend to have little impact on color of water (Nieman et al.,
2018). Organic or algal turbidity reduces overall light intensity
while also shifting the spectrum of available light towards green
wavelengths (Levine and MacNichol, 1982; Sridhar and Vincent,
2007; Cronin et al., 2014).

From an angler’s perspective, these changes to water clarity and
color may imply that changing lure color would enhance the like-
lihood of success. Indeed, shifts in the available underwater light
have been shown to shift prey selection, as well as alter foraging
success (Benfield and Minello, 1996). As certain prey items become
more or less visible, fish will strike on different prey objects. For
example, the planktivorous bleak (Alburnus alburnus) reduces prey
selectivity under increased levels of sedimentary turbidity (Liu and
Uiblein, 1996). Largemouth bass (Micropterus salmoides) select
alternative prey items in high turbidity, shifting from preying on
a variety of fish and crayfish at low turbidities (0–5 Nephelometric
Turbidity Units,NTU) to predominantly foraging on bluegill (Lepo-
mis macrochirus) at higher turbidities (�40 NTU; Shoup and
Wahl, 2009). It is likely that shifts in the clarity and color of water
associated with elevated turbidity will also alter fishes’ probability
of detecting certain lure colors and types.

Many factors influence the vulnerability of a fish to being
caught by hook and line, including variability in the individual fish
(e.g., boldness; Klefoth et al., 2017), and external factors, such as
the environment in which the fish is found (reviewed in Lennox
et al., 2017). For example, a fish motivated by hunger to forage is
more likely to strike on bait (Sutter et al., 2012). Arlinghaus et al.
(2008) found a positive relationship between gear size and size
of captured fish, with larger natural bait attracting larger northern
pike (Esox lucius) and reducing the incidence of small northern pike
being hooked. A key factor that increases the likelihood of a fish
striking a lure or hook is the sensory perception of that specific
lure. Thus, the fish must have the sensory physiology to detect
shapes and colors in particular environments. Anglers recognize
this connection between the perceptual abilities of target species
and water conditions, as evidenced in the design of lures to be gen-
erally shaped, and with color patterns similar to, prey items, and
even designed to move in ways that make them appear as living
prey organisms within the water column.

Lake Erie supports a robust recreational fishery; however, the
lake is subject to elevated anthropogenic turbidity that has likely
already altered the ecology of the lake and also influenced changes
in recreational angler activity. For example, Gill et al. (2018) found
in a series of qualitative interviews with Lake Erie charter captains
that, overall, algal blooms detract from the appeal of fishing in Lake
Erie. A 2014 survey found that 96% of anglers who fish on Lake Erie
are aware of seasonal harmful algal blooms, and 50% of respon-
dents either changed their desired fishing location or decided not
to fish (Sohngen et al., 2015), likely resulting in significant
decreases in the level of participation in recreational fishing within
Lake Erie. Waterbodies that have historically high fishing pressure
may no longer be able to support the economic systems that arose
from historic efforts as anglers choose to fish in alternative loca-
tions. Many anglers will not fish in bloom conditions, citing a belief
that fish avoid them (Gill et al., 2018). The substantial press cover-
age of current algal blooms in North America will therefore likely
reduce participation in the fishery as anglers are less likely to fish
in areas they perceive to be degraded (Gill et al., 2018).

Walleyes (Sander vitreus) are an economically and ecologically
important species in Lake Erie. The Laurentian Great Lakes recre-
ational fishery is one of the largest freshwater recreational fish-
eries, valued at around US$1.9 billion annually (U.S. Department
of the Interior et al., 2011). Within the Great Lakes, over 584,000
anglers target primarily walleye (U.S. Department of the Interior
et al., 2011). In fact, over 60% of private boat anglers and 82% of
charter boat operations in Ohio’s Lake Erie waters specifically tar-
get walleye (Ohio Department of Natural Resources, 2017). Wal-
leye possess color vision, with two color-absorbing cones, a
green cone (max absorbance 533 nm) and an orange-yellow twin
cone (max absorbance 605 nm; Burkhardt et al., 1980). Walleyes
also possess a specialized morphological structure, the tapetum
lucidum, which is a layer of reflective material in the back of the
retina that increases low light visual abilities (Ali and Anctil,
1977). Owing to their low-light visual capabilities, walleyes are
known to forage primarily at low light levels such as dawn and
dusk (Ryder, 1977); however, they will also forage during daylight
hours in waters that exhibit moderate levels of turbidity (2.0–
4.9 m Secchi depth; Einfalt et al., 2012). In a laboratory study,
visual detection thresholds, or the turbidity level at which fish
can no longer determine black and white contrast (3 cm wide stim-
ulus, 18 cm diameter cylindrical tank, 9.5 degrees maximum angu-
lar size of stimulus), have been determined for both sedimentary
(mean ± se: 100 ± 5.3 NTU) and algal (mean ± se: 40 ± 2.4 NTU) tur-
bidities (Nieman et al., 2018). Further, research indicates that wal-
leye foraging is more negatively affected by algal turbidity than
sedimentary turbidity (Nieman and Gray, 2019), suggesting
increased algal blooms in Lake Erie may detrimentally impact both
walleye populations and the anglers who pursue them.

The objectives of this study were (1) to use novel citizen science
techniques to understand how elevated turbidity affects lure color
success in the recreational walleye fishery and (2) to understand
how altered water clarity conditions alter behavior of recreational
anglers. Here, we define lure success as the likelihood that a wal-
leye is landed (following a strike and successful catch) by a specific
lure or color contained on that lure, regardless of catch rate. We
developed a mobile phone application (The Walleye Tracker) to col-
lect citizen science data on the relationship between water clarity
and recreational fisheries. To examine the changes to the success of
lures of various colors, we collaborated with charter boat captains
who operate in the western and central basins of Lake Erie. Our
approach allowed us to collect data on which lure colors were suc-
cessful in Lake Erie in a variety of water color and clarity conditions
over two fishing seasons (2017–2018). This study is novel in the
use of real-time collection of recreational fisheries data by anglers
to link visual ecology with angling. In addition, we conducted a
survey that was distributed to charter captains throughout United
States waters of Lake Erie. This survey was used to gauge how fac-
tors such as the seasonal harmful algal blooms in western Lake Erie
already influence fishing practices and how these environmental
changes are perceived by those whose livelihood depends on the
recreational fishing industry in Lake Erie.
Methods

Lure success citizen science project

We developed a mobile phone application (app), The Walleye
Tracker, to collect citizen science data on walleye catches in Lake
Erie under different water clarity conditions and to provide users
with information about the project (Fig. 1). We provided each
participant with a measurement card (Fig. 2) including instruc-
tions for using the app. For each submission through the app,
captains were asked to provide spatiotemporal information about
the catch and attach two photographs: one of the fish on the
measurement card and one of the surface of the lake. Data col-
lected in the app included date, location (latitude and longitude),
boat ID, depth of lure at time of capture (ft), water temperature
(�F), and cloud cover (%). The measurement cards included a color
wheel and box for lure placement, a ruler for fish placement, and



Fig. 1. Screenshots of the Walleye Tracker phone application interface used for data collection (developed by Chelsey Nieman).

Fig. 2. Example of the walleye measurement card that was distributed to charter captains who participated in the citizen science study.
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general instructions to ensure all captains had a consistent for-
mat for photographs (Fig. 2). Measurement cards were dis-
tributed to 19 charter captains and anglers in the western
(N = 16) and central (N = 3) basins of Lake Erie over two seasons.
Submissions were filtered based on the presence of both pho-
tographs, georeferenced location availability, catch within the
western basin, and all of the criteria present in fish photographs
(i.e., lure, color wheel, full fish, and at least a portion of the
ruler). Of 176 submissions, 66 were found to meet all appropriate
criteria and were used for analysis.

Lure photographs were white-balanced using the white back-
ground of the measurement card in Adobe Photoshop (Adobe Acro-
bat Software, CC 2019). Photographs were cropped to extract only
the lures. Lure images were saved as portable network graphics
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(png) files and imported into R (using the R package ‘png’
[Urbanek, 2015]) to analyze pixel color content (modified from col-
oration code by Logan James). Total pixel counts for red (hue = 0–
26, 232–255), yellow (hue = 27–59), green (hue = 60–99), blue
(hue = 100–180), and purple (hue = 181–232) were calculated
using HSV (hue, saturation, value) hue criteria with a minimum
saturation level of 40. Hue values ranged from 0 to 255. Colored
pixels were then divided by total pixel count to determine the pro-
portion of each lure that fell into each color category (proportion of
color used for further analyses). Photographs were additionally
imported into MATLAB (Mathworks), and total pure white and
pure black pixels within the RGB (red green blue) image were
counted. Black and white pixels were divided by total pixel count
to determine the proportion of pure black and pure white pixels
on the lure. Fish photographs were analyzed to determine total
length of walleyes using ImageJ (NIH Image J, V. 1.52, 2018) for
those fish in which the entire fish was present in the photograph
and at least part of the ruler was visible.

We used the lake surface photographs in combination with
publicly available water quality data, to categorize each pho-
tograph into a water condition group based on turbidity level
and type at date of capture. Hierarchical cluster analysis was used
to bin photographs based on the following variables: proportion of
blue, green, and yellow pixels (as calculated within R in a similar
method to the lure photographs (above)), sonde data including tur-
bidity (NTU), chlorophyll a (Relative Fluorescence Units, RFU), and
blue-green algae levels (RFU), and Harmful Algal Bloom (HAB)
severity index (NOAA, 2018) on the date the fish was caught, and
MODIS satellite (NOAA Coastwatch, 2018). Sonde data was used
from the nearest georeferenced Great Lakes Environmental
Research Laboratory (GLERL) monitoring buoy on Lake Erie
(GLERL, 2018). Satellite photographs were used to determine
whether a bloom was present on the lake, and whether the specific
location at which the fish was caught was within bloom conditions,
as determined by MODIS satellite bloom thresholds (NOAA
Coastwatch, 2018). The cluster analysis revealed five categories:
low turbidity/clear conditions, moderate sedimentary turbidity,
high sedimentary turbidity, moderate algal turbidity, and high
algal turbidity (see Electronic Supplementary Material (ESM)
Appendix S1). Low turbidity/clear conditions did not segregate into
algal or sedimentary turbidity type and instead represented the
clearest conditions found in our study area on Lake Erie. For anal-
ysis, moderate and high algal turbidity catch events were grouped
together and moderate and high sedimentary turbidity were
grouped together, creating three turbidity conditions: algal, sedi-
mentary, and ‘clear’.

We investigated the relationship between depth and water
conditions in which fish were caught using ANOVAs. Linear dis-
criminant analysis was used to assess the variation among the
discriminant group of turbidity type to determine which factors
were driving catch successes in each visual environment. Factors
included were those that were a priori determined to be signifi-
cant (i.e., fish length, lure color as relative pixel proportion of
each color and depth). Multivariate analysis of variance (MAN-
OVA) was used to assess the relationship between water condi-
tion and lure coloration (with proportion of each potential color)
to determine specific colors that were significant drivers of suc-
cess. As most lures were comprised of more than one color cat-
egory, our analysis included all colors contained within each lure
for each color category. A secondary linear discriminant analysis
was performed that included only those lure colors deemed
important (i.e. significant) through the MANOVA. This analysis
was used to determine which of the significant lure colors were
driving success in different water clarity conditions. All statisti-
cal analyses were performed within the statistical program R
(R Development Core Team, 2018).
Survey

Members of the Lake Erie Charter Boat Association (LECBA)
were asked at the 35th Annual Lake Erie Charter Captains Confer-
ence in Huron, Ohio, if they would be willing to participate in a
study, of which 37 captains (out of 80 in attendance or about
46%) indicated an interest in participation. The survey was created
and distributed using Qualtrics survey software (Qualtrics, LLC) to
the interested participants via email (ESM Appendix S2; Ohio State
University Institutional Review Board Protocol 2016E0315). The
survey focused on assessment of recreational walleye fishing prac-
tices on Lake Erie, and how algal blooms altered both personal
angling activities and fishing activities undertaken with clients.
Survey responses were analyzed on a 5-point bipolar response
scale with values ranging from ‘‘definitely no” (score = �2) to ‘‘def-
initely yes” (score = +2). A value of 0 indicated indifference or no
strong opinions one way or another. Deviation from zero was used
to analyze the responses to understand the magnitude of the pos-
itive or negative responses.
Quality assurance

Survey results and citizen-science submissions were dissociated
from respondent personal information to protect personal infor-
mation. While citizen science allows for the collection of large vol-
umes of data, we must address inherent likely sources of error and
bias (Dickinson et al., 2010). For example, participation in the
study was voluntary, and participants could submit as many or
as few data points as was convenient to them. This led to highly
varied participation rates, with participation being higher on those
days that fewer fish were caught, as reported by charter captains.
Additionally, there was substantial variation in photograph quality.
For example, some pictures did not capture the full fish, were miss-
ing part of the lure, or obstructions were present in the pho-
tographs of the lake. Photographs in which the fish was partially
obscured were still used as long as the entire eye and the snout
and tail of the fish were present, as well as some portion of the
measurement ruler.
Results

Citizen science lure color

Of 176 submissions, 66 data points fit all of our analysis criteria.
Caught fish averaged 52.04 ± 1.472 cm (mean ± SE; 20.49 ± 0.579
in.) in total length. Lake images all fell under 1 of 5 categories:
clear/low turbidity, moderate sedimentary turbidity, high sedi-
mentary turbidity, moderate algal turbidity, or high algal turbidity.
Catches in sedimentary turbidity occurred primarily during the
spring or early summer, whereas catches in algal turbidity hap-
pened during late summer and early fall (Fig. 3), closely matching
time of year in which these specific conditions occur. While half
(5/10) of the catches that occurred in clear/low turbidity condi-
tions occurred during the late fall, the remainder of these catches
were interspersed throughout the year. There was a significant
relationship between depth at which fish were caught and turbid-
ity level, with fish in the highest turbidity caught at the shallowest
depth (F2,55 = 39.08, p < 0.001; Fig. 4). Depth of lure at time of cap-
ture did not vary across turbidity type (i.e., algal or sedimentary).

Linear discriminant 1 (LD1) explained more than 88.3% of
observed variation in discriminant analysis that included all poten-
tial factors (fish length, lure color as relative pixel proportion of
each color, and depth caught) with those fish caught in the clear-
water category, clearly separating from those caught in turbid-
water categories (Fig. 5a). The second axis, LD2, explained most



Fig. 3. Standard length (cm) of each fish caught by date (month and day). Points
represent individual fish caught as reported by charter captains. Colors represent
turbidity type at time of capture as determined by photo analysis (see methods;
green = algal, blue = clear, brown = sedimentary). Vertical dashed lines represent
seasonal distinctions. Minimum legal harvest size (15 in. or 38.1 cm) is denoted by
the horizontal red line. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. Depth (m; mean ± se) of reported Walleye catch under three general
turbidity categories: low, moderate and high (as determined by hierarchical cluster
analysis). Lower-case letters represent significant differences (ɑ = 0.05).

Fig. 5. Biplot of linear discriminant analysis that included (a) all factors driving lure
success including fish length, lure color (red, yellow, blue, green, purple, black, or
white), and depth; and (b) only those lure colors (black, white, or yellow) found
significant in the multiple analysis of variance (MANOVA). Catch successes are
represented by points and are grouped by turbidity type in which the fish water
caught (clear = blue, sedimentary = brown, algal = green). Ellipsoids represent
discriminant groupings of fish caught by turbidity type. Arrows represent relative
contribution of each factor. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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of the separation between algal and sedimentary turbidity (11.8%).
Discriminant analysis revealed the importance of white in lure suc-
cess in clear conditions (Fig. 5a). MANOVA revealed that the colors
driving lure success with respect to turbidity type were black
(F2,55 = 4.47, p = 0.02), white (F2,55 = 25.43, p < 0.001), and yellow
(F2,55 = 3.98, p = 0.02). No relationship was found between lure suc-
cess and purple (F2,55 = 2.37, p = 0.10), red (F2,55 = 0.58, p = 0.56),
blue (F2,55 = 1.50, p = 0.23), or green (F2,55 = 0.90, p = 0.41). A dis-
criminant analysis was also performed with only the three colors
determined to be significant in the MANOVA (yellow, black, white;
Fig. 5b). The LD1 of this second test explained 89.9% of the varia-
tion and highlighted the differences between fish caught in turbid
vs. clear conditions. The second linear discriminant explained
10.1% of the variation and again highlighted the distinction
between lure success in algal compared to sedimentary turbidity.
We found that white coloration is related to lure success in clear
conditions, while more ‘yellow’ (including ‘gold’) pixels associated
with success in sedimentary turbidity, and black coloration with
success in algal turbidity.
Survey

Response rate for the survey was 38%, with 14 out of 37 poten-
tial respondents fully completing the survey (of ~80 attendees at
the conference). Charter captains surveyed had been working in
the fishing industry on Lake Erie for an average of 10.33 ± 2.9 years.
Respondents indicated that during the time they have been fishing,
algal blooms have become an increasing concern, with the last 3–
7 years (from 2016) having algal blooms directly affecting the
recreational fishing industry on Lake Erie. Many respondents
(69.2%) claimed a loss of 0–5 fishing days per year because of algal



Fig. 6. Lure colors that charter captains (N = 14) indicated they use in conditions in
which there is no algae present (Clear) and the colors they switch to in the presence
of algal blooms (Algal).

594 C.L. Nieman et al. / Journal of Great Lakes Research 46 (2020) 589–596
blooms (mean = 4.2 days), with other captains (23%) citing
between 5 and 15 days lost. Captains said they were likely
(mean = 0.92 ‘‘probably yes”; median = 42% ‘‘definitely yes”) to
take clients fishing when algal blooms were present on the lake;
however, they were less likely to fish themselves when bloom con-
ditions were present (mean = 0.42, ‘‘slight yes”; median = 42% ‘‘def-
initely yes”). Captains were slightly unlikely (mean = �0.17, ‘‘very
slight no”; median = 67% ‘‘might or might not”) to take clients to
fishing locations in an algal blooms but were neither likely nor
unlikely to fish in these conditions themselves (mean = 0.0833;
median = 42% ‘‘might or might not”). While captains travel
7.4 ± 0.9 miles (11.9 ± 1.4 km) from their harbor (range: 124 miles),
it was found that they were likely to move away (mean = 0.75
‘‘probably yes”; median = 75% ‘‘probably yes”) from bloom condi-
tions until they were about 2.6 ± 1.3 miles (4.2 ± 2.1 km) from
the bloom. Many respondents moved away from bloom conditions
until the bloom had thinned out.

Captains surveyed primarily trolled or drifted for walleyes and
were not likely to change their gear based on the presence or
absence of an algal bloom (mean =�1, ‘‘probably no”;median = 50%
‘‘probably no”). Half the respondents (50%) claimed to use primar-
ily gold-colored lures in the absence of an algal bloom, while
another 33% claimed they primarily use pink lures. While most
respondents were slightly unlikely to change lure color in algal
blooms (mean = �0.5 ‘‘slight no”; median = 33% ‘‘slight no”), of
those that said they would switch lures in bloom conditions, there
was no consensus on the color (Fig. 6). In fact, of all colors men-
tioned as a color a charter captain would switch to in algal bloom
conditions, no one color was mentioned more than once, and the
dominant color category was ‘‘other.”
Discussion

This study focused on the usage of a citizen science data collec-
tion app (The Walleye Tracker) to collect real-time ecological data
from recreational anglers in Lake Erie. This methodology allowed
for relatively low-cost data collection and allowed for direct
engagement of stakeholders who value the fishery. As mobile
phone apps gain popularity among scientists (Silvertown, 2009),
it is important to recognize not only the limitations, but also the
possibilities for use. Our study design allowed us to draw from
the vast source of local knowledge that anglers on Lake Erie already
possess about the system in which they fish. We were able to
increase our understanding of angler responses to algal bloom con-
ditions, as well as assess likely fish responses to lure color based on
visual physiological responses to altered water clarity conditions.
Coupling human dimensions research with ecological research
enhances our understanding of the dynamics at play in a complex
recreational fisheries system.

We found lures with a higher proportion of white pattern ele-
ments were more successful in clear water with relatively low tur-
bidity. While there was a high level of overlap between successful
lure color in sedimentary and algal turbidity, lures with a higher
proportion of black were more successful in algal conditions while
yellow lures tended to be more successful in sedimentary turbid-
ity. This may suggest that both brightness (achromatic) contrast
(Cronin et al., 2014) and color (chromatic) contrast could play a
role in lure success based on color in differing visual environments
(Sibeaux et al., 2019). In a study focusing on the influence of color
on catch rates, Moraga et al. (2015) found that the specific lure
color did not significantly influence catch rates of largemouth bass
under consistent water clarity conditions. However, brightly col-
ored lures (e.g., orange or white) tended to attract larger fish than
more natural-colored lures in that study. While the importance of
lure color is considered common knowledge among anglers, few
studies have directly quantified the relationship between
species-specific visual abilities, the underwater visual environ-
ment, and lure color. For walleye, artificial baits tend to result in
larger fish caught and decreased hooking mortality compared to
natural baits (Payer et al., 1989). This may partly be due to the
way artificial baits can take advantage of color contrast against
the prevailing spacelight. Contrast of certain prey species, such as
relatively transparent zooplankton, is higher at low to moderate
turbidity and can actually increase success of foraging by planktiv-
orous fish (Utne-Palm, 2002). The constraints of our study do not
allow for us to assess catch per unit effort of specific lure colors
in different conditions; however, we did find evidence that differ-
ently colored lures are in fact more successful in different water
conditions. Additionally, it is likely that there are drivers other
than lure color that influence lure success. Future work on this sys-
tem should incorporate other lure elements, such as texture, shape,
and smell that likely contribute to walleye strikes on certain lures.

Fish in turbid conditions were more vulnerable to being caught
at shallow depths. This correlated with the way that light pene-
trates the water column, with low light levels occurring at shal-
lower depths in high turbidity compared to low turbidity. Depth
of fish caught may be related to foraging depth. Turbidity can alter
fish distributions in the water column, with elevated turbidity
resulting in larval shad (Dorosoma spp.) and larval freshwater
drum (Aplodinotus grunniens) distributing higher in the water col-
umn than they would in clear waters (Matthews, 1984). Walleyes
forage optimally at specific light levels, therefore, elevated turbid-
ity will likely alter distribution of thermal-optical habitat (Lester
et al., 2004), allowing walleyes to shift higher in the water column
than in clearer conditions.

While fish caught in sedimentary turbidity were longer than
fish in algal turbidity, this is likely related to the relationship
between length and seasonal variation in size distributions
(Kershner et al., 1999). Fish caught in spring are likely walleyes
that will migrate towards the central and eastern basins of Lake
Erie and no longer be present in the western basin. Additionally,
it is likely that larger fish are caught and removed earlier in the
spring, and so these fish are no longer available within the lake
to catch later in the fishing season. There is also the possibility that
the increased size of spring fish reported in our study may be
related to effort and reporting bias as it is likely that increased
effort in spring relates to a reporting bias by charter captains in
our data set. Our study does not allow us to disentangle the effects
of size, water clarity, and fishing effort.
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Our survey showed that while algal blooms are likely not ruin-
ing entire fishing seasons, there is an indication of likely economic
loss (as measured by loss in days fishing) for charter captains when
harmful algal blooms are present. Additionally, the perceived bias
of algal blooms being ‘‘low quality water” (Sohngen et al., 2015),
might shift recreational fishing that would traditionally occur in
western Lake Erie to alternative locations; a consequence that
would result in long-lasting negative regional economic impacts
on the Lake Erie walleye fishery. A survey of over 100 anglers by
Moeller and Engelken (1972) found that high water quality was
consistently rated as one of the most important factors in deter-
mining success of a fishing endeavor—rated higher even than size
and number of fish caught. We found a similar trend, with charter
captains indicating a relatively negative view of fishing in algal
blooms; while they were more likely to fish in bloom conditions
with paying clients, they were less likely to fish themselves, indi-
cating that economic considerations might outweigh the negative
perceptions of algal blooms.

The survey also indicated that, while some captains chose to
change their preferred lure color in reduced water clarity, there
was no consensus on the color to which captains would switch.
Many captains chose lure color based on previous experience and
successes (Captain D. Spangler, personal communication). As algal
bloom conditions are somewhat novel, there may not be a strong
base of conventional knowledge on which colors will be successful.
The shallow, western basin of Lake Erie tends to have elevated sed-
imentary turbidity during and after storm events, particularly in
the spring (Lick et al., 1994). Conditions of high sedimentary tur-
bidity are common in Lake Erie – especially in spring time. Many
captains cited the use of gold lures for these conditions, and our
study suggests that these lures are likely more effective in low to
moderate levels of sedimentary turbidity often found in the west-
ern basin. However, algal turbidity is avoided and as such, charter
captains have less experience fishing in these conditions. Although
it is logical to apply knowledge of lure use under sedimentary tur-
bidity to algal turbidity, our study suggests such application would
lead to decreased success.

The novel use of citizen science in this study provides a key new
strategy for natural resource managers. While some of the data
were ultimately deemed unusable for our specific analyses, the
use of citizen science allowed us to reach a larger audience than
is usual within traditional research methodologies. We were able
to both use local knowledge and to further understand motivations
of charter captains in a way that benefited captains. Further, it was
relayed to us that captains would use the study as a teaching
moment to invest clients in conservation practices and increase
awareness of water quality issues (Captain C. Mader, personal
communication). Increasing stewardship among anglers can pro-
mote trust and increase the likelihood of participation in conserva-
tion initiatives (Granek et al., 2008). We incorporated key basic
knowledge on visual abilities of target fish with the effects of
anthropogenically altered environments in a way that is directly
applicable to fisheries management.
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