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Abstract Indo-Pacific lionfish (Pterois spp.) have
become established throughout the Caribbean and the
coastal regions of the Gulf of Mexico and western
Atlantic Ocean from North Carolina to central Brazil.
Lionfish may also invade estuaries, as they tolerate
salinities down to 4%.. We hypothesize that the
functional characteristics of their visual system (which
evolved in the clear tropical waters of the Indo-Pacific)
or their inability to tolerate hypoxia will limit the
capacity of lionfish to occupy these areas. We assessed
the former with corneal electroretinography and the
latter with intermittent-flow respirometry. The lumi-
nous sensitivity, temporal resolution (quantified as
flicker fusion frequency), and spectral sensitivity of
the lionfish visual system are like those of native
piscivores, indicating that their visual system will be
functional under estuarine photic conditions and allow
lionfish to be effective piscivores. In contrast, acute
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exposure to reduced oxygen levels (equivalent to those
commonly occurring in mid-Atlantic and Gulf of
Mexico estuaries) exceeded the physiological toler-
ances of lionfish. We therefore conclude that hypoxia
will control or limit estuarine invasion.
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Introduction

Since their introduction in Florida in 1986 from the
aquarium trade, Indo-Pacific lionfish (Pterois spp.)
have become established throughout the Caribbean as
well as the coastal regions of the Gulf of Mexico and
western Atlantic Ocean (from North Carolina to
central Brazil) (Courtenay 1995; Semmens et al.
2004; Gonzalez et al. 2009; Whitfield et al. 2014;
Ferreira et al. 2015; Hixon et al. 2016). Multiple
factors (e.g., lack of natural predators, lionfish’s high
fecundity, naivety of native prey species, etc.) have
enabled rapid range expansion (Fishelson 1997;
Whitfield et al. 2002; Coté et al. 2013; Green et al.
2011, 2019; Morris 2012; Albins and Hixon 2013;
McCormick and Allan 2016). Lionfish can reduce
native fish recruitment on coral reefs by up to 79%,
locally extirpate native species, and (at densities
reported in the Caribbean) potential remove approx-
imately > 900 kg of prey per hectare of reef habitat
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per year (Whitfield et al. 2002; Albins and Hixon
2008; Coté and Maljkovi¢ 2010; Green et al. 2012;
Cerino et al. 2013; Ingeman 2016). For these reasons,
lionfish are a significant threat to native fish popula-
tions and local biodiversity (C6té and Smith 2018).

Because estuaries are important nursery habitats for
many commercially, recreationally, and ecologically
important fish species (Beck et al. 2001; Courrat et al.
2009), we contend that it is critical to understand the
ability of lionfish to occupy these inshore areas.
Although lionfish commonly associate with tropical
and sub-tropical coral reefs in the Indo-Pacific, in the
western Atlantic they are found in mangrove systems
and seagrass meadows, and around artificial struc-
tures; indicating their behavioral adaptability (Bar-
bour et al. 2010; Jud et al. 2011). Lionfish can tolerate
salinities as low as 4%o (~ 10% seawater) and have
already become established in the Loxahatchee River
estuary (on the Atlantic coast of Florida, USA) (Jud
etal. 2011, 2014). Lionfish are also more eurythermal
(tolerance range =~ 10-39 °C) than other tropical
species and can survive temperatures as low as
~ 10-12 °C with gradual acclimation (Dabruzzi
et al. 2017; Barker et al. 2017). Low winter temper-
atures are likely to be ineffective at preventing
permanent establishment in estuaries that remain
above 10 °C (Baumann and Smith 2018). With
ongoing increases in ocean temperature due to direc-
tional climate change, lionfish are also likely to
distribute to higher latitudes (C6té and Green 2012;
Whitfield et al. 2014; Sandblom et al. 2014; Bernal
et al. 2015). In brief, lionfish appear to be equipped
physiologically to invade estuaries throughout the
Gulf of Mexico, the U.S. South Atlantic Bight (i.e.,
Florida through North Carolina), and farther north at
least seasonally.

We hypothesize, however, that the unique visual
environment (Lythgoe 1979, 1988) and episodic
hypoxia (lasting minutes to days) common in estuaries
(Breitburg 1992; Rabalais et al. 2010; Baumann and
Smith 2018) could limit the ability of lionfish to invade
these ecologically critical areas. To test our hypoth-
esis, we employed standard physiological techniques
to investigate:

1. the functional characteristics of the lionfish visual
system,

2. the effects of temperature and hypoxia on standard
metabolic rate (SMR, the minimum metabolic rate
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of a fasting, resting animal), active metabolic rate
(AMR, the metabolic rate elicited from exhaustive
exercise); and scope for activity (the difference
between AMR and SMR),

3. the minimum survivable oxygen levels at different
temperatures.

We took this approach because we contend (as have
others, e.g. Browman 2005; Cooke and Suski 2008;
Dangles et al. 2009; Cooke and O’Connor 2010;
Cooke et al. 2013; Horodysky et al. 2015; McKenzie
et al. 2016) that physiological data can provide
mechanistic insights into drivers of fish behavior,
distribution, and ecology to the benefit of fisheries and
ecosystem management. This includes the manage-
ment of invasive species (Lennox et al. 2015).
Maintaining optimal visual performance in estuar-
ies is challenging because they are some of the most
photodynamic habitats on earth (Lythgoe 1979, 1988;
Loew and McFarland 1990). This arises from seasonal
changes in stratification and mixing, wave action,
weather, solar irradiance, phytoplankton abundance,
and anthropogenically induced processes such as
eutrophication and sedimentation (McFarland and
Loew 1983; Wing et al. 1993; Schubert et al. 2001;
Gallegos et al. 2005; Kemp et al. 2005). Because the
visual systems of fishes reflect the characteristics of
the light fields they inhabit (Munz and McFarland
1973; Muntz 1990; Guthrie and Muntz 1993), and
because lionfish evolved in the clear waters of the
tropical Indo-Pacific, we hypothesize they will face
challenges with respect to effective prey detection and
capture in estuarine environments. To test this hypoth-
esis, we determined the functional characteristics of
their visual system using corneal electroretinography.
The recorded electroretinogram (ERG) is the summed
potentials of various cell types within the retina
produced in response to light stimuli (Brown 1968; Ali
and Muntz 1975). Electroretinography is thus well-
suited for investigation of the functional properties of
the visual system. More importantly, we were able to
compare our data to data on the functional character-
istics of visual systems of four native piscivores
common in western mid-Atlantic estuaries collected
using identical procedures (Horodysky et al. 2010).
Significant information exists on visual function in
fishes (e.g., Douglas and Djamgoz 1990; Ladich et al.
2006), but we know of only one study on the visual
function in lionfish which dealt primarily with the
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effects of prolonged exposure to monochromatic light
on spectral sensitivity (Carroll 2018). We quantified
three visual parameters considered fundamental pre-
dictors of teleost light niches and feeding ecologies
(Lythgoe 1979; Muntz 1990; Horodysky et al.
2008, 2010, 2013): luminous sensitivity, flicker fusion
frequency (FFF), and spectral sensitivity. Luminous
sensitivity includes two metrics: Ksy (a measure of
light sensitivity) and dynamic range (i.e., the range of
detectable light levels). FFF is a measure of temporal
resolution and spectral sensitivity is a measure of the
range of perceivable wavelengths (i.e., colors). The
latter also allows inference of the number of visual
pigments present and their relative abundance.

The effects of temperature and hypoxia controlling
or limiting the distribution of invasive fish species has
received considerable attention (e.g., Kimball et al.
2004; Whitfield et al. 2014; Marras et al. 2015; Barker
et al. 2017), but whether the interactive effects of
temperature and hypoxia could limit the inshore
invasion of lionfish remains unclear. We therefore
measured the effects of temperature and hypoxia on
SMR, AMR, and scope for activity; the latter being the
total amount of energy apportioned between growth,
reproduction, movement, and the maintenance of
homeostasis. Temperature and hypoxia influence
SMR, AMR, maximum metabolic rate (MMR), and
scope for activity as they shape the ability of the
cardiorespiratory system to deliver oxygen and
metabolic  substrates to the tissues  (Fry
1947, 1971; Fry and Hart 1948; Clark et al. 2013;
Horodysky et al. 2015; Norin and Clark 2016; Portner
et al. 2017). The high spatial and temporal variability
of temperature and dissolved oxygen levels in estuar-
ies is well documented (e.g., Breitburg 1992; Breit-
burg et al. 2003; Diaz 2001; Diaz and Breitburg 2009;
Rabalais et al. 2010; Baumann and Smith 2018).
Episodic hypoxia (lasting minutes to days) occurs
during the summer and early autumn when decompo-
sition of organic matter consumes dissolved oxygen
and density-driven stratification prevents oxygen-rich
surface water from mixing with hypoxic bottom water
(Bishop et al. 2006; Tyler et al. 2009). Measurement of
the effects of temperature and hypoxia on SMR, AMR,
and scope for activity therefore allows insight as to
whether lionfish have the physiological abilities to
invade estuaries.

Methods

All husbandry and experimental procedures were
approved by the Institutional Animal Care and Use
Committees of Nova Southeastern University (proto-
col number 2017-DK2) and the College of William
and Mary (protocol number IACUC-2018-01-16-
12610-rwbril). Lionfish (80-250 mm total length,
38-140 g) were collected in the Florida Keys and
held at the Guy Harvey Oceanographic Center, Nova
Southeastern University (Dania Beach, FL, USA) for a
minimum of 2 weeks before use in experiments. Fish
were maintained in recirculating aquaria at 25 4+ 2 °C
and 20 &£ 2%o to approximate summertime estuarine
conditions. Indirect illumination was provided by
sunlight transmitted through the windows of the
holding facility. Fish were fed a mixture of live grass
shrimp (Palaemonetes paludosus), commercially
available frozen bay scallops, shrimp, and sardines
ad libitum three times per week. After the acclimation
period, a subset of fifteen subjects were transported to
the Virginia Institute of Marine Science (Gloucester
Point, VA, USA) for experiments on visual function.

Electroretinography

Subjects were removed from the holding tanks during
daylight hours, sedated with ketamine hydrochloride
(30 mg kg™ "), and immobilized with the neuromus-
cular  blocking drug gallamine triethiodide
(10 mg kg™ "); both delivered intramuscularly. Fish
were then transferred to a light-tight experimental
enclosure and placed on a cloth sling within a
rectangular Plexiglas tank so that only a minimal
portion of the head and one eye remained above the
water. Subjects were ventilated with temperature-
controlled (25 £ 2 °C) aerated water (salinity 20%o)
to minimize any confounding effects of temperature
(Saszik and Bilotta 1999; Fritsches et al. 2005), and
dark adapted for a minimum of 60 min. Lionfish are
crepuscular in their native range, but active during
daylight hours on Bahamian coral reefs (Green et al.
2011; Coté and Maljkovi¢ 2010). We therefore
conducted experiments exclusively during daylight
hours. Recording of the ERG of anaesthetized and
immobile subjects is a common practice to minimize
the obscuring effects of overt movements (e.g., Parkyn
and Hawryshyn 2000; Horodysky et al. 2008).
Because fish do not recover muscular movements
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under these circumstances, individuals were immedi-
ately euthanized at the end of an experiment with an
overdose of sodium pentobarbital (350 mg kg™' or
~ 10x the anesthetic dose).

We used Teflon®-coated silver—silver chloride wire
electrodes to record the ERG by placing the active
electrode on the corneal surface and the reference
electrode in the incurrent nares. Signals were ampli-
fied with a DAMS0 amplifier (World Precision
Instruments, Sarasota, FL, USA) using a 10,000x
gain, with 1 Hz high pass and 1 k Hz low pass filters.
The amplified signal was further filtered with a
HumBug active electronic filter (Quest Scientific,
North Vancouver, BC, Canada) to remove 60 Hz
noise, and digitized at a 1 kHz sampling frequency
with a multifunction data acquisition card (model
6024E, National Instruments, Austin, TX, USA).
Stimuli were controlled, and the ERG recorded, using
custom software (originally developed by Eric War-
rant and colleagues, University of Lund, Sweden)
running under Labview 2010 (National Instruments).

To assess luminous sensitivity, we presented log-
arithmically increasing white light stimuli to generate
an intensity-response curve (“V log I curve”), where
“V” refers to the amplitude of the b-wave of the ERG
and “I” light intensity as described by Horodysky
et al. (2008) and Kalinoski et al. (2014). A custom-
built single LED light source (working range approx-
imately 1-1 x 10* cd m_2), with an attached diffuser
and collimating lens, produced an even illumination
field. The light source was positioned &~ 5 cm from
the cornea, such that the entire eye was exposed to
light stimuli. The analog output of the multifunction
data acquisition card controlled the absolute bright-
ness of the lamp and we used combinations of 1 and 2
log unit neutral density filters (Kodak Optical Prod-
ucts, Rochester, NY, USA) to further adjust the range
of light intensities. We calibrated the relationship of
voltage input to the lamp and absolute light intensities
using a research-grade radiometer (model IL1700
International Light, Peabody, MA, USA).

Stimuli progressed from subthreshold to saturation
intensity (i.e., when the amplitude of ERG b-wave
began to decrease in response to increases in light
intensity) in 0.2-log unit steps. A train of 200 ms
flashes was presented at each intensity step, and the
b-wave amplitude in response to the last light flash
recorded. Each train of light flashes (at a given
intensity) was repeated five times, separated by a five
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second rest period, and responses averaged. The
sequence of light stimuli was then repeated at the
next intensity step. We subsequently normalized the
data to the maximum voltage response (V ,.x) for each
individual, such that V., = 100%. The normalized
data for each fish were subsequently averaged and the
resultant V log I data again normalized such that mean
Viax = 100%. The log light intensity and normalized
data for each fish were also fit to a 6-degree
polynomial equation and the light intensity needed
to produce response 5%, 50% and 95% of V. for
each fish determined from the predicted normalized
response data. We quantified luminous sensitivity
(Ks50) as the light intensity eliciting a response 50% of
Vmax and dynamic range as the difference in irradi-
ances needed to produce responses 5 and 95% of V ..
These procedures are commonly used to characterize
the luminous sensitivity and operational range of the
visual system (Frank 2003; Horodysky et al.
2008, 2010; Brill et al. 2008; Kalinoski et al. 2014).
We determined flicker fusion frequency (FFF) to
quantify retinal temporal resolution (i.e., the ability of
the retina to follow a white light source modulated at
logarithmically increasing frequencies). We employed
the LED system used in the intensity-response exper-
iments to produce sinusoidally-modulated white light
stimuli ranging in frequency from 1 Hz (0 log units) to
100 Hz (2.0 log units) in increments 0.2 log unit
frequency steps. Each train of light flashes (at a given
frequency) was repeated five times separated by 5 s of
darkness and the responses averaged. To determine a
subject’s FFF at a given light intensity, we subjected
the power spectrum of the averaged ERG data to
spectral analysis and compared the power of the
predominant frequency (signal) to the power of a
neighboring range of higher frequencies (noise). FFF
was taken as the frequency at which the power of the
signal fell below a level that was five times the power
of the noise. We conducted FFF experiments at light
intensities (based on V log I curves) necessary to
produce a maximal response and a response 25% of
maximum (I,,,.x and L5, respectively) and assumed the
former to be the maximum FFF attainable and the
latter to approximate FFF at ambient light intensity.
We assessed spectral sensitivity using methods
described in Horodysky et al. (2008, 2010). The output
of a xenon light source (ILC Technology, Sunnydale,
California, USA; calibrated in 10 nm steps using the
radiometer system described above) was passed
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through two AB301 filter wheels containing quartz
neutral density filters (CVI Laser Spectral Products,
Albuquerque, NM, USA) via a one-centimeter diam-
eter light guide. The first wheel allowed light atten-
uation from O to 4 log units in 1 log unit steps and the
second in 0-1 log units of light intensity in 0.2 log unit
steps (i.e., the two wheels allowed attenuation 0-5 log
units in 0.2 log unit steps). A lens focused the
attenuated light beam onto the entrance slit of a
monochromator (CVI Laser Spectral Products) to
produce  monochromatic  light (50%  band-
width = 5 nm). We positioned the exit aperture of
second one-centimeter diameter light guide (conduct-
ing light stimuli from the exit port of the monochro-
mator) & 5 cm from the cornea. The output of the
lamp was selectively attenuated by the neutral density
filters to produce approximately iso-quantal light
stimuli presented in sequential 10 nm steps from
300 nm (ultraviolet, UV) to 700 nm (the longest
wavelength in the human visual spectrum). Stimulus
flash duration (40 ms) was controlled by a Uniblitz
LS6 electronic shutter (Vincent Associates, Rochester,
NY, USA) triggered by the Labview program. We
presented subjects with five stimulus flashes at each
wavelength, each followed by 5 s of darkness, and
b-wave amplitudes at each wavelength were averaged
to produce raw spectral response curves.

Spectral V log I curves (from five to zero log unit
light intensity attenuation in 0.2 log unit steps) were
then determined at the wavelength producing the
maximal response using five (40 ms duration) stimu-
lus flashes, each followed by 5 s of darkness. We
averaged the data from responses at each light
intensity to fit the resultant V log I curve to a six-
degree polynomial. The inverse of this curve (i.e.,
swapping the dependent and independent variables)
was created by extrapolation. The stimulus intensities
at each wavelength were then converted to isoquantal
intensities (I) and the raw spectral response curves
transformed to sensitivities (S) through the equation:

S = 100 x 10—y (1)

where I, is light intensity producing the maximum
b-wave amplitude, and Iy the intensity needed to
produce a given b-wave amplitude (Coates et al.
2006). For each fish, sensitivity at each wavelength
step was expressed as a percentage of the maximal
response (i.e., 100% = maximum sensitivity). The

normalized data for each fish were subsequently
averaged and the resultant spectral sensitivity data
again normalized such that V., = 100%.

To assess the wavelengths passed by the lionfish
visual system, we harvested the eye lenses, corneas,
and vitreous humor from three euthanized subjects and
positioned them in UV transmitting cuvettes (filled
0.9% saline solution). Cuvettes were placed in a
spectrophotometer (BioSpec-1601 Shimadzu Scien-
tific Instruments, Columbia, MD, USA) and percent
transmittance data recorded over 300-700 nm wave-
lengths in 0.5 nm steps.

Data analysis: electroretinography

Data on the functional properties of the visual systems
of four estuarine piscivores (Horodysky et al. 2010;
permission for use was granted by the authors and the
Journal of Experimental Biology) were used for
comparisons to those of the lionfish visual system:
striped bass (Morone saxatilis), bluefish (Pomatomus
saltatrix), cobia (Rachycentron canadum), and sum-
mer flounder (Paralichthys dentatus). Our procedure
thus allowed direct comparisons where data were
collected using the same equipment, calibration stan-
dards, experimental methods, and data analysis
procedures.

We used a one-way ANOVA with pairwise multi-
ple comparison procedure (SigmaPlot 11.0, Systat
Software, San Jose, CA, USA) to compare dynamic
range, Kso, and FFF values of lionfish to those of the
estuarine piscivores. Data met assumptions of nor-
mality and homogeneity of variance and p-values less
than 0.05 were taken as the fiducial level of
significance.

To determine the potential number and relative
abundance of visual pigments present in lionfish
retina, we generated multiple hypotheses by fitting
SSH (Stavenga et al. 1993) and GFRKD (Govar-
dovskii et al. 2000) al rhodopsin absorption templates
separately to the spectral sensitivity data (as described
by Horodysky et al. 2008, 2010). The best fitting
model parameters were objectively chosen using
Akaike’s information criterion (AIC) for maximum
likelihood.
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Respirometry

To approximate the temperatures lionfish could
encounter in western Atlantic and Gulf of Mexico
estuaries (Kimball et al. 2004; Baumann and Smith
2018), we conducted experiments at 15 °C, 20 °C,
25 °C, and 30 °C. Fish were acclimated for a mini-
mum of 2 weeks at these test temperatures and fasted
for 48 h prior to use in an experiment.

We determined metabolic rates using intermittent-
flow respirometry, a standard procedure for estimating
SMR, AMR, and hypoxia tolerances (e.g., Horodysky
et al. 2011; Lapointe et al. 2014; Chabot et al. 2016;
Rogers et al. 2016; Svendsen et al. 2016; Snyder et al.
2016). To determine hypoxia tolerance, we measured
the critical oxygen level, which is defined as the
ambient oxygen level below which an individual can
no longer maintain a stable rate of oxygen consump-
tion (e.g., Claireaux and Chabot 2016). We note,
however, that the utility of this technique has been
both questioned (Wood 2018) and considered appro-
priate for comparative studies (Ultsch and Regan
2019).

Our intermittent-flow respirometry system encom-
passed a cylindrical 4.6-liter plexiglass respirometry
chamber (Loligo Systems, Viborg, Denmark) and fiber
optic oxygen sensor and oxygen meter (PyroScience,
Aachen, Germany). The entire system controlled by a
computer running AquaResp2 (DTU-Aqua; http://
www.aquaresp.com/). Oxygen saturation (%) data
were converted to oxygen content (mg O, 1 using
standard equations (Richards 1965; Steffensen 1989)
within the AquaResp2 software routines. During
experiments to measure hypoxia tolerance, oxygen
levels were regulated by bubbling nitrogen into the
outer water bath. The respirometer was covered with
black plastic to minimize visual disturbance. Meta-
bolic rate (MO,) measurements were made over cycles
consisting of a 5-min flush period and 2-min equili-
bration interval, followed by a measurement interval
chosen to allow oxygen levels within the respirometer
to be reduced by approximately 10%. After the data
recording interval, the AquaResp2 software executed
a linear regression of oxygen concentration (mg 17"
against measurement time to determine the slope of
this relationship (o, in mg O, "' n7 Y. MO,
(mg O, kg™' h™') values during each measurement
cycle were calculated as:
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MO; = (ot X Viem)/mg (2)

where V., is the respirometer volume minus the fish
volume (assuming 1 g of fish mass = 1 ml) and mg is
the mass of the fish in kg. We determined background
oxygen consumption by measuring the rate of decline
in oxygen within the respirometer when a fish was not
present. We subtracted this value from all the o values
when an individual was in the respirometer.

Fish were placed in the respirometer for 24 h and
SMR in normoxia was determined by calculating the
average of the ten lowest MO, values (as recom-
mended by Chabot et al. 2016). Critical oxygen levels
(Sciit» €xpressed in percent air saturation) were subse-
quently determined by decreasing the oxygen level in
the respirometer in a step-wise fashion until the
metabolic rate declined in unison with further reduc-
tions in ambient oxygen. Up to four MO, measure-
ments were taken at each of nine different oxygen
levels (90, 80, 70, 60, 50, 40, 30, 20, and 10% of air
saturation). Individual S, values were calculated
using a two-piece segmented regression (SegReg;
https://www.waterlog.info/segreg.htm). S, trials
took approximately 8—12 h. We then left individuals
undisturbed in the respirometer at full oxygen satura-
tion until the next day.

To measure active metabolic rate (AMR), we
removed individuals from the respirometer and placed
them in a tank where they were gently chased to
induce burst swimming to the point of exhaustion
(determined by when an individual would no longer
respond to prodding and remained motionless after
being removed from the water). Fish were then
weighed and immediately transferred to the respirom-
eter where MO, was measured continuously for 48 h.
AMR was calculated as the mean of the highest ten
MO, measured over the first 12 h. We then allowed
individuals a minimum 1-week recovery period before
we subjected them to the protocol described above, but
where metabolic rate measurements were made at
ambient oxygen levels 15-20% greater than the
subject’s S..;;. We calculated AMR under hypoxia as
described above, and aerobic scope values (under
normoxia and hypoxia) as the differences between
SMR and AMR.
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Data analysis: respirometry

We used a one-way repeated measures ANOVA with
pairwise multiple comparison procedure (SigmaPlot
11.0, Systat Software) to analyze the effects of
temperature and hypoxia on SMR, AMR, scope for
activity, and relative scope for activity, as well as the
same procedure to analyze the effects of temperature
on S.;. Data met assumptions of normality and
homogeneity of variance and p-values less than 0.05
were taken as the fiducial level of significance. Where
increases in temperature had a significant effect on
SMR or AMR, we also calculated Q, values (i.e., the
relative change per 10 °C change in temperature)
following Prosser (1973):

Qo = (Ki/Ky)'/ ) (3)

where K; = SMR or AMR at temperature t; and
K, = SMR or AMR at temperature t,.

Results
Visual function

Amplitude of the b-wave increased with stimulus
intensity reaching maximum amplitude (V,,,.) at
1.6 £ 0.1 log light intensity, then declined presum-
ably due to photoreceptor saturation (Fig. 1). The
median Ks, of lionfish is significantly below that of
striped bass, bluefish and cobia, but not different from

100 H

80

60

40 -

20

Response (% of maximum)

0 A

-2 -1 0 1 2 3 4

log I (cd m™2)
Fig. 1 Luminous sensitivity based on response—intensity (i.e.,
V log I) curves of lionfish. Data points are means (£ SEM).
Response values for individuals were normalized to 0-100%,
the values averaged, and the mean values rescaled to 0-100%

that summer flounder (Fig. 2). Based on units of
absolute light intensity (i.e., candela m~?), lionfish are
approximately 36, 4, and 5 times more light sensitive
than striped bass, bluefish and cobia, respectively. In
contrast, the median dynamic range of lionfish is not
significantly different than that of other estuarine
fishes, except for summer flounder (Fig. 2). Based on
units of absolute light intensity (i.e., candela m2), the
dynamic range of lionfish is &~ 30% that of summer
flounder.

Median FFF responses for lionfish were 35 and
88 Hz at 1,5 and I,,,,«, respectively (Fig. 3). At I,s, the
median FFF lionfish is not different from any of the
four other estuarine piscivores (Fig. 3). At L.,
however, median FFF lionfish is 41%, 36%, and
26% higher than those of summer flounder, bluefish,
and cobia, respectively.

log I (cd m'1)

) S @
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. Oé\\\ 60% 0\30 \\;\\ 060
WV ) K Q
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Fig. 2 Interspecific comparisons of the Ks, (circles) and
dynamic range (triangles) lionfish versus those of native
estuarine piscivores (data for the latter are from Horodysky
et al. 2008, 2010; consent to use these data was granted by the
Journal of Experimental Biology). The “*” symbol indicates
significant differences from values for lionfish and numerical
values signify the number of individuals tested. Here, and in
subsequent figures, we present our data as box-and-whisker
plots with the individual data points shown to allow comparison
of the distributions and scatter (as recommended by Weissger-
ber et al. 2015). The boundary of the box closest to zero
indicates the 25th percentile, the line within the box marks the
median, and the boundary of the box farthest from zero indicates
the 75th percentile. Whiskers (error bars) above and below the
box indicate the 90th and 10th percentiles, respectively. Data
points above and below the 90th and 10th percentiles are
considered outliers
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Fig. 3 Flicker fusion frequencies (FFF) values of lionfish at
light intensities needed to produce a response of 25% of V..
(circles) and 100% of V,,,, (triangles) versus those of native
estuarine piscivores (data for the latter are from Horodysky et al.
2008, 2010; consent to use these data was granted by the authors
and the Journal of Experimental Biology). The “*” symbol
indicates significant differences from values for lionfish and
numerical values signify the number of individuals tested. The
boundary of the box closest to zero indicates the 25th percentile,
the line within the box marks the median, and the boundary of
the box farthest from zero indicates the 75th percentile.
Whiskers (error bars) above and below the box indicate the
90th and 10th percentiles, respectively. Data points above and
below the 90th and 10th percentiles are considered outliers

Spectral  sensitivity of  lionfish  spanned
350-630 nm with peak sensitivity at 510 nm
(Fig. 4). The maximum likelihood estimation using
published rhodopsin templates (Govardovskii et al.
2000 and Stavenga et al. 1993; GFRKD and SSH,
respectively) suggest that lionfish have three visual
pigments (Table 1). The spectral sensitivity curve was
optimally fitted with both SSH and GFRKD templates
(i.e., the fits were statistically indistinguishable
because the AIC was less than 5, Table 1). Both
rhodopsin templates predicted the presence of a short
wavelength (M. = 381-384 nm), an intermediate
wavelength (A, = 434-443 nm), and a long wave
pigment (Ap.x = 512-513 nm) (Table 1); with the
long wavelength pigment being predominant (Fig. 4).

Lionfish lens and cornea displayed 80% transmit-
tance (Fig. 5) at the peak absorbance—wavelength
(Apax = 512-513 nm) of the predominate retinal pig-
ment, and 50% transmittance at the peak absorbance—
wavelength (A,.x = 381-384 nm) of the retinal pig-
ment responsive to shortest wavelength (Fig. 4). The
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Fig. 4 Spectral sensitivity of lionfish. Data points (filled
circles) are means (& SEM). Response values for individuals
were normalized to 0-100%, the values averaged, and the mean
values rescaled to 0—100%. The color-coded lines (showing the
absorptive characteristics of individual visual pigments) are
based on the best fitting rhodopsin template (Table 1).
Wavelengths at maximal absorption of the short, medium, and
longwave pigments (P1, P2, and P3, respectively in nm) and
pigment-specific weighting values are shown. The black line
shows the summed values of the visual pigment curves
multiplied by their respective weighting factors. The color bar
indicates the approximate human visible spectrum

cornea and lens also had significant transmittance of
UV wavelengths (i.e., below 360 nm).

SMR, AMR, and scope for activity

The SMR of lionfish increased with temperature,
except between 15 and 20 °C (Fig. 6). Qo values
(based on median SMR data) were 3.8 and 4.0 between
20-25 °C and 25-30 °C (respectively). Translated
into fractional increases of SMR, these are 196 and
199%, respectively. Increases in temperature elevated
the AMR of lionfish, except between 15 and 20 °C
(Fig. 6). Qq¢ values (based on median AMR data)
were 2.6 and 1.7 between 20-25 °C and 25-30 °C
(respectively). Translated into fractional increases of
AMR, these are 160 and 131%, respectively. Hypoxia
reduced median AMR only at 20 °C and 25 °C; by 43
and 87 mg O, kg™' h™" in absolute terms and by 47
and 11% in relative terms, respectively (Fig. 6). In
normoxia, median scope for activity increased only
between 20 and 25 °C with a Qq value of 2.2; which is
155% increase. In hypoxia, median scope for activity
increased only between 25 and 30 °C with a Q¢ value
of 3.1; which is 176% increase (Figure 7). More
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Table 1 Rhodopsin templates (based on Govardovskii et al. 2000 and Stavenga et al. 1993; GFRKD and SSH, respectively) fitted to

ERG data
Condition Template Amax.1 Amax.1 Amax.1 p AIC AAIC
Mono SSH 505 2 - 90 96
GFRD 504 2 — 104 82
Di, o SSH 411 510 5 — 172 14
GFRD 410 510 5 - 173 13
Di, B, S SSH 460 513 6 — 181 5
GFRD 411 510 6 — 170 16
Di, B, L SSH 461 513 6 — 181 5
GFRD 439 513 5 — 147 39
Di, B, B SSH 498 520 6 — 177 9
GFRD 437 512 6 — 130 56
Tri, o SSH 384 443 513 7 — 183 3
GFRD 381 434 512 7 — 186 0

Goodness of fits are based on Akaike’s information criterion (AIC) for maximum likelihood. Bold type indicates the best supported

pigment and template scenarios based on AIC values

Mono = monochromatic template, Di = dichromatic template, Tri = trichromatic, o = scenarios where only alpha bands were
considered, S, L and B = the modeled position of (-band(s) on short, long, or both pigments, respectively, Ay.x = estimated
wavelength (in nm) of maximum absorbance, p = number of parameters in a model

100
80 1

60 14

40 1

20 1

Relative transmittance (%)

300 400 500 600 700
Wavelength (nM)

Fig. 5 Transmittance of lionfish ocular media at specific
wavelengths. Data points (filled circles) are mean values
(£ SEM). The color bar indicates the approximate human
visible spectrum

importantly, hypoxia reduced median scope for activ-
ity over all test temperatures, by 45, 48, 77, and 41 mg
O,kg 'h~'orby71,64,69,and 41% at 15, 20, 25 and
30 °C, respectively (Fig. 7).

Critical oxygen levels

The S, of lionfish increased with every 5 °C increase
in temperature and the relationship was linear (Fig. 8,
panel a):

Serit = (1.43 4 0.05 X EC) + 10.6 + 1.3 @
= 0.99.

To make our results directly comparable to those from
other studies, we also express our data in units of
oxygen concentration (C,) (although this unit does
not account for the effects of temperature and salinity
on oxygen content at full saturation). The C.;, of
lionfish increased over 10 °C increases in temperature
(i.e., between 15 and 25 °C and between 20 and 30 °C)
and the relationship was linear (Fig. 8, panel b):

Ceit = (0.049 + 0.002 x EC) + 1.81 + 0.05 )
= 0.99.

For comparative purposes, we have added S.;; and
C,.i; data for mid-Atlantic estuarine species (error bars
are omitted for clarity): spot (Leiostomus xanthurus),
croaker (Micropogonias undulatus) (Marcek et al.
2019), striped bass (Lapointe et al. 2014), and summer
flounder (Paralichthys dentatus) (Capossela et al.
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Fig. 6 Standard metabolic rates (SMR, cross-hatched bars and
grey circles) in normoxia at three temperatures and active
metabolic rates (AMR, grey bars and black circles) in normoxia
at three temperatures. The symbols “~”and “#” indicate
significant differences of SMR and AMR (respectively) between
sequential temperature steps. The “*” symbol indicates
significant differences in AMR in normoxia and hypoxia within
test temperature. The boundary of the box closest to zero
indicates the 25th percentile, the line within the box marks the
median, and the boundary of the box farthest from zero indicates
the 75th percentile. Whiskers (error bars) above and below the
box indicate the 90th and 10th percentiles, respectively. Data
points above and below the 90th and 10th percentiles are
considered outliers. Numerical values signify the number of
individuals tested

2012; Schwieterman et al. 2019). Both the S.,; and
C.it Values for lionfish are above those of the other
estuarine fishes at all temperatures, indicating that
lionfish are less hypoxia tolerant.

Discussion
Functional characteristics of the visual system

We specifically chose to compare data on the
functional characteristics of the visual system of
lionfish to those of striped bass, bluefish, cobia, and
summer flounder for the following reasons:

1. data were collected using the same equipment,
calibration methods, and data acquisition and
analysis procedures,

2. the life stages of the four native estuarine species
were those which commonly occupy estuarine
environments such as the Chesapeake Bay (e.g.,
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Fig. 7 Aerobic scope lionfish at various temperatures in
normoxia and hypoxia (i.e., oxygen concentration 15-20%
above C,;) conditions. The symbols “~”and “#” indicate
significant differences in aerobic scope in hypoxia and normoxia
(respectively) between sequential temperature steps. The “*”
symbol indicates significant differences in aerobic scope in
normoxia and hypoxia within test temperature. The boundary of
the box closest to zero indicates the 25th percentile, the line
within the box marks the median, and the boundary of the box
farthest from zero indicates the 75th percentile. Whiskers (error
bars) above and below the box indicate the 90th and 10th
percentiles, respectively. Data points above and below the 90th
and 10th percentiles are considered outliers. Numerical values
signify the number of individuals tested

Buchheister et al. 2013; Buchheister and Latour
2015), and
3. the four native estuarine species are piscivores.

We therefore validated direct comparisons of data
from lionfish and estuarine species through conserva-
tion of methods and the physiological mechanisms
being investigated.

The Ksq of the lionfish visual system is approxi-
mately one log unit below that of three of the four
estuarine piscivores (the exception being summer
flounder, Fig. 2) implying that the lionfish visual
system is functional at low light levels. Although
lionfish are native to the clear tropical waters of the
Indo-Pacific, they are crepuscular foragers in their
native range (Green et al. 2019). In the western
Atlantic, lionfish frequently occupy depths below
30 m and hunt more often on cloudy days (Morris and
Akins 2009; Co6té and Maljkovi¢ 2010); situations
where light levels are dim (McFarland and Loew
1983; Loew and McFarland 1990; Muntz 1990;
Horodysky et al. 2010, 2013). Our results are,
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Fig. 8 Critical oxygen levels of lionfish (acclimated and tested
at 15, 20, 25 and 30 °C) expressed as % air saturation (S, a) or
oxygen content (C, in mg O, 171, b). Mean C,y;, values (error
bars are omitted for clarity) of representative temperate
estuarine species: cross = spot (Leiostomus xanthurus), triangle
up = croaker (Micropogonias undulatus) (Marcek et al. 2019),
triangle down = striped bass (Morone saxatilis) (Lapointe et al.
2014), diamond = summer flounder (Paralichthys dentatus)
(Capossela et al. 2012), square = summer flounder (Schwieter-
man et al. 2019). The boundary of the box closest to zero
indicates the 25th percentile, the line within the box marks the
median, and the boundary of the box farthest from zero indicates
the 75th percentile. Whiskers (error bars) above and below the
box indicate the 90th and 10th percentiles, respectively. Data
points above and below the 90th and 10th percentiles are
considered outliers. Numerical values signify the number of
individuals tested

therefore, congruent with lionfish visual ecology.
More important, we conclude that the luminous
sensitivity of the lionfish visual system is unlikely to
preclude them from being effective piscivores estuar-
ine environments. Indeed, their high sensitivity to dim
light (i.e., low Kso) may enable lionfish to hunt
successfully through most of the daylight hours in
estuarine environments.

In contrast to luminous sensitivity, the dynamic
range of the lionfish visual system is like that of three

of the other four estuarine piscivores (the exception
being summer flounder, Fig. 2). The latter is a benthic
ambush predator (Collette and Klein-MacPhee 2002)
that most likely locates its prey by silhouetting them
against downwelling light or the sand-water interface.
Lionfish presumably sight prey horizontally (Morris
and Akins 2009) as do striped bass, bluefish, and
cobia. We conclude therefore that the dynamic range
of the lionfish visual system is unlikely to preclude
them from being effective piscivores in estuarine
environments.

Flicker fusion frequency

Lionfish FFF at I,s was not different from other
estuarine piscivores, whereas lionfish FFF at I, was
~ 33% higher than three of the four native estuarine
piscivores (the exception being striped bass, Fig. 3).
We presume that the high FFF of lionfish at I,
permits tracking fast-moving prey through structurally
complex coral reef ecosystems in bright sunlight. As
mentioned previously, however, lionfish are crepus-
cular foragers in their native range (Green et al. 2019).
McComb et al. (2013) investigated FFF values of the
piscivorous common snook (Centropomus undeci-
malis) and mangrove snapper (Lutjanus griseus)
captured in the Indian River Lagoon (on the Atlantic
coast of Florida, USA). The FFF of both (40 and
47 Hz, respectively) are within the 25-75% interval of
FFF values of lionfish at I,s (32-45 Hz, Fig. 3).
Although the lionfish median FFF at I, is approx-
imately double (88 Hz), we presume the former is
more indicative of the performance of the lionfish
visual system in generally light-limited estuarine
environments. Because the FFF of lionfish at I,s is
equivalent to those of the other estuarine piscivores
species at I,5 (Fig. 3), we conclude that the FFF of the
lionfish visual system is unlikely to preclude them
from being effective predators under estuarine light
conditions.

Spectral sensitivity

The spectral sensitivity of the lionfish visual system
spans 350-620 nm, with the highest sensitivity at
510 nm (blue-green color wavelengths, Fig. 4). The
relative transmittance of both the cornea and lens of
lionfish (Fig. 5) supports our conclusions as to which
wavelengths lionfish visual pigments are sensitive. It
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is also congruent with ocular media transmission of
coral reef fishes that have UV vision (Siebeck and
Marshall 2001; Losey et al. 2003).

Rhodopsin templates fitted to ERG data predict that
lionfish have three retinal pigments (i.e., are trichro-
mats), with the short wavelength pigment absorbing in
the near UV (Table 1). These results do not, however,
preclude the alternate hypothesis that lionfish have
only two visual pigments (i.e., are dichromats), but
with a B-band on either visual pigment that absorbs in
the near UV (Table 1). Furthermore, both Govar-
dovskii and Stavenga rhodopsin templates generally
exhibit fairly poor performance below 440 nm
(Horodysky et al. 2008). Estuarine fishes are predom-
inately dichromats, with maximum absorbances of
short-wavelength pigments ranging from 440 to
460 nm and the maximum absorbances of longer-
wavelength pigments ranging 520-540 nm (e.g.,
Lythgoe and Partridge 1991; Jokela-Méittd et al.
2007; Horodysky et al. 2008, 2010). Dichromat
rhodopsin templates fitted to lionfish ERG data
estimate the maximum absorbance short-wave pig-
ment of the visual pigment to be 460 nm, and the
maximum absorbance of the long-wave pigment to be
513 nm (Table 1). These findings are congruent with
the spectral sensitivity of mangrove snapper with two
visual pigments (at 485 and 528 nm) whose visual
system is maximally sensitive to blue-green wave-
lengths (McComb et al. 2013). If lionfish are dichro-
mats, their spectral sensitivity would therefore be like
those of native estuarine piscivores. Whether dicro-
mats or trichromats, lionfish spectral sensitivity still
overlaps the spectral composition of downwelling
light in estuaries (570-700 nm at midday and
490-520 nm at twilight, Forward et al. 1988). We
therefore conclude that the spectral sensitivity of
lionfish visual system is unlikely to preclude them
from being as effective piscivores under estuarine
light conditions.

The question as to whether lionfish are dichromats
or trichromats, and whether their apparent sensitivity
to UV light arises from visual pigments residing in
separate cone cells or is due to a f-band on other visual
pigments, could be addressed using microspectropho-
tometry (e.g., Flamarique and Harosi 2000; Mosk et al.
2007). We encourage investigations in this area. If
present, the function of UV sensitivity residing in a
separate cone cell is unclear. It is unlikely to be used
for prey detection, as the life stage of lionfish
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employed in our studies are piscivorous, not plank-
tivorous. The latter employ UV sensitivity to improve
contrast between their zooplankton prey and the
surrounding veiling space light (Bowmaker 1990;
Bowmaker and Kunz 1987). It is possible that lionfish
are reflective in the UV, as are other tropical reef
species, which would enhance their recognition of
conspecifics (e.g., Losey et al. 1999, Marshall et al.
2015). We likewise encourage investigations in this
area but recognize that our suggested efforts are not
necessarily related to the ability of lionfish for
estuarine invasion.

SMR, AMR, and scope for activity

We recognize the importance of studying the effects of
temperature variability on metabolic performance in
addition to temperature acclimation (Norin et al.
2014). The former was, however, beyond the
resources available for our project. We likewise
recognize that the chase protocol we used to estimate
AMR may produce lower metabolic rate values than
those measured at maximum sustainable speeds
(Roche et al. 2013; Norin and Clark 2016). We
presumed, however, that the latter methodology would
be impractical with lionfish because of their large
pectoral fins and sluggish hunting strategy. Steell et al.
(2019) have, moreover, recently demonstrated that the
metabolic rate of lionfish following feeding exceeds
that following exhaustive exercise, reflecting the
difficulties of defining maximum metabolic rate.

We likewise recognize that estimates of SMR can
reflect methodological differences (Chabot et al.
2016). The median SMR we determined at 25 °C is
similar to the mean SMR of lionfish at 26 °C reported
by Steell et al. (2019), but well below that measured by
Cerino et al. (2013) (Table 2). At 15,20 and 25 °C, the
SMR of lionfish is generally less than half those of
representative species that occupy (at least seasonally)
western mid-Atlantic estuaries, excluding flatfishes
(Table 2). In contrast, at 30 °C the SMR of the species
listed are roughly equivalent, apart from spot whose
SMR is approximately double. The SMR of tropical
scorpionfishes (Family Scorpaenidae; Scorpaenopsis
oxycephalus, S. diabolus and Parascorpaena aurita;
body mass 50 g) at 25 °C is 41 mg O, kg~' h™!
(Zimmermann and Kunzmann 2001) which is less than
one-half of the median SMR of lionfish and, of course,
well below SMR for representative temperate
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Table 2 Metabolic rates (mg O, kg_' h™!") of lionfish and
representative mid-Atlantic estuarine fishes. For simplicity, we
have omitted error terms and grouped data measured following
exhaustive exercise, recorded during maximum sustainable
swimming speeds, or the highest metabolic rates measured

under any condition under a single column. We made no
corrections to account for the effects of body mass on weight-
specific metabolic rates, as the necessary allometric scaling
relationships are not available for all species

Species 15 °C 20 °C 25 °C 30 °C

SMR AMR SMR AMR SMR AMR SMR AMR
Lionfish 27 88 34 113 66 161 131 239
Lionfish? 43 51 101 118
Lionfish® 56 216* 81 206%*
Lionfish® 320" 356"
Spot© 70-125 208 135-153 300 150-213 416-1275 242 528
Croaker! 52-74 152 70-89 202 102-124 310-869 137 367
Summer flounder® 45 (22 °C) 93
Winter flounder” 43 77

4Cerino et al. (2015

®Steell et al. (2019) (measurement temperatures, 26 and 32 °C; *after exhaustive exercise, “after feeding)

“Leiostomus xanthurus (Horodysky et al. 2011; Marcek et al. 2019)

dMicropogonias undulatus (Horodysky et al. 2011; Marcek et al. 2019)

®Paralichthys dentatus (Capossela et al. 2012)

TPseudopleuronectes americanus (Cech et al. 1977)

estuarine species. The low SMR of lionfish, other
scorpaenids, and flatfishes could reflect their ambush-
style foraging strategies. A low SMR would be
advantageous as energy expenditure would be mini-
mal when individuals are inactive.

In normoxia, the SMR of lionfish displayed a higher
temperature sensitivity (Q;o = 3.8 and 4.0 between
20-25 °C and 25-30 °C, respectively) then the AMR
(Q10 = 2.6 and 1.7 between 20-25 °C and 25-30 °C,
respectively). This may be due to a decrease in
efficacy of the cardiorespiratory system, such it can no
longer supply oxygen and metabolic substrates to the
tissues at high rates at the higher temperatures (Portner
et al. 2017). The resultant plateau in scope for activity
above 25 °C (Fig. 7) is likely to have implications
with respect to fitness and performance during occu-
pancy of shallow areas of mid-Atlantic estuaries
where temperatures can exceed 30 °C (Rummer
et al. 2014; Farrell 2016; Norin and Clark 2016;
Baumann and Smith 2018). These observations do not
imply, however, that elevated temperatures are likely
to be a barrier to lionfish occupancy of mid-Atlantic
estuaries. The plateau in lionfish scope for activity
between 25 and 30 °C suggests an optimal

temperature range above 25 °C (Portner et al. 2017).
Our observations are, therefore, in rough agreement
with those of Barker et al. (2017) and Cerino et al.
(2013) who found the final temperature preference of
lionfish with gradual acclimation to be 29 £+ 1 °C, and
the optimal temperature for prey consumption to be
30 °C.

Overall, our results show that the effects of
temperature on lionfish scope for activity can be
divided into two stanzas: a plateau between 15 and
20 °C and a higher plateau between 25 and 30 °C
(Fig. 7). The former suggests that lionfish could
perform less frequent bouts of burst swimming (as
these would necessitate quick recovery periods) and
less frequent feeding bouts when prey items are
abundant (because rates of digestion and protein
assimilation are reduced) at temperatures between 15
and 20 °C than at temperatures between 25 and 30 °C.
Both are dependent on a high scope for activity (Brill
1996; Claireaux et al. 2000; Claireaux and Lefrancois
2007, Clark et al. 2013; Steell et al. 2019). Our results
on lionfish scope for activity do not, however, provide
a mechanistic explanation for the reported cessation of
feeding at 16 °C (Kimball et al. 2004), nor why the
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geographic boundary for lionfish appears to be set by a
minimum winter temperature of 15 °C (Whitfield
et al. 2014), as scope for activity did not approach zero
at these temperatures.

Hypoxia reduced both AMR (Fig. 6) and scope for
activity (Fig. 7), although the relative effects of
hypoxia on scope for activity occurred over every
5 °C increment in temperature and were relatively
larger. More specifically, the fractional reductions in
AMR under hypoxia were 47 and 11% at 20 and
25 °C, respectively; whereas the fractional reductions
in scope of activity under hypoxia were 71, 64, 69, and
41% at 15, 20, 25 and 30 °C, respectively. The
influence of temperature on the smaller reduction of
scope for activity under hypoxia suggests that the
optimal temperature range for lionfish under hypoxia
is close to their final temperature preference under
normoxia. In sum, we conclude that occupation of
hypoxic areas will negatively impact lionfish,
although the impact of hypoxia may be lower at water
temperatures close to their final temperature prefer-
ence (Barker et al. 2017). We recognize, however, that
the relationship of temperature, hypoxia, SMR, AMR,
and scope for activity is complex and nonlinear (e.g.,
Claireaux et al. 2000) and therefore warrants a more
systematic exploration.

Scrit and Ccrit

Not surprisingly, lionfish resemble other teleost fishes
in that they are oxygen regulators, possessing the
physiological mechanisms necessary to maintain a
constant metabolic rate until reaching their critical
oxygen level (Schurmann and Steffensen 1997;
Richards 2009; Ultsch and Regan 2019). We origi-
nally hypothesized that lionfish would be relatively
intolerant of hypoxia because they evolved in the well-
oxygenated waters of the Indo-Pacific, and because the
founder populations of lionfish in the western Atlantic
came from there (Whitfield et al. 2002; Semmens et al.
2004). More specifically, we posited that episodic
hypoxia common in estuaries (e.g. Breitburg 1992;
Rabalais et al. 2010; Baumann and Smith 2018) would
create a mismatch between environmental conditions
and lionfish physiological capabilities that would limit
their spread into these ecologically important inshore
areas. Our results on critical oxygen levels support our
hypothesis. The hypoxia tolerance of lionfish (mea-
sured as C.;) 1is approximately half that of
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representative native estuarine fishes from western
mid-Atlantic at all test temperatures (Fig. 8). The
effects of temperature on lionfish hypoxia tolerance is
less clear however. When hypoxia tolerance is
expressed as C.;, (Fig. 8), 5 °C increases in temper-
ature (i.e., 15-25 °C and 25-30 °C) do not affect
hypoxia tolerance, whereas when comparing results
over 10 °C temperature increases (i.e., 15-25 °C and
20-30 °C), C. values increase by almost 50% (i.e.,
hypoxia tolerance starkly declines). In contrast,a 5 °C
temperature increase results in an average 18%
increase in S, over all temperature intervals. The
relationship of both S.;; and C;; to temperature is
linear (r* = 0.99) however, so either unit of measure-
ment could be employed (using Egs. 4 or 5) to predict
the effects of hypoxia on lionfish distribution.

Given the intolerance of lionfish to hypoxia relative
to native estuarine fishes, we conclude that hypoxic
zones occurring in mid-Atlantic and Gulf of Mexico
estuaries (oxygen saturation = 25-40%; oxygen
content ~ 2-3 mg O, 1!, Baumann and Smith
2018) will constrain lionfish movements. We also
conclude that lionfish will be limited to occupancy of
the mouths of estuaries, or to shallow areas where
oxygen levels remain above 50% saturation (Breitburg
et al. 2003). For example, Eby and Crowder (2002)
and Eby et al. (2005) have documented habitat
compression due to seasonal hypoxia for native fishes
and we predict that this will be more acute in lionfish.
The extent and duration of seasonal hypoxia may also
expand due to increases in agricultural runoff and
urbanization that contributes to eutrophication, and the
effects of directional climate change (e.g., Kemp et al.
2005; Robbins and Lisle 2018; Baumann and Smith
2018). It is unlikely, however, that lionfish will be
subjected to the “temperature-oxygen squeeze” that
forces striped bass to occupy warmer shallow waters
outside their normal thermal range (i.e., < 25 °C;
Coutant 1985; Martino and Secor 2009) during the
summer months because deeper cooler waters (such as
the mainstem of the Chesapeake Bay) are hypoxic (i.e.,
oxygen concentrations >4 mg O, 17') (Breitburg
1992; Kemp et al. 2005). This supposition is based our
observations of the effects of temperature on SMR,
AMR and scope for activity, and the fact that the
preferred and the physiologically optimal temperature
for lionfish is 29 °C (Barker et al. 2017). We also
recognize that episodic acidification (due to elevated
carbon dioxide levels) and hypoxia occur
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simultaneously within estuaries (Baumann et al. 2015;
Baumann and Smith 2018) and that these conditions
have interactive effects on the metabolic rates, hypoxia
tolerance, and sensory biology of fishes (e.g., Esbaugh
2018; Baumann 2019; Rivest et al. 2019; Schwieter-
man et al. 2019). Quantification of the combined
effects of elevated CO, and temperature on metabolic
and sensory physiology of lionfish was beyond the
resources available for our project, but we encourage
investigations in these areas.

Conclusion

Our intention was to quantify the physiological
abilities of lionfish and thus to define environmental
conditions that could limit their invasion into estuar-
ies. The functional properties of the lionfish visual
system appear similar enough to those of native
piscivores that we infer they would not preclude
lionfish occupation of Atlantic and Gulf of Mexico
estuaries. Lionfish are, however, relatively intolerant
of hypoxia (i.e., minimum survivable oxygen levels
are higher than those native estuarine species) and
hypoxia dramatically reduces lionfish scope of activ-
ity. We contend that episodic hypoxic areas, common
in estuaries during the summer and fall months, will
control or limit the invasion of lionfish into these
ecosystems.
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