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Abstract Foraging characteristics of siscowet lake

trout (Salvelinus namaycush siscowet) on deepwater

sculpin (Myoxocephalus thompsonii) were studied

under ecologically relevant downwelling light inten-

sities (9.0 9 108 to 1.62 9 1011 photons m-2 s-1)

and emission spectrum (500–510 nm) on varying

substrates (gravel, sand, and black fabric). Siscowet

reaction distance within our trials increased with light

intensity up to 6.0 9 109 photons m-2 s-1, after

which reaction distance remained constant with addi-

tional increases in light intensity following the

Michaelis–Menten saturation function. Reaction dis-

tances were not affected by substrate type under any

light intensity. The number of prey captures also

increased with increasing light intensity, with most

orientations toward prey occurring within the sis-

cowet’s forward sector (± 0�–60�, where 0� repre-

sents the tip of the siscowet rostrum). Finally, the

overall probability of prey capture was positively

related to reaction distance at each light intensity.

Results suggest that siscowet can visually forage on

benthic prey at great depth in Lake Superior, and

reaction distance (B 27 cm) to sculpin may not

diminish until depths exceed 200 m (6.00 9 109 pho-

tons m-2 s-1).
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Introduction

Predator–prey interactions influence the distribution

and abundance of freshwater species (Kerfoot & Sih,

1987). Habitat characteristics and the physical–chem-

ical environment (Crowder & Cooper, 1979; Crowder

et al., 1981) affect the outcome of these interactions,

which are ultimately a determining factor in the

structure of aquatic communities (Carpenter et al.,

1985; Beauchamp et al., 2007). Encounters between

piscivorous fishes and their prey depend upon the

degree to which environmental characteristics modify

detection (Beauchamp et al., 1999). Changing light

intensity, (Mazur & Beauchamp, 2003; Hansen et al.,

2013; Keyler et al., 2015) and substrate type (Houtman
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& Dill, 1994; Ellis et al., 1997; Sowersby et al., 2015)

can influence predator–prey interactions between

fishes. Light can influence daily movements and

success of visually foraging fishes (Aksnes & Utne,

1997; Boscarino et al., 2010), while different sub-

strates can provide cryptic camouflage for prey fishes

and simultaneously alter visual detection by predators

(Ruxton et al., 2004; Stevens & Cuthill 2006). These

environmental characteristics can affect both the

visually mediated behavior and the distance at which

a piscivore first responds to prey (Munz & McFarland,

1977; Ruxton et al., 2004).

Reaction distance is a critical measurement for

evaluating prey detection (Howick & O’Brien, 1983;

Miner & Stein, 1996; Vogel & Beauchamp, 1999) and

is an important metric in visual foraging models used

for predicting predation effects, foraging success, and

fish distributions in response to environmental

changes such as decreased water clarity (Vogel &

Beauchamp, 1999). To estimate the volume of water

searched during foraging (e.g., volume of a cylinder),

foraging models typically use the square, or another

exponent, of the reaction distance (Eggers, 1977).

Therefore, minor errors in reaction distance will be

exaggerated and thereby influence the accuracy of

model predictions (Vogel & Beauchamp, 1999). For

example, use of reaction distance for a piscivore

detecting pelagic prey in a benthic foraging model

may overestimate reaction distance, and therefore

search volume, due to differences in prey behavior and

the additional substrate component. Current model

simulations of predator–prey interactions without

accurate sensory input are inaccurate (Roth et al.,

2008). By determining visual and spectral sensitivity,

and conducting experiments under natural lighting

conditions, our understanding of how predation is

influenced by differences in light intensity, prey type,

and associated foraging habitat (e.g., benthic vs.

pelagic) can be improved.

A thorough examination of predator–prey interac-

tions between species that occupy the offshore benthic

environment is needed to determine how perception of

prey can vary between benthic and pelagic environ-

ments. Within the Lake Superior offshore system, the

siscowet (Salvelinus namaycush siscowet Walbaum),

a deepwater morphotype of lake trout, is the most

abundant piscivore (Gorman et al., 2012a, b). Siscowet

migrate vertically daily (diel vertical migration,

DVM), characterized by moving shallower in the

water column at night to consume kiyi (Coregonus

kiyi Koelz), which are in turn following migrating

mysid shrimp (Mysis relicta Lovén; Hrabik et al.,

2006; Jensen et al., 2006; Gorman et al., 2012a).

During the day, siscowet move to deeper water and are

found between 80 m (Harvey et al., 2003) and 400 m

(Sitar et al., 2008), where they prey upon deepwater

sculpin (Myoxocephalus thompsonii Girard). Deep-

water sculpin (hereafter sculpin) are a benthic,

profundal species that represent the bulk of demersal

prey in the deepest areas of the lake, * 11% of the

total fish biomass in Lake Superior (Gorman et al.,

2012a, b; Sierszen et al., 2014), and comprise up to

70% of the siscowet diet by mass (Stockwell et al.,

2010). Due to the greater depths where siscowet forage

on sculpin, these predator–prey interactions take place

within a light-limited environment.

Our objective was to determine how visual foraging

by siscowet on deepwater sculpin was affected by light

intensity and substrate. We determined siscowet

reaction distance to prey, angle of attack, forage

activity, and foraging success over a range of ecolog-

ically relevant light intensities (9.0 9 108 to

1.62 9 1011 photons m-2 s-1) and substrate types

(gravel, sand, and black fabric). Finally, a predictive

model of benthic prey detection was developed for

siscowet using the association between light intensity

and reaction distance. By studying both the effects of

light and substrate, we sought to determine the relative

importance of each factor and their interactions (Vogel

& Beauchamp, 1999). This work examines rarely

studied interactions between a benthic–pelagic preda-

tor and a benthic prey that occupy a low-light

environment.

Materials and methods

Fish collection and husbandry

Siscowet lake trout (N = 5) and deepwater sculpin

(N = 215) were collected in collaboration with the US

Geological Survey (Ashland, WI) aboard the R/V Kiyi

via bottom trawls (Gorman & Keyler, 2016). Sculpin

were collected on May 19, 2015, June 24, 2015, and

July 31, 2015 while siscowet were collected on

November 18, 2015. Two trawls (12 m Yankee

bottom trawl) were towed for 10 min on each date

east of Stockton Island on Lake Superior (46�54.7510N

123

Hydrobiologia



90�30.6110W) at depths between 110 and 120 m.

Trawls were towed on contour between 1000 and

1300 h.

To reduce capture, handling, and transport stress

(e.g., Carmichael et al., 1984), siscowet and sculpin

were transferred to temporary tanks (100 l) for 5 min

containing 4–6 �C oxygenated water with 0.5% NaCl,

24 mg/l Stresscoat� (Mars Fishcare North America

Inc., Chalfont, PA), and 15 mg/l tricaine methanesul-

fonate (MS-222). Siscowet swim bladders were vented

using a sterilized (70% ethanol emersion) 14-gage

veterinary needle. Needle insertion sites were cleansed

with povidone iodine 10% topical solution. Fish were

then transferred to continuously oxygenated 284 l

transport tanks containing 4-6 �C oxygenated lake

water with 0.5% NaCl, 24 mg/l Stresscoat�, and

15 mg/l MS-222 for truck transport from Ashland, WI

to laboratory facilities at the University of Minnesota

Duluth (Duluth, MN).

In the laboratory, Siscowets and sculpins were

housed separately in four 568 l polyethylene stock

tanks holding oxygenated water treated with 0.5%

NaCl, 24 mg/l Stresscoat�, and 5 mg/l MS-222. Tank

water was mechanically filtered (700 l/h) by electric-

powered canister filters with biological media. Oxy-

genation of water was ceased after 7 days and carbon

filtration was initiated. All tanks were maintained in

cold rooms at 5.5 �C with a diel photo period of 14 h

light: 10 h dark and a light intensity of 3.05 9 109

photons m-2 s-1 for the diurnal segment. Water

quality was maintained at\ 1 ppm ammo-

nia,\ 10 ppm nitrate, and * 7.2 pH, and measured

twice daily for the first 2 weeks and daily thereafter.

All husbandry and tank maintenance was conducted

under low intensity red light (Sunbeam 40 W,

630–700 nm, * 1.62 9 1013 photons m-2 s-1) to

limit disturbance of fish. All fish husbandry and

experimentation conformed to University of Min-

nesota animal care protocols that were approved by the

Institutional Animal Care and Use Committee Proto-

col ID: 1504-32496A and to recommendations in the

Guide for Care and Use of Laboratory Animals of the

National Institutes of Health.

Foraging arena

One 1892 l rectangular (2.28 m 9 1.0 m) fiberglass

tank with water temperature maintained at 5.5 �C was

used for the foraging arena. The inside of the tank was

lined with black cloth and water depth maintained at

0.4 m. Tank water was filtered by two power filters

which were turned off when foraging trials com-

menced. Siscowet and sculpin were separated by an

opaque acrylic lift gate before commencing trials

(Fig. 1), which was then manually raised by a

technician positioned behind suspended black fabric

to eliminate observer interference.

Substrates

Three different substrates were used independently for

each round of trials (5 light intensities), including

gravel, sand, and black fabric. Using the Wentworth

scale (Wentworth, 1922), gravel and sand substrates

were classified by diameter (mm) of grain. Diameters

of gravel (8–16 mm) and sand (0.5–1.0 mm) were

designated into substrates as medium gravel and

coarse sand by Wentworth class, respectively. Sand

and gravel were washed and applied to the tank bottom

to create a level 5-cm deep substrate.

Fig. 1 Top-view schematic of experimental foraging arena.

Post-acclimation to trial light intensity, siscowet (S) were

released from the holding area (HA) by raising the lift gate (LG)

whereupon the siscowet entered the foraging arena (FA) to

interact with the prey (DWS)
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Lighting and recording

Experimental lighting, light intensities, and recording

procedures followed Keyler et al. (2015). Briefly,

500–510 nm cyan LED lights replicating down-

welling light in Lake Superior (Jerome et al., 1983)

were mounted above the foraging arena. Light inten-

sity was manipulated via a controller (outside of cold

room) and application of neutral density filters. For

upper light intensities (1.86 9 1011 and 1.62 9 1013

photons m-2 s-1), a 0.3 neutral density filter was

placed over each light source. To reach the lowest light

intensities tested (6 9 109 to 9 9 108 photons m-2

s-1), a combination of 0.6 and 0.9 neutral density

filters was added in addition to the 0.3 filter.

Light intensity was measured in watts cm-2 s-1 at

the water’s surface using a precision radiometer and a

broadband silicon light detector. Infrared LED lights

provided additional illumination for three wide-angle

cameras suspended above the tank for a top-down

perspective. Recordings were digitally saved to a

DVR.

Five tested light intensities, 9.00 9 108,

3.05 9 109, 6.00 9 109, 1.86 9 1011, and

1.62 9 1013 photons m-2 s-1 were equivalent to

0.0001, 0.0005, 0.001, 0.01, and 1 lx, and 9.00 9 108

photons m-2 s-1 (0.0001 lx) represented total dark-

ness (no light source, sealed, blackened room). Watts

cm-2 s-1 were converted to photons m-2 s-1 using the

method described by Harrington et al. (2015). To

determine depth (x) in Lake Superior that correlated to

each tested light intensity, the Beer–Lambert equation

was used (Hutchinson, 1957):

Ix ¼ I0e
�kx ð1Þ

where I0 is the average Lake Superior summer solar

surface irradiance from Fahnenstiel et al. (1984), and

k is the attenuation value for Lake Superior waters. For

lunar surface irradiance, values from Arizona (Cramer

et al., 2013) were used because Lake Superior surface

irradiance is reported in lux, an inappropriate unit for

fish visual studies (Johnsen, 2012).

Foraging trials

Foraging trials were conducted between February 2,

2016 and March 23, 2016 after the collected siscowet

resumed actively foraging for prey. Each siscowet

(N = 5) was tested twice at each light intensity (N = 5)

on each substrate (N = 3) for a total of 150 trials. To

minimize stress on test fish, individual siscowet were

limited to a maximum of 3 trials on a testing day

(30 min foraging time), followed by a 24-h rest period

with no trials. Each siscowet was marked with a

visible implant tag to identify individual fish for

foraging trials. Tags were implanted in the transparent

tissue posterior to the left eye and anterior to the

operculum in dermal tissue as to not affect or interfere

with vision. Siscowet were small sexually mature

adults ranging 420–510 mm in total length (LT) and

12–17 years in age (O. T. G., unpublished data), while

adult sculpin used in foraging trials (N = 150) aver-

aged 79.0 ± 0.58 mm LT. Prior to each trial, a

20 9 20-cm acrylic square outlined in red striping

tape was temporarily placed on the bottom of the tank

(removed before start of trial) and a brief recording

was made to aid in digitally analyzing the distance of

fish movements. Sculpins were then introduced into

the foraging arena while a siscowet was placed within

the holding area of the tank (Fig. 1), and both were

acclimated to testing light intensity for at least 30 min.

After acclimation, the gate was lifted, recording was

started, and the trial was commenced for 10 min or

until a prey was captured.

Foraging parameters

Digital foraging images were analyzed using ImageJ

software (NIH, v. 1.5p) to determine predator reaction

distance to prey and vice versa, and siscowet angle of

attack. Angle of attack was calculated as the angle of

the sculpin off-axis from the longitudinal axis of the

siscowet from midpoint of predator eyes to midpoint

of prey body just prior to first detection (turning of

head) and orienting toward prey. For siscowet, we

determined reaction distance as the distance from the

midpoint of the siscowet’s eyes to the midpoint of the

sculpin body calculated at the moment siscowet first

orient toward prey. Foraging success was calculated as

the overall probability of a siscowet detecting, pursu-

ing, attacking, and retaining a sculpin (Richmond

et al., 2004; also see Keyler et al., 2015). Sculpin

activity prior to attack was classified as either moving

or stationary. To investigate whether light intensity

affected siscowet foraging activity, we arbitrarily

chose a cut off of 50%, where siscowet were defined as
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‘active’’ if moving around the arena for C 50% of the

trial and ‘non-active’ if moving\ 50% of the trial.

Statistical analysis

We tested the effects of light intensity and substrate on

siscowet reaction distance using a Two-way ANOVA.

We used Tukey HSD post hoc tests to examine

pairwise differences in reaction distance among light

intensities and substrates. Differences in both prey

captures and siscowet activity between foraging arena

substrates were determined using a Pearson’s Chi-

squared test. The correlation between overall proba-

bility of prey capture and reaction distance at each

light intensity was determined using a Spearman’s

rank correlation coefficient.

A Michaelis–Menten saturation function (O’Neill

et al., 1989) was used to quantify the relationship

between reaction distance (Rd, cm) and light intensity

(Li, photons m-2 s-1):

Rd ¼ RmaxLi

aþ Li
; ð2Þ

where Rmax is the maximum reaction distance (cm)

and a is the half saturation constant (photons m-2 s-1).

Data were pooled across substrates because reaction

distance was not significantly related to substrate type

(see below). The relationship between reaction dis-

tance and light intensity for siscowet feeding on

pelagic golden shiners (Notemigonus crysoleu-

cas Mitchill) was accurately described by this model

(Keyler et al., 2015).

Siscowet orientation to prey was tracked with

overhead cameras over a 360� radius, with 0� located

at the siscowet rostrum. Three equal segments of 60�,
independent of the side of the fish, represented the

forward sector (± 0�–60�), lateral sector (± 60�–
120�), and rear sector (± 120�–180�). Differences in

proportions of siscowet orientations among 60�
increments between foraging arena substrates were

tested in a 3 9 3 contingency table (3 substrates 9 3

60� increments) using Fisher’s exact test. To reduce

the chance of Type-I error with multiple comparisons,

a Bonferroni correction was used with a significance

level of 0.017. Increments of 60� were used to ensure

sufficient activity within each segment for statistical

analysis. The effects of light intensity and substrate on

siscowet reaction distance within 60� sectors were

tested for using a Two-way ANOVA.

Statistical analysis was performed using JMP

software (JMP� Pro v.12.0.1, Statistical Analysis

System Institute Inc., Cary, NC). Normality was tested

using a Shapiro–Wilk test and equal variances were

tested using a Brown–Forsythe test (a = 0.05). Pooled

results were for 150 trials and those by substrate were

for 50 trials.

Results

Siscowet reaction distance increased with light inten-

sity, but was not affected by substrate type (Fig. 2).

Reaction distance increased asymptotically with light

intensity for all substrates from 9.00 9 108 to

6.0 9 109 photons m-2 s-1 (Two-way ANOVA,

F11,180 = 3.22, p = 0.0005; light intensity main effect,

F3,180 = 9.12, p\ 0.0001) and then remained rela-

tively constant at higher light intensities (Tukey’s

HSD, p = 0.0146). Reaction distance was not signif-

icantly affected by substrate (substrate main effect,

F2,180 = 2.79, p = 0.064). For combined substrate

data, sensory detection at the lowest tested light

intensity was sufficient to locate prey at 11 ± 2 cm,

while increasing light intensities increased reaction

distance up to 43 ± 3 cm at 1.62 9 1013 photons m-2

s-1. The effect of light intensity on reaction distance

was similar among substrate types (light inten-

sity 9 substrate interaction, F6,180 = 0.01,

p = 0.996). Additionally, average reaction distances

between individual siscowet were not significantly

different (T. D. K. unpublished data).

A Michaelis–Menten function described 97% of the

variation between light intensity (Li, photons m-2 -

s-1) and reaction distance (Rd, cm) to benthic prey

(Fig. 3; R2 = 0.97, t3 = 24.01, p = 0.0016). The max-

imum reaction distance was Rmax= 44.02 cm and the

light intensity at 50% of Rmax was a = 1.83 9 109

photons m-2 s-1.

Siscowet orientations to sculpins were unequal

among 60� sectors for black fabric (Fig. 4; v2 = 54.74,

d.f. = 2, p\ 0.0001), gravel (v2 = 39.97, d.f. = 2,

p\ 0.0001), and sand (v2 = 27.11, d.f. = 2,

p\ 0.0001), while reaction distances to sculpin were

similar among 60� sectors and substrates (Two-way

ANOVA, F7,196 = 1.96, p = 0.0617). For fabric and

gravel, siscowet orientated toward prey more often

within the forward sector (± 0�–60�, fabric N = 56,

gravel N = 46) than the lateral sector (± 60�–120�,
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fabric N = 20, gravel N = 21) or the rear sector

(± 120�–180�, fabric N = 4, gravel N = 3). For sand,

siscowet never orientated toward prey in the rear

sector, but oriented nearly equally to prey in front

(N = 26) and lateral (N = 28) sectors.

Prey capture did not differ significantly among

substrates (Fig. 5; v2 = 3.167, d.f. = 2, p = 0.21).

Siscowet had 24% overall foraging success (36 prey

captures) across all light intensities and substrates.

Additionally, the time of day the foraging trial was

conducted did not influence siscowet foraging activity

or prey capture. Foraging success increased with light

intensity from 0% (0 captures) at 9.00 9 108 photons

m-2 s-1 to 43% success (13 captures) at 1.62 9 1013

photons m-2 s-1. Overall probability of prey capture

was positively related to reaction distance at each light

intensity (Fig. 6; Spearman’s rank correlation coeffi-

cient, q(rho) = 0.9, p = 0.037). Below 6.0 9 109

photons m-2 s-1, reaction distance and probability

of capture began to decline for all 3 substrates and in

dark trials, reactions to prey were all B 20 cm with no

captures (Fig. 7). Finally, foraging success was inde-

pendent of siscowet activity at all non-zero light

levels. Average siscowet activity exceeded 50% for

80% of trials on all substrates at non-zero light levels,

but declined to 53% in dark trials. Activity did not

differ significantly among the 3 substrates (Table 1;

v2 = 1.632, d.f. = 2, p = 0.44).

Discussion

Light can determine the timing and success of visually

foraging fishes (Aksnes & Utne, 1997; Boscarino

et al., 2010). Due to diurnal migration behavior and

depths of water inhabited, siscowet consistently

occupy a low-light environment. Our study revealed

that siscowet were able to forage in extremely low

light, especially when compared to other lake trout

morphotypes (see Vogel & Beauchamp, 1999; Mazur

& Beauchamp, 2003). Siscowet reaction distance in

our trials increased with light intensity up to 6.0 9 109

photons m-2 s-1, after which reaction distance was

constant. The number of prey captures also increased

with light intensity, with most orientations toward

prey occurring within the siscowet’s forward sector

(± 0�–60�). Finally, overall probability of prey cap-

ture was strongly related to reaction distance at each

light intensity. While substrate is known to influence

prey behavior and crypsis, (Ellis et al., 1997; Ruxton

et al., 2004; Stevens & Cuthill, 2006), neither siscowet

reaction distance nor prey capture were affected by

substrate type in our trials, a possible product of

Fig. 2 Average reaction distance (cm) of siscowet in response to Myoxocephalus thompsonii at varying light intensities on (A) gravel,

(B) sand, and (C) black fabric substrates. Error bars are ± 1 SE

Fig. 3 Michaelis–Menten function fitting data for the average

reaction distance (cm) of siscowet in response to Myoxo-

cephalus thompsonii at varying light intensities where Rmax=-

44.02 and a = 1.83 9 109 (R2 = 0.97). Results are for pooled

substrate data. Error bars are ± 1 SE
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decreased contrast perception at lower light intensities

(Virostek & Franckowiak, 2014).

The effect of light intensity on prey detection and

foraging success is critical when defining spatial and

temporal limits of a species’ niche (Mazur &

Beauchamp, 2003). On a clear summer day, our

highest light intensity in our study correlates to a depth

of * 130 m in Lake Superior, although siscowet are

typically found below 100 m during the day (Selgeby

& Hoff, 1996; Hrabik et al., 2006; Gorman, et al.,

2012a). Our results suggest that siscowet can visually

forage well below 150 m and reaction distance to prey

would not be reduced until depths[ 200 m

(6.00 9 109 photons m-2 s-1) in Lake Superior (using

solar light intensities predicted at depth from Keyler

et al., 2015). At the second lowest light intensity

Fig. 4 Average reaction distance (x) and total number of

orientations (n) plotted within 60� increments for combined

light intensities on (A) gravel, (B) sand, and (C) black fabric

substrates. The solid fish figure in the middle (left panel)

represents the orientation of the fish relative to degrees off axis

of prey. The degree of shading for each 60� increment indicates

a higher proportion of orientations

Fig. 5 Percentage of benthic prey captured by siscowet at

varying light intensities on gravel (black bars), sand (light gray

bars), and black fabric (dark gray bars) substrates. N = 10 for

each substrate light intensity combination; v2 = 3.167, d.f. = 2,

p = 0.21

Fig. 6 Correlation of prey capture probability (dashed line) to

siscowet reaction distance (solid line) at corresponding light

intensities for pooled substrates. Spearman’s rank correlation

coefficient, q = 0.9. Gray, dotted vertical lines indicate light

intensity range where both capture probability and reaction

distance decline
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(3.05 9 109 photons m-2 s-1, equivalent to * 205

m), siscowet may visually forage at reduced reaction

distances (* 27 cm; Fig. 8) and prey capture success

(10%). Reaction distances of Siscowet in dark trials

(B 20 cm) were consistent with other dark-tested

species, thereby suggesting mechanosensory detection

of prey that is limited to half the body length of a

predator (Price & Mensinger, 1999; Palmer et al.,

2005; Keyler et al., 2015). Siscowet in the dark

profundal zone of Lake Superior (below 3.05 9 109

photons m-2 s-1) likely discontinue visual foraging in

favor of other sensory modalities such as mechanosen-

sory or chemosensory detection of prey.

Despite siscowet foraging efficiency being reduced

at light intensities of 3.05 9 109 photons m-2 s-1 and

lower, successful capture of prey within dark profun-

dal zone of Lake Superior is likely a product of greater

density and biomass of sculpins at depths[ 100 m

(Stockwell et al., 2010; Gorman et al., 2012a, b; Pratt

et al., 2016). Trawl data and stomach analysis confirm

consumption of sculpin by siscowet during the day

when deeper in the water column (O. T. G.,

unpublished data). Some predators forage in subop-

timal conditions, if prey densities are high (Crowder &

Cooper, 1982), which compensates for increased

search time (Ware, 1973). To optimize foraging,

siscowet maximize energy (prey) per unit effort,

including time and energy spent foraging (Werner &

Hall, 1974). Due to diel vertical migration behavior,

siscowet effectively change foraging habitats through-

out a 24-h period, a strategy many animals use to

optimize their foraging (Werner & Hall, 1979;

Mittelbach, 1981). Lack of prey higher in the water

column during the day likely drives siscowet into

deeper and darker waters where prey density and

foraging success are higher (Ahrenstorff et al., 2011).

Siscowet have physiological and morphological

visual adaptations for foraging in dark, deep, offshore

waters of Lake Superior. Siscowet in our trials

generally oriented to prey head-on upon detection,

while maneuvering to employ binocular vision within

the forward sector (± 0�–60�; Vogel & Beauchamp,

1999). Morphologically, siscowet vision may be

improved by their large eyes that are positioned higher

Fig. 7 Polar plot diagram of reaction distance (cm) and angle

of attack for siscowet lake trout in response to benthic prey for

pooled substrates at three light intensities ranging from high to

low (A) 1.86 9 1011 (B) 3.05 9 109 and (C) 9.00 9 108

photons m-2 s-1. Solid shapes (unfilled square) represent

orientation toward prey and open shapes (unfilled square)

represent a capture. Each concentric circle represents 20 cm

distance
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on the head (when compared to the other morpho-

types), thereby improving light capture (van der Meer

& Anker, 1984), and binocular vision (Bond, 1996).

Individually, a single fish eye has a wide field of view,

approaching up to 360� (Land & Nilsson, 2012),

although a binocular field of vision (binocular overlap)

is small for fishes with laterally situated eyes.

Increased forward orientations (± 0�–60�) may max-

imize binocular vision, which provides stereopsis, or

depth perception, to aid in prey capture (Duke-Elder,

1958).

Physiologically, fishes are generally sensitive to the

spectrum of light that is available within their

environment. Accordingly, lake trout have a peak

visual pigment sensitivity at 512 nm (rhodopsin) and

539 nm (porphyropsin) (Munz & McFarland, 1965),

which matches the seasonally varying downwelling

spectra in Lake Superior (500–550 nm) (Jerome et al.,

1983). Similarly, Harrington et al. (2015) determined

siscowet peak retinal sensitivity via electroretinogra-

phy, which accounts for the in vivo neural processing

associated with vision, and determined maximum

siscowet sensitivity at 525 nm with relatively broad

Table 1 Percent of trials

per substrate that siscowet

showed[ 50% activity at

varying light intensities

Activity is defined as

actively foraging

demonstrated by constantly

swimming within the

foraging arena

Substrate Photons m-2 s-1 Percent of trials (n = 10) with[ 50% siscowet activity

Pea gravel 1.62 9 1011 80

1.86 9 1011 70

6.0 9 109 80

3.05 9 109 80

9.00 9 108 20

Sand 1.62 9 1013 80

1.86 9 1011 70

6.0 9 109 80

3.05 9 109 90

9.00 9 108 50

Black fabric 1.62 9 1013 80

1.86 9 1011 80

6.0 9 109 100

3.05 9 109 90

9.00 9 108 90

Average 1.62 9 1013 80

1.86 9 1011 73

6.0 9 109 86

3.05 9 109 86

9.00 9 108 53

Fig. 8 Siscowet prey hunting mode decision tree depicting the behavior and average reaction distance (cm) (for combined substrate

data) as determined by the 5 tested light intensities (photons m-2 s-1)
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sensitivity from 500 to 550 nm, again optimally

aligning with the seasonal downwelling spectra.

Additionally, siscowet show aversion to light. Since

they are found at depths[ 80 m and are common at

depths[ 100 m, the light intensity from 80 to 100 m

may represent the upper limit of light tolerance.

Siscowet may move shallower in the water column at

night when light levels are sufficiently low for visual

foraging (M. Seider, U.S. Fish and Wildlife Service,

Unpublished data).

Siscowets captured the fewest sculpins on gravel

substrate, which may have provided the greatest

camouflage for prey. The narrow band of wavelengths

provided by LED lighting (500–510 nm) in our trials

decreased contrast, likely obscuring camouflage

effects at lower tested light levels. For higher tested

light intensities, gravel likely offered disruptive pat-

terning that complemented the sculpin’s coloration

pattern to aid in crypsis. The disruptive pattern of the

sculpin, including a brown body with dark dorsal

saddles, banded pectoral fins, spotted sides and pelvic

fins, and blotchy dorsal and anal fins (Scott &

Crossman, 1973), may have hindered detection by

siscowet (Muntz, 1990; De Robertis et al., 2003). Prey

species employ a variety of strategies to avoid predator

detection including crypsis (Ellis et al., 1997; Ruxton

et al., 2004; Stevens & Cuthill, 2006), use of cover

(Mittelbach, 1981; Cerri & Fraser, 1983; Sass et al.,

2006), and reducing activity when predators are

present (Dill, 1983; Dill & Fraser, 1984; Sih, 1986;

Prejs, 1987). Crypsis is an especially effective tactic

for benthic species, and substrates that offer sufficient

camouflage can alter a prey’s response to predators

(Houtman & Dill, 1994; Sowersby et al., 2015).

Foraging trials with benthic species like sculpin must

therefore consider the foraging arena substrate to

encourage normal predator–prey response behavior,

and ultimately ensure accuracy of foraging

parameters.

Our tested substrates may not have facilitated

natural sculpin behavior, which may have hindered

their detection by siscowets. The natural lakebed of

Lake Superior consists of soft gray clay in the eastern

basin and red clay in the western basin (O. T. G.,

unpublished data). The use of clay substrate in our

trials proved impractical due to high turbidity that

obscured foraging recordings. Sand offered similar

uniformly colored habitat, although clay would have

allowed sculpin to burrow and better hide, which was

not observed on sand substrate. For example, slimy

sculpin (Cottus cognatus J. Richardson) have been

observed burrowing into looser sediments when

approached by divers (Brandt & Madon, 1986);

however, this species occupies shallower depths

where they are more readily detected. Burrowing

behavior in sculpin would likely reduce siscowet

reaction distance and foraging success, although

observational data suggest slimy sculpins are more

adept at burrowing into soft sediments than deepwater

sculpins (C. P. Madenjian, U.S. Geological Survey

2019, unpublished data).

Future behavioral studies examining the response

of prey fishes to piscivorous species, not just predators

to prey, would help to provide a more comprehensive

understanding of predator–prey interactions within

offshore systems. By simultaneously determining prey

response through metrics such as reaction distance, we

may be able to determine which species has a first

detection advantage. Sculpin, for example, may detect

siscowet first because their eyes are oriented upward,

which allows them to silhouette potential predators

from a benthic position. Additionally, foraging mech-

anisms of siscowet on benthic and pelagic prey should

be compared to examine how piscivory may vary

among systems (Beauchamp et al., 1999). Reaction

distances may be less for benthic species that lie below

the siscowet’s plane of vision, compared to pelagic

species. These considerations would allow for more

accurate foraging models (Jensen et al., 2006; Hansen

et al., 2013), which can provide better estimates of

foraging success, effects on habitat use by benthic and

pelagic fishes, and information on how apex predators

like siscowet influence community structure.
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