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Reduced Oxygen Impairs Photobehavior in Marine
Invertebrate Larvae
* To whom
.edu.

Received
26 January 2

Abbreviat
linear model
sure of carbo
LILLIAN R. MCCORMICK
1,*
, LISA A. LEVIN

1,2
, AND NICHOLAS W. OESCH

3,4
1Integrative Oceanography Division, 2Center for Marine Biodiversity and Conservation, Scripps Institution of Oceanography,
3Department of Psychology, and 4Department of Ophthalmology, University of California–San Diego,

La Jolla, California 92093
Abstract. Organisms in coastal waters experience natu-
rally high oxygen variability and steep oxygen gradients with
depth, in addition to ocean deoxygenation. They often undergo
diel vertical migration involving a change in irradiance that
initiates a visual behavior. Retinal function has been shown to
be highly sensitive to oxygen loss; here we assess whether
visual behavior (photobehavior) in paralarvae of the squid
Doryteuthis opalescens and the octopusOctopus bimaculatus
is affected by lowoxygen conditions, using a novel behavioral
paradigm. Larvae showed an irradiance-dependent, descend-
ing photobehavior after extinction of the light stimulus, mea-
sured through the change in vertical position of larvae in the
chamber. The magnitude of photobehavior was decreased as
oxygen was reduced, and the response was entirely gone at
<6.4 kPa partial pressure of oxygen (<74.7 mmol kg21 at
15.3 7C) in D. opalescens paralarvae. Oxygen also affected
photobehavior in O. bimaculatus paralarvae. The mean verti-
cal velocity of paralarvae was unaffected by exposure to re-
duced oxygen, indicating that oxygen deficits selectively af-
fect vision prior to locomotion. These findings suggest that
variable and declining oxygen conditions in coastal upwelling
areas and elsewherewill impair photobehavior and likely affect
the distribution, migration behavior, and survival of highly vi-
sual marine species.
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ions: GLHT, general linear hypothesis test; GLM, generalized
; IR, infrared light; K-W, Kruskal-Wallis; pCO2, partial pres-
n dioxide; pO2, partial pressure of oxygen.
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Introduction

Vision has high oxygen demands, because maintenance of
ion gradients needed from photoreceptor and neuronal signal-
ing is energetically expensive (Niven and Laughlin, 2008;
Wong-Riley, 2010; Country, 2017). The retina, containing
the photoreceptor cells, has one of the highest metabolic de-
mands per gram of tissue in the vertebrate body (Anderson,
1968; Ames, 1992; Waser and Heisler, 2005; Wong-Riley,
2010; Country, 2017). The oxygen demand is especially high
in visual structures with high temporal resolution, or fast vi-
sion, where signaling must happen at a high rate (Niven and
Laughlin, 2008); in the marine environment this occurs in
active arthropods, cephalopods, and fish (McCormick and
Levin, 2017). The effects of reduced oxygen on vision have
been well documented in terrestrial vertebrates and in some
fish (Linsenmeier et al., 1983; Johansson et al., 1997). In hu-
mans, a reduction in oxygen causes a decrease in absolute
sensitivity to light (McFarland and Evans, 1939; Linsenmeier
et al., 1983), a decline in color detection (Ernest and Krill,
1971; Vingrys and Garner, 1987), and a decrease in temporal
resolution (Fowler et al., 1993). Human eyes are oxygenated
through multiple systems of blood vessels to maintain suffi-
cient oxygen at the level of the eye; the outer retina receives
oxygen through the choroid vasculature while the inner layers
are supported by retinal vasculature (Pournaras et al., 2008).
Similarly, some fish have elaborate vasculature (choroid rete)
and processes to oxygenate their visual systems (Wittenberg
and Wittenberg, 1974; Waser and Heisler, 2005; Damsgaard
et al., 2020), and others selectively reduce activity in the vi-
sual system as a response to anoxia (Johansson et al., 1997),
indicating the high oxygen demands of this system.
In contrast to humans and terrestrial vertebrates, little work

has been done to examine the oxygen demands in vision of
marine invertebrates, especially larvae, despite the significant
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impact that oxygen-impaired vision could have on marine life
if responses were similar to what is observed in terrestrial ver-
tebrates (reviewed in McCormick and Levin, 2017). Changes
to absolute sensitivity to light can be particularly harmful in
the marine environment, because irradiance changes rapidly
with depth in the ocean. Cephalopod eyes and vertebrate
eyes havemany similarities (convergent evolution), and some
cephalopods have a partially vascularized circulatory system,
with several vessels and associated capillaries directly sup-
plying the eye with oxygen (Young, 1970), which suggests
that their eyes have similarly high oxygen demands. Recently,
we showed that exposure to reduced oxygen decreases visual
signaling at the retinal level in crustacean and cephalopod lar-
vae (McCormick et al., 2019). Here we extend these findings
to determine whether impaired retinal activity also changes
visual behavior and, thus, might alter the vertical distribution
of larvae.
Larvae of many cephalopods, arthropods, and fish rely on

vision for a variety of behaviors, including feeding, evad-
ing predators, detecting prey, and positioning themselves ver-
tically in the water column (Forward, 1988; Robin et al.,
2014). One determinant of vertical distribution in the water
column is diel vertical migration (DVM), the daily migration
of marine organisms from deeper in the water column during
the day to the surface of the ocean at night, and from the sur-
face to depth again at dawn (Forward, 1988; Cohen and For-
ward, 2009). Diel vertical migration has been documented in
larvae of both pelagic and benthic marine invertebrates (Ran-
del and Jékley, 2015), including cephalopods and other highly
visual marine organisms (Ambrose, 1981; Zeidberg and Ham-
ner, 2002). For most marine larvae, the cue for migration is
primarily light, either a specific irradiance or the detection
of a change in light irradiance at a specific rate that initiates
phototaxis behavior, causing upward swimming movement
toward light (positive phototaxis) or passive sinking or swim-
ming away from light (negative phototaxis) (Rudjakov, 1970;
Forward, 1988; Cohen and Forward, 2009). Many marine lar-
vae exhibit another type of photobehavior, where the larvae
sink in response to a decrease of irradiance; this has been ob-
served in larvae of marine fish, crustaceans, and at least one
cephalopod species (Forward et al., 1996; Charpentier and
Cohen, 2015; Puneeta et al., 2018). Here we made use of a ro-
bust sinking response at the termination of a light stimulus,
which we termed the “OFF-sinking response.”Themagnitude
of this behavioral response was modulated by stimulus irradi-
ance and provided a behavioral readout for visual function.
Though not well understood in cephalopod larvae, this re-
sponse either can be a change in vertical position after a pos-
itive phototaxis response or could be a predator shadow re-
sponse, where larvae sink away from a shadow, indicating a
predator, such as a larger fish or ctenophore, moving overhead
(Charpentier and Cohen, 2015; Puneeta et al., 2018). Regard-
less of the reason for the response, this photobehavior relies
on detecting a change in irradiance for the cue.
In general, larvae that migrate vertically through the water
column must be resilient to very different environmental con-
ditions at the limits of their distribution. Both light and oxygen
concentration exhibit strong gradients with water depth in the
ocean and high variability over time, particularly on margins
with highly productive eastern boundary current upwelling
(McCormick and Levin, 2017), fjords (Hansen et al., 2002),
tropical gulfs with coastal hypoxia (e.g., Gulf of Mexico, Gulf
of California) (Rabalais et al., 2002; Gallo et al., 2020), and
shallow bays and estuaries (Tyler et al., 2009). Global ocean
deoxygenation has caused the average oxygen content of the
ocean to decline by 2% since 1960, and losses can be exacer-
bated in areas that experience natural variability in oxygen
conditions (Schmidtko et al., 2017). In regions such as the
Southern California Bight, defined as the coastal region of
the eastern Pacific Ocean south of Point Conception and
north of the US-Mexico border, where there is high variabil-
ity in conditions, the partial pressure of oxygen (pO2) drops
quickly from surface waters over the first 300 m of the water
column; and low oxygen effects on marine organisms may
occur well above the depth of the mid-water, oxygen mini-
mum zone (Gilly et al., 2013). In all of these settings, ongoing
climate- and eutrophication-induced ocean deoxygenation
threaten to increase the incidence and extent of hypoxia
(Breitburg et al., 2018; Kessouri et al., 2021). Similar to ox-
ygen, the irradiance and spectral composition of light also
change rapidly with depth in the water column and can vary
greatly over time, depending on local conditions (e.g., phyto-
plankton bloom, etc.) (Jerlov, 1951). Both factors are known
to limit or influence the distribution of marine organisms
(Netburn and Koslow, 2015; Aksnes et al., 2017; Hobbs et al.,
2021), but how these two factors interact to impact visual be-
havior is poorly understood.
Here we provide what we believe are the first measured ef-

fects of reduced oxygen on photobehavior in marine inverte-
brate larvae by using larval cephalopods (called paralarvae)
as a model. Vision is critical for their survival (Robin et al.,
2014) because feeding must begin immediately upon hatch-
ing (Vidal et al., 2002). Cephalopod paralarvae undergo diel
vertical migration and have very high metabolic requirements
as a result of elevated activity levels and complex visual sys-
tems (Pimentel et al., 2012; Vidal et al., 2019); exposure to
low pO2 could significantly impact survival if visual behavior
is impaired.We conducted experiments with paralarvae of the
market squid,Doryteuthis opalescens, and the two-spot octo-
pus, Octopus bimaculatus, two cephalopod species common
to the Southern California Bight, in order to (1) establish a
visual behavior that was modulated by irradiance and use
this to (2) examine whether there is oxygen sensitivity of
photobehavior in marine larvae and (3) compare results
for photobehavior to the oxygen limits for retinal function
(McCormick et al., 2019) to determine whether physiological
impairment from low oxygen also causes deficits in visual
behavior. Based on the decline observed in physiological
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retinal function in these species during exposure to reduced
oxygen (McCormick et al., 2019), we hypothesized that there
would be certain oxygen conditions below which visual be-
haviors are altered or cease. Our results show that exposure
to reduced pO2 decreased the magnitude of the OFF-sinking
response, while locomotor behavior remained unchanged, in-
dicating a selective effect of low oxygen on visual behavior.
Based on these results and what other research has shown, we
expect deficits in visual behavior to directly translate to al-
tered vertical position in the water column and survivability
for paralarvae and suggest that this is a starting point from
which to further explore the effects of natural and anthropo-
genic oxygen variability on behavior in marine animals.
Materials and Methods

Animal collection and rearing

Egg capsules and egg clusters fromDoryteuthis opalescens
(Berry, 1911) and Octopus bimaculatus Verrill, 1883 were
collected in Monterey Bay and Newport Beach, California,
respectively, transported to San Diego, and raised in the lab-
oratory. Paralarvae ofD. opalescens andO. bimaculatuswere
hatched from capsules and clusters, respectively, kept in a
light-controlled experimental room and housed in a 4-L tank
with flowing, aerated seawater at a constant temperature of
14 7C under a 13h∶11h light∶dark cycle. After hatching, para-
larvae were kept in separate 1-L containers at 15 7C with their
hatching cohort under the same light cycle, with daily feeding
of Artemia brine shrimp larvae and/or wild-collected copepods.
All paralarvae were tested within one to six days of hatching.

Photobehavior experiments

Photobehavior experiments were conducted 3–11 hours
after sunrise, using light stimuli of a range of irradiances dur-
ing exposure to 4 different oxygen conditions for paralarvae
of each species. Swimming behavior was recorded to obtain
information about larval position and movement in response
to light and to quantify photobehavior.
Experiments were conducted in a vertically oriented, five-

sided plexiglass chamber (dimensions: 20 cm H � 5 cm L �
4 cmW) with a removable clear cover, placed in a light-tight
enclosure (Fig. 1). Light stimuli were generated by a green
Figure 1. Experimental design for measuring photobehavior of cephalopod larvae. A schematic of the exper-
imental chamber (20 cm H � 4 cm W � 5 cm L) where the behavior of Doryteuthis opalescens and Octopus
bimaculatus paralarvae were measured during exposure to a light stimulus (10-s duration), immediately followed
by a 3-min period in darkness. To quantify the larval vertical distribution for analysis, the chamber was numeri-
cally described in millimeters, with 180 closest to the light stimulus and 280 as the bottom of the chamber (0 is
the center; the chamber was filled to 160 mm). A software program analyzed the tracks of paralarvae (blue dashed
lines) during the 30 seconds before termination of the light stimulus (Before; yellow boxes; 20 s dark1 10 s light
stimulus) and the darkness 30 seconds after the termination of the light stimulus (After; purple boxes). The analysis
was completed for nine irradiance levels and four oxygen conditions to quantify the mean vertical position of the
paralarvae and determine the OFF-sinking response. Two 2-minute dark controls were used to measure swimming
behavior prior to and after the experiment (blue boxes).
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super-bright T-1 3/4 package LED (525 nm; 35 nm full width
at half maximum [FWHM]; Thorlabs LED528EHP, Newton,
NJ) suspended above the chamber; this wavelength was cho-
sen tomatch the spectral sensitivity of the larvae (McCormick
et al., 2019). Irradiance was controlled using an Arduino Uno
microcontroller board and a 16-bit pulse width modulation
(PWM) LED driver (Adafruit Industries, New York, NY). The
absolute irradiance of the LEDwas measured using a fiber spec-
trometer (FLAME-S-VIS-NIR-ES, Ocean Optics, Key Largo,
FL) with a cosine corrector (CC-3-UV-S, Ocean Optics), cali-
brated using a near infrared (NIR)-calibrated lamp (HL-3P-
CAL, Ocean Optics). The overhead light passed through a
white diffuser filter before reaching the chamber to mimic a
natural angular light distribution and prevent abnormal photo-
responses that can occur from direct artificial lighting (Forward,
1986). For each experiment, 20 individuals (D. opalescens) or
5–6 individuals (O. bimaculatus) were added individually into
the chamber and tested together. The temperature and pO2 in
the chamber were recorded before and after each trial, using
a micro-oxygen sensor and temperature probe (PreSens Preci-
sion Sensing, Regensburg, Germany; Microx 4, Pst-7, and
St26). With the exception of the light stimuli, experiments
were illuminated only with infrared light (IR; >940 nm) for
video recording; these wavelengths are outside the sensitivity
range of cephalopods (McCormick and Cohen, 2012). Here-
after, illumination with only IR and no visible light is referred
to as “dark” or “in darkness.” After a 15-minute dark acclima-
tion period, recording started with 2 minutes under only IR il-
lumination for a representation of normal dark behavior (dark
control), followed by a series of 9 10-second light stimuli, each
followed by a 3-minute dark adaptation period (Fig. 1). The
light stimuli decreased in intensity, from 2.45 to 0.063 mmol
photons m22 s21, and the total trial duration was 33 minutes.
Experiments were concluded with a second post-experimental
dark control to determinewhether swimming behavior was dif-
ferent from that during the initial dark control as a result of the
experimental design (Fig. 1). Each trial was completed two to
four times with different individuals for each of the four dif-
ferent oxygen conditions; water was changed for each trial.
Oxygen treatment

Photobehavior experiments were conducted at four differ-
ent oxygen conditions for each species, based on previously
developed metrics (V90, V50, and V10) for oxygen sensitivity
that reflect the pO2 at which 90%, 50%, and 10% retinal func-
tion occurs, respectively, in comparison to normoxia (Mc-
Cormick et al., 2019). For all experiments, normoxia refers
to 100%–105% air saturation and is representative of pO2 at
the ocean surface. ForD. opalescens paralarvae, the target ox-
ygen conditions tested were normoxia (21 kPa), V50 (13 kPa),
V10 (6.9 kPa), and a low pO2 (4 kPa), which was a lower pO2

than V10. Target oxygen conditions for O. bimaculatus para-
larvae were normoxia (21 kPa), V90 (11.5 kPa), V50 (7.2 kPa),
and V10 (5.9 kPa). A custom oxygen and pH control system
was used to create all oxygen conditions; this system allowed
a change in pO2 with little change in carbonate chemistry and
is a modified version of the system described in Bockmon
et al. (2013). For all trials, pH was maintained at 8.17 ± 0.12
(SD) for D. opalescens paralarvae and 8.12 ± 0.10 (SD) for
O. bimaculatus paralarvae, which is slightly higher than usual
surface pH for this area (~8.07 at 7-m depth), but within nor-
mal diurnal variability (±0.10–0.36) (Frieder et al., 2012).
The number of trials and the average pO2, temperature, pH,
and larval age for all trials are summarized in Table A1.
Experiment analysis

All trials were recorded under IR illumination using a
2-MP 5–50-mm varifocal lens USB camera (ELP, Shenzhen
Ailipu Technology, Shenzhen, China) and saved as a video,
using the open-source software Bonsai (Lopes et al., 2015)
as an interface. To quantify the photobehavior response, we
obtained the position of individual larvae by using Etho-
Vision XT motion-tracking software (ver. 15, Noldus Infor-
mation Technology, Wageningen, The Netherlands). Results
were quantified for each video frame (~60,000 frames for
each trial) and then binned into averages for every second
throughout the entirety of the experiment for each oxygen
condition and species. The mean vertical position of all larvae
in the chamber during a trial represents one replicate, which
was repeated two to four times per oxygen condition. The
averaged vertical position data were boxcar smoothed (10-s
average), and mean vertical velocity was calculated from
the first derivative of position data over time. Although there are
some viscous effects of the walls and the paralarvae expe-
rience a moderate Reynolds number (ratio of inertial forces to
viscous forces), we do not expect that wall effects will influ-
ence the speed or distribution of the larvae because of their
relative size and swimming speed (Vogel, 1981; Zakroff
et al., 2018).
In order to identify the oxygen sensitivity for photobehav-

ior in D. opalescens and O. bimaculatus paralarvae, we com-
pared the vertical position of paralarvae in the 30 seconds be-
fore the termination of the light stimulus (20 s in dark1 10 s
light stimulus: Before) to the vertical position of paralarvae in
the 30 seconds after the termination of the light stimulus (Af-
ter); this was called the OFF-sinking response (Fig. 1). We
used a generalized linear model (GLM) examining the effects
of the 30-second period (Before/After), oxygen, and irradi-
ance (and the interactions of all three terms) on the mean ver-
tical position of the paralarvae (response term), using a Gauss-
ian distribution and the identity link function (“glm” function
in R; R Core Team, 2020). We used the zero-centered means
of each Before/After combination for each trial to prevent ran-
dom changes in vertical position between pairs from affecting
significance. Overall statistical significance for terms and in-
teractions was determined by conducting an ANOVA F test
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on the model. In cases where the 30-second period and oxy-
gen interaction had a significant interactive effect on vertical
position, significance between the Before and After vertical
position was determined at each oxygen condition, using a
general linear hypothesis test (GLHT; “glht” function of the
multcomp package in R [R Core Team, 2020]; Hothorn et al.,
2008) at the mean irradiance (1.19 mmol photons m22 s21),
with the Holm P value adjustment method for multiple com-
parisons. A significant OFF-sinking response is defined here
as a significant difference in the mean vertical position of para-
larvae between the 30 seconds before the termination of the
light stimulus and the 30 seconds after the termination of the
light stimulus.
To control for non-visual changes in locomotor behavior

attributed to the effects of reduced pO2 or fatigue, we exam-
ined mean vertical velocity of both D. opalescens and O.
bimaculatus as a measure of the swimming ability of the
paralarvae. In this analysis, we compared the mean vertical
velocity, positive vertical velocity, and negative vertical ve-
locity for both the dark control of normal swimming behav-
ior prior to the start of the experiment and after the conclu-
sion of the experiment (i.e., after all nine light stimuli and
dark periods had finished). Kruskal-Wallis (K-W) one-way
ANOVA tests were used to determine whether there were
differences between the velocity before and after the experi-
ment and whether the velocity was different across oxygen
conditions for the mean vertical velocity, positive vertical ve-
locity, and negative vertical velocity.
Unless otherwise stated, all values are given as mean ±

1 standard error of the mean (SEM), significance was consid-
ered P < 0.05, and “df” denotes degrees of freedom for the
given statistical test. All analyses were conducted in R Studio
(ver. 1.2.5033), running R (ver. 3.3.3) (R Core Team, 2020).

Results

The first objective was to describe a visual behavior where
the vertical position of the paralarvae was modulated in an
irradiance-dependent manner. We found strong evidence of
a sinking response after termination of the light stimulus in
Doryteuthis opalescens (Fig. 2A) and limited evidence of a
sinking response in Octopus bimaculatus paralarvae (Fig. 2B).
Importantly, this photobehavior (OFF-sinking response) was
modulated by irradiance, with a stronger OFF-sinking re-
sponse at higher irradiances. Doryteuthis opalescens paralar-
vae showed a significant OFF-sinking response after the ter-
mination of the light stimulus (F test on GLM, F 5 112.2,
df 5 1, 232, P < 0.0001) (Fig. 3; Table 1) that was affected
by irradiance (F test on GLM, F 5 7.68, df 5 1, 244, P 5
0.006). Octopus bimaculatus paralarvae showed a marginal
OFF-sinking response that was affected by irradiance (F test
on GLM, F5 17.22, df5 1, 134, P < 0.001), but the overall
change in vertical position between the 30-second periods
was not significant (F test on GLM, F 5 1.51, df 5 1, 142,
P5 0.222) (Fig. 4; Table 1). Taken together, these results sug-
gest that the sinking behavior can be a viable experimental par-
adigm to examine visual behavior in invertebrate paralarvae.

Oxygen thresholds for photobehavior

Given that vision requires significant metabolic resources,
we hypothesized that decreased oxygen partial pressures
may specifically impair photobehavior. To test this hypothe-
sis, we repeated these experiments in different oxygen con-
centrations. In addition to the significant effects of irradiance,
we observed that the OFF-sinking response in D. opalescens
paralarvae was affected by oxygen (F test on GLM, F 5
19.86, df5 3, 225, P < 0.001) and that the 3-way interaction
of 30-second period, oxygen, and irradiance also had a sig-
nificant effect (F test on GLM, F 5 4.25, df 5 3, 218,
P 5 0.006) (Table 1). The extent of photobehavior dimin-
ished with decreases in both irradiance and oxygen; the
OFF-sinking response (decrease in vertical position) was an
average of 11.6 ± 1.0 mm in normoxia (21.1 kPa), 6.8 ±
1.4 mm in V50 (12.9 kPa), 4.0 ± 1.0 mm in V10 (6.4 kPa),
Figure 2. Mean position of larval cephalopods in the photobehavior
chamber during the experiment under normoxia showing the OFF-sinking
response after termination of the light stimulus. Mean vertical position
(mm) of (A) Doryteuthis opalescens and (B) Octopus bimaculatus
paralarvae throughout the experiment (s). Data from all trials in normoxia
(21.1–21.3 kPa) were averaged and boxcar smoothed. The 10-second light
stimuli are shown as vertical gray bars, with irradiance levels (Irrad.; mmol
photons m22 s21) presented above bars. Chamber is on a scale from 80 (top
of the chamber) to 280 (bottom of the chamber), with 0 as the center. Note
the difference in vertical scale for the plots.
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and 0.2 ± 1.2 mm in low oxygen (4.2 kPa) (Figs. 3, A1). Post
hoc testing showed that this OFF-sinking responsewas signif-
icant in normoxia (GLHT,Z5 11.59,P< 0.001), V50 (GLHT,
Z5 4.77, P < 0.001), and V10 (GLHT, Z5 4.02, P5 0.001)
but not under low oxygen (GLHT, Z 5 0.208, P5 0.835) at
the mean irradiance level (1.199 mmol photons m22 s21; Ta-
ble 2), indicating that while effects on photobehavior were
observed at all decreases in oxygen, the absolute oxygen
threshold for photobehavior is between 6.4–4.2 kPa (V10-
low) for D. opalescens paralarvae.
The OFF-sinking response in O. bimaculatus paralarvae

was also affected by oxygen; the 30-second period� oxygen
interaction had a significant effect on vertical position of the
paralarvae (F test on GLM, F 5 17.22, df 5 1, 134, P <
0.001). The 3-way interaction of the 30-second period, oxy-
gen, and irradiance was not significant (F test on GLM, F 5
2.15, df 5 3, 128, P 5 0.098; Fig. 4; Table 1). The OFF-
sinking response showed a non-significant decline with a
decrease in oxygen and a potential reversal of behavior at the
lowest oxygen condition and irradiance levels; paralarvae de-
creased their vertical position after the termination of the light
stimulus by 6.1 ± 2.1 mm in normoxia (21.3 kPa; GLHT, Z5
2.92, P5 0.0956), 1.5 ± 2.0 mm in V90 (10.7 kPa; GLHT, Z5
0.74, P 5 1.0), and 0.7 ± 2.1 mm in V50 (7.4 kPa; GLHT,
Z 5 0.34, P 5 1.0), and increased their vertical position by
3.2 ± 2.1 mm in V10 (5.8 kPa; GLHT, Z 5 21.55, P 5 1.0)
(Table 2; Fig. A2). An oxygen threshold for photobehavior
could not be calculated for O. bimaculatus paralarvae due
to the small sample size per trial (n 5 5–6 individuals) and
variable behavior of paralarvae.
Oxygen sensitivity of vertical swimming velocity

It is possible that exposure to reduced oxygen could affect
processes other than vision, such as locomotion, that could
also impair the photobehavior. To test whether this was truly
a visual response and not confounded by oxygen effects on
swimming capacity, we measured the mean vertical velocity
of the paralarvae. The mean vertical velocity was not signif-
icantly different in the 2 minutes of darkness at the beginning
of the experiment compared to the 2 minutes of darkness
(dark controls) at the end of the experiment (K-W, D.
Figure 3. Oxygen effects on photobehavior of Doryteuthis opalescens paralarvae in a vertical chamber with
an overhead light stimulus. The mean vertical position of paralarvae 30 seconds before the termination of a light
stimulus (Before; yellow symbols and lines; 20 s dark 1 10-s light stimulus) compared to the mean vertical po-
sition of paralarvae 30 seconds after the termination of the light stimulus (After; purple symbols and lines; 30 s
dark), centered around zero. Points represent means of individual trials, and diamonds represent the overall mean
for each 30-second period. Photobehavior is shown for 4 oxygen levels, normoxia (21.1 kPa), V50 (12.9 kPa), V10

(6.4 kPa), and low (4.2 kPa), and 9 irradiance levels (mmol photons m2 s21). Differences in vertical position be-
tween the 30 seconds before and after the termination of the light stimulus, oxygen condition, and irradiance were
determined using generalized linear models (GLM); fits and 95% confidence intervals are shown as solid lines and
shading, respectively, with colors as described above.
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opalescens: x2 5 0.014, df 5 1, P5 0.904; O. bimaculatus:
x2 5 0.0004, df5 3, P5 0.983) or during any of the oxygen
conditions (K-W, D. opalescens: x2 5 0.179, df 5 3, P 5
098; O. bimaculatus: x2 5 0.521, df 5 3, P 5 0.914) for ei-
ther species (Figs. A3, A4).
To examine vertical locomotor activity in finer detail, we

separately measured upward (positive) velocity, which requires
active swimming in these negatively buoyant paralarvae, and
downward (negative) velocity, which represents a passive sink-
ing response. Positive vertical velocity increasedwith a decrease
in oxygen in D. opalescens (K-W, x2 5 41.40, df 5 3, P <
0.001) and was significantly different across oxygen conditions
in O. bimaculatus (K-W, x2 5 8.08, df5 3, P5 0.044). Neg-
ative vertical velocity also showed an increase inD. opalescens
paralarvae before and after experiments with a decrease in oxy-
gen (K-W, x25 21.86, df5 3, P < 0.001) and no change inO.
bimaculatus paralarvae (K-W, x2 5 7.71, df 5 3, P 5 0.052).
These changes in positive and negative vertical velocity would
not cause the decreases in photobehavior observed with oxy-
gen, given that they act opposite to the observed oxygen effects.

Discussion

We demonstrated an irradiance-dependent, robust OFF-
sinking response after the termination of a light stimulus in
paralarvae of two species. This response decreased under re-
duced oxygen conditions, and the photobehavior was elimi-
nated at the lowest oxygen levels in Doryteuthis opalescens
paralarvae. The impairment in photobehavior from reduced
pO2 in D. opalescens and Octopus bimaculatus could poten-
tially cause paralarvae to miss the visual cue (light) for a
change in vertical position, increasing the risk of predation
and retention of paralarvae in suboptimal conditions.

Photobehavior in marine larvae

Directed swimming and sinking movements (e.g., photo-
behavior, geotaxis, chemotaxis, etc.) that regulate position
in the water column are crucial to the survival of marine lar-
vae. In cephalopod paralarvae, changing position in the water
column after hatching moves the paralarvae away from po-
tential predators at the egg site and toward their prey (Fields,
1965; Villaneuva and Norman, 2008) and also enables para-
larvae to be transported away from the hatching site by tides
and currents (Villaneuva and Norman, 2008; Robin et al.,
2014). This has an added benefit of removing paralarvae
from potentially stressful (low pO2, high pCO2) conditions
at the egg bed site (Robin et al., 2014; Navarro et al., 2018).
Tidal cues, such as salinity, can be particularly important in
controlling vertical distribution for larvae of estuarine animals
(Latz and Forward, 1977; Cronin and Forward, 1986). Menha-
den larvae (Brevoortia tyrannus) show a difference in vertical
position when placed in water from offshore versus when in
estuarine water, likely due to a change in the chemical compo-
sition of the water (Forward et al., 1996). In addition, some
larvae will actively avoid areas with suboptimal conditions.
For example, larvae of the bay anchovy (Anchoa mitchilli) and
the naked goby (Gobiosoma bosc) changed their vertical distri-
bution to avoid oxygen levels <1 mg L21 (Breitburg, 1994).
Similarly, in locations where there was a hypoxic bottom in
the northern Gulf of Mexico, copepods shifted their distribution
to ~7 m shallower than when bottom waters were normoxic
Table 1

Results for F tests (ANOVA) on the generalized linear models (GLM) testing the effects of oxygen and irradiance on vertical position in Doryteuthis
opalescens and Octopus bimaculatus paralarvae

Species, term and interaction df Dev. Resid. Dev. F P value

D. opalescens
30-s period 1, 232 2041.61 5423.3 112.20 <0.001
O2 3, 229 0.00 5423.3 0.00 1.000
Irrad 1, 228 0.00 5423.3 0.00 0.999
30-s period:O2 3, 225 1084.50 4338.8 19.87 <0.001
30-s period:Irrad 1, 224 139.89 4198.9 7.69 0.006
O2:Irrad 3, 221 0.00 4198.9 0.00 1.000
30-s period:O2:Irrad 3, 218 232.24 3966.7 4.25 0.006

O. bimaculatus
30-s period 1, 142 57.94 6227.6 1.51 0.222
O2 3, 139 0.00 6227.6 0.00 1.000
Irrad 1, 138 0.00 6227.6 0.00 1.000
30-s period:O2 3, 135 389.55 5838.0 3.37 0.021
30-s period:Irrad 1, 134 662.80 5175.2 17.22 <0.001
O2:Irrad 3, 131 0.00 5175.2 0.00 1.000
30-s period:O2:Irrad 3, 128 248.49 4926.7 2.15 0.097
Photobehavior was measured as a change in the vertical position of paralarvae between the 30 seconds before the termination of the light stimulus compared
to the 30 seconds after the termination of the light stimulus (30-s period), for 4 experimental oxygen conditions (O2), and 9 irradiance levels (Irrad); “df” refers
to degrees of freedom, “Dev.” refers to deviance, and “Resid.” refers to residual. P values lower than 0.05 are shown in bold italics.
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(Roman et al., 2012). Paralarvae of the ommastrephid squids
Sthenoteuthis oualaniensis andDosidicus gigas that live in ar-
eas with a very shallow oxygen minimum zone in the eastern
tropical Pacific (Staaf et al., 2013) are often found concentrated
in areas with higher oxygen between the thermocline and the
surface (Sánchez-Velasco et al., 2016) and in convergent zones
(fronts) (Ruvalcaba-Aroche et al., 2018). The abundance and
dispersal of D. opalescens paralarvae have been correlated
withmesoscale fronts aswell as temporal variability in oxygen
conditions during El Niño-Southern Oscillation (ENSO) cy-
cles (Zeidberg andHamner, 2002). Finding an appropriate ver-
tical position in the ocean is critical to survival in marine lar-
vae, and visual impairment from exposure to low oxygen may
disrupt the detection of visual cues and change vertical distri-
bution in paralarvae.
The effect of oxygen on photobehavior has been previously

demonstrated in only a few studies in marine and aquatic
animals. Scherer (1971) found that the negative phototaxis
behavior in the walleye fish, Stizostedion vitreum, under nor-
moxic conditions was reversed after oxygen was decreased
below 1.5 mg O2 L

21 (4.3 kPa at 22 7C). Similarly, normal
phototaxis behavior was reversed in adult anemone Antho-
pleura elegantissima and aquatic mayfly larvae Cloeon dip-
terum after exposure to 4.5 mL O2 L

21 (15.4 kPa at 13 7C)
and anoxia, respectively (Fredericks, 1976; Nagell, 1977). To
our knowledge, this is the first study to determine oxygen ef-
fects on photobehavior in cephalopod paralarvae.
The OFF-sinking response observed here is a clear re-

sponse to light and likely a consistent photobehavior among
cephalopod larvae. Cephalopod paralarvae exhibit positive
phototaxis; this has been documented in paralarvae of the
squids Todarodes pacificus (Puneeta et al., 2018), Doryteu-
this (5 Loligo) opalescens (Arnold, 1965; Fields, 1965),Loligo
forbesii (Martins, 1997), and octopuses with a paralarval stage
(Villaneuva and Norman, 2008), including paralarvae of O.
bimaculatus (Ambrose, 1981). The sinking response observed
here after termination of a light stimulus is similar to the
photobehavior described in T. pacificus paralarvae, where
paralarvae moved to the surface of the experimental tank dur-
ing a 10-minute light stimulus and then sank after the light
was turned off (Puneeta et al., 2018). Here, we extend these
results to show the irradiance dependence of the OFF-sinking
Figure 4. Oxygen effects on photobehavior of Octopus bimaculatus paralarvae in a vertical chamber with an
overhead light stimulus. The mean vertical position of paralarvae 30 seconds before the termination of a light stim-
ulus (Before; yellow symbols and lines; 20 s dark1 10-s light stimulus) compared to the mean vertical position of
paralarvae 30 seconds after the termination of the light stimulus (After; purple symbols and lines; 30 s dark), cen-
tered around zero. Points represent means of individual trials (2–4 per oxygen condition), and diamonds represent
the overall mean for each 30-second period. Photobehavior is shown for 4 oxygen conditions, normoxia (21.3 kPa),
V90 (10.7 kPa), V50 (7.4 kPa), and V10 (5.8 kPa), and 9 irradiance levels (mmol photons m2 s21). Differences in ver-
tical position between the 30 seconds before and after the termination of the light stimulus, oxygen condition, and
irradiance were determined using generalized linear models (GLM); fits and 95% confidence intervals are shown
as solid lines and shading, respectively, with colors as described above.
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response and its utility as a method of quantifying photobe-
havior that can be used in future studies of cephalopod larvae
where measuring phototaxis might be challenging.
The impairment of the OFF-sinking response during expo-

sure to reduced pO2 in paralarvae of D. opalescens and O.
bimaculatus observed in this study suggests that these larvae
will be behaviorally inhibited by exposure to a reduction in
pO2. Paralarvae of both species showed a change in the post-
stimulus sinking photobehavior under reduced pO2, as re-
flected in the mean position of the larvae in the chamber; the
response was stronger for paralarvae of D. opalescens than
paralarvae of O. bimaculatus (Figs. 3, 4). It is reasonable that
photobehavior can persist in larvae with some level of retinal
impairment, as long as the detection of the change in irradiance
is transmitted to the brain. Paralarvae ofD. opalescens showed
an absolute oxygen threshold for photobehavior between 6.4
and 4.2 kPa, where no photoresponse was detected at any irra-
diance; however, the photobehavior decreased with any reduc-
tion in oxygen (Fig. A1). This oxygen threshold corresponds
with the oxygen that would cause ~10% retinal function ob-
served in D. opalescens paralarvae (McCormick et al., 2019).
While there was evidence that oxygen affected photobehavior
in O. bimaculatus paralarvae, we were not able to calculate
an oxygen threshold and compare to the oxygen sensitivity
of retinal function. This was likely attributed to the lower sam-
ple size of O. bimaculatus paralarvae used in each trial (n 5
5–6 individuals), in contrast to trials forD. opalescens (n5 20
individuals), used to quantify movement and inherent individ-
ual variability in behavior. Additional experiments will be nec-
essary to determine the extent of the effect of oxygen on photo-
behavior forO. bimaculatus paralarvae and to determine whether
the observed differences are truly species specific. It is also
not yet clear whether the decrease in both retinal responses
(McCormick et al., 2019), and the subsequent photobehavior,
is due to an inability of the vasculature to maintain pO2 at the
level of the eye and brain or whether the decrease is an active
suppression mechanism to conserve oxygen in these species
(as in Johansson et al., 1997).
Given that oxygen is required for other functions in addi-

tion to vision (e.g., swimming), we examined the vertical ve-
locity of paralarvae in darkness to confirm that the behavior
observed here was due to visual impairment. We observed no
change in the mean vertical velocity of paralarvae of both
species in the darkness across oxygen conditions (Figs. A3,
A4). When positive and negative vertical velocities were iso-
lated, both species showed a change in vertical velocity that
was opposite the response we would expect if oxygen effects
on velocity were impacting the visual behavior (Figs. A3,
A4). Additionally, other behaviors may affect vertical distri-
butions. For example, cephalopod paralarvae also have strong
negative geotaxis (upward swimming behavior) immediately
after hatching, but this behavior is reported to lessenwith time
and be almost diminished after 12 hours post-hatching in
Loligo pealei (Sidie and Holloway, 1999) and after 2 days
in L. forbesii (Martins, 1997). Even at one to six days post-
hatchingwe observed a persistent occurrence of negative geo-
taxis, which led to some paralarvae at the top of the chamber
even in the absence of a light stimulus. This, combined with a
short-duration stimulus (10 seconds) prevented us from quan-
tifying positive phototaxis in this study, as expected in ceph-
alopod paralarvae (Zeidberg and Hamner, 2002; Villaneuva
and Norman, 2008). However, geotaxis was evident at all ir-
radiance levels and oxygen conditions, and it did not compro-
mise the sinking behavior. As a result, we conclude that the
OFF-sinking behavior described here was an appropriate
method of quantifying photobehavior.
Ecological consequences of impaired photobehavior

Both the ability to detect a change in irradiance and the ver-
tical distribution of larvae can be affected by environmental
conditions (Tankersley et al., 1995). The change in photo-
behavior observed with a decrease in pO2 in D. opalescens
and O. bimaculatus paralarvae may be exacerbated by other
environmental stressors such as carbon dioxide (CO2), which
correlates negatively with oxygen in upwelling areas, such as
the Southern California Bight (Frieder et al., 2012; Navarro
et al., 2018), and in eutrophic coastal waters (Cai et al., 2011).
High variability in both stressors can be observed in the egg de-
velopment grounds and paralarval habitat for D. opalescens
and O. bimaculatus (Ambrose, 1981; Navarro et al., 2018).
Changes in swimming behavior have been observed under high
Table 2

Results for post hoc general linear hypothesis tests (GLHT) determining
significance in pairwise comparisons of vertical position before and after
the termination of a light stimulus in different oxygen conditions in
Doryteuthis opalescens and Octopus bimaculatus paralarvae

Species, pO2 level Estimate (diff ) Standard error Z value P value

D. opalescens
Normoxia (21.1 kPa) 11.59 1.01 11.53 <0.001
V50 (12.9 kPa) 6.78 1.42 4.77 <0.001
V10 (6.4 kPa) 4.04 1.01 4.02 <0.001
Low (4.2 kPa) 0.24 1.16 0.21 0.835

O. bimaculatus
Normoxia (21.3 kPa) 6.05 2.07 2.93 0.096
V90 (10.7 kPa) 1.52 2.07 0.74 1.000
V50 (7.4 kPa) 0.70 2.07 0.34 1.000
V10 (5.8 kPa) 23.20 2.07 21.55 1.000
Photobehavior was measured as the difference in the vertical position of
paralarvae between the 30 seconds before the termination of the light stim-
ulus compared to the 30 seconds after the termination of the light stimulus
(Before – After; “diff”), for 4 experimental oxygen conditions. Compari-
sons were conducted at the mean irradiance level tested (1.19 mmol photons
m22 s21); V90, V50, and V10 refer to the partial pressure of oxygen (pO2; kPa)
corresponding to 90%, 50%, and 10% retinal function as in McCormick et al.
(2019). “Low” refers to a pO2 less than V10 for D. opalescens paralarvae.
P values lower than 0.05 are shown in bold italics.
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partial pressure of CO2 (pCO2; decrease in pH) in the longfin
inshore squid Doryteuthis pealeii native to the western Atlan-
tic, with a decrease in the distance traveled, vertical velocity,
and mean velocity of day-old paralarvae during exposure to
an increase in pCO2 (Zakroff et al., 2018). If D. opalescens
paralarvae respond similarly to D. pealeii, exposure to both in-
creased pCO2 and decreased pO2 could impair swimming ve-
locity and photobehavior, potentially altering distribution even
more. Future experiments should consider the interactive effect
of these stressors. Additionally, phototaxis is a complicated be-
havior that employs other sensory modalities in addition to vi-
sion, such as extra-ocular photoreception (Ramirez and Oakley,
2015); it is not known the extent to which oxygen or other
stressors affect these supporting modalities. Experiments with
multiple stimulus exposures (such as both chemical and visual
danger cues) could help determine whether oxygen is prefer-
entially used for specific sensory modalities.
The visual sensitivity of cephalopod larvae to oxygen de-

cline is likely to lead to changes in vertical and cross-shore
distributions and altered fitness as ocean deoxygenation en-
sues in coastal waters. Ocean warming is causing reduced
solubility and increased stratification, which has led to expan-
sion of oceanic oxygen minimum and oxygen-limited zones
(Stramma et al., 2010; Gilly et al., 2013) and has exacerbated
eutrophication and coastal hypoxia (Altieri and Gedan, 2015;
Breitburg et al., 2018).Whilewe focused on shallow-dwelling
cephalopod paralarvae above the oxygenminimum zone, ceph-
alopod or other pelagic marine larvae living in areas where
the oxygen minimum zones intersect the coast at very shal-
low depths (e.g., Mexico, Peru, Chile, the Bay of Bengal, and
West Africa) may be especially at risk from the expansion of
these zones (Helly and Levin, 2004; Gilly et al., 2013). The
Southern California Bight has experienced significant oxy-
gen loss over the past quarter century (Bograd et al., 2015,
2019; Evans et al., 2020; Howard et al., 2020). An oxygen-
impaired decrease or cessation of photobehavior may inhibit
the ability of larvae tomove to areas with sufficient prey items
and fewer predators and with the preferred environmental con-
ditions. As larvae move upward to avoid low oxygen or reach
better-lighted waters, they may become more vulnerable to
predators (Koslow et al., 2011; Netburn and Koslow, 2015).
In areas where coastal hypoxia occurs frequently or is increas-
ing as a result of global change (Pitcher et al., 2021), assess-
ments of environmental thresholds and management options
should incorporate the oxygen vulnerabilities for vision in
highly visual marine larvae.
These results are a crucial first step in determining the ef-

fects of environmental oxygen (and other changing condi-
tions) on visual behavior of marine larvae. Additional studies
could be completed to determine the oxygen threshold for vi-
sual behavior in O. bimaculatus paralarvae and/or other pe-
lagic cephalopod larvae. Photobehavior experiments could
be completed in a horizontal chamber to remove the effects
of geotaxis or focus on other visual behaviors (e.g., prey cap-
ture success, camouflage behavior, etc.) to expand the results
presented here. Future research should focus on holistic meth-
ods to test the effects of multiple stressors in addition to oxy-
gen, such as temperature and pH, to further examine the effects
of a changing climate on photobehavior in marine larvae or
other life stages of vulnerable species. Additionally, the com-
parison and connection of visual thresholds to other physiolog-
ical thresholds will be crucial to place oxygen-impaired vision
in the context of metabolic and other indices being proposed
(Penn et al., 2018; Deutsch et al., 2020; Clarke et al., 2021)
to understand the oxygen impacts on marine organisms.
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Figure A1. Modeled, zero-centered mean vertical position (mm) of Doryteuthis opalescens paralarvae in the
30 seconds prior to the termination of a light stimulus (Before; gray points) and for 30 seconds after the termination
of the light stimulus (After; black points) at 4 decreasing oxygen conditions: normoxia (Norm.; 21.1 kPa), V50

(V50; 12.9 kPa), V10 (V10; 6.4 kPa), and low (4.2 kPa). We used a generalized linear model (GLM) to test the
effects of oxygen on the vertical position of D. opalescens paralarvae 30 seconds before and after the termination
of a light stimulus at 9 different irradiances. Results are shown for each irradiance level (Irrad; mmol photons m22 s21).
Points represent mean values, and error bars represent the standard error around the mean.
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Figure A2. Modeled, zero-centered mean vertical position (mm) of Octopus bimaculatus paralarvae in the
30 seconds prior to the termination of a light stimulus (Before; gray points) and for 30 seconds after the termination
of the light stimulus (After; black points) at 4 decreasing oxygen conditions: normoxia (Norm.; 21.3 kPa), V90

(V90; 10.7 kPa), V50 (V50; 7.4 kPa), and V10 (V10; 5.8 kPa). We used a generalized linear model (GLM) to test
the effects of oxygen on the vertical position of O. bimaculatus paralarvae 30 seconds before and after the termi-
nation of a light stimulus at 9 different irradiances. Results are shown for each irradiance level (Irrad; mmol photons
m22 s21). Points represent mean values, and error bars represent the standard error around the mean.
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Figure A3. Mean vertical swimming velocity of Doryteuthis opalescens paralarvae in darkness before and
after photobehavior experiments under four oxygen conditions. (A) Mean vertical velocity (mm s21), (B) positive
vertical velocity (mm s21), and (C) negative vertical velocity (mm s21) of paralarvae for a 2-minute period in dark-
ness before the photobehavior experiment started (gray boxes) and a 2-minute period in darkness after the conclu-
sion of the experiment (black boxes) for different experimental oxygen conditions: normoxia (21.1 kPa), V50

(12.9 kPa), V10 (6.4 kPa), and low (4.2 kPa). Boxes show the median (bold center line) and first and third quartiles
of all trials within an oxygen condition; error bars showmaximum andminimum values within 1.5� the inner quartile
range (IQR 5 third quartile–first quartile), and solid black points indicate outliers; mean values are indicated with
white circles.
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Figure A4. Mean vertical swimming velocity of Octopus bimaculatus paralarvae in darkness before and after
photobehavior experiments under four oxygen conditions. (A) Mean vertical velocity (mm s21), (B) positive ver-
tical velocity (mm s21), and (C) negative vertical velocity (mm s21) of paralarvae for a 2-minute period in darkness
before the photobehavior experiment started (gray boxes) and a 2-minute period in darkness after the conclusion of
the experiment (black boxes) for different experimental oxygen conditions: normoxia (21.3 kPa), V90 (10.7 kPa),
V50 (7.4 kPa), and V10 (5.8 kPa). Boxes show the median (bold center line) and first and third quartiles of all trials
within an oxygen condition; error bars show maximum and minimum values within 1.5� the inner quartile range
(IQR 5 third quartile–first quartile), and solid black points indicate outliers; mean values are indicated with white
circles.
Table A1

Description of mean conditions for photobehavior experiments conducted on Doryteuthis opalescens and Octopus bimaculatus paralarvae

Species O2 condition Mean pO2 (kPa) Mean temperature (7C) Mean pH Mean age (d) No. of trials

Doryteuthis opalescens Normoxia 21.11 ± 0.19 15.80 ± 0.67 8.04 ± 0.01 3.75 ± 1.50 4
V50 12.90 ± 0.23 14.55 ± 0.28 8.05 ± 0.01 1.0 ± 0.00 2
V10 6.44 ± 0.35 14.95 ± 0.55 8.27 ± 0.01 4.50 ± 0.58 4
Low 4.22 ± 0.42 15.65 ± 0.91 8.29 ± 0.01 6.0 ± 0.00 3

Octopus bimaculatus Normoxia 21.39 ± 0.29 15.87 ± 0.93 8.09 ± 0.09 2.33 ± 1.53 3
V90 10.72 ± 0.09 15.33 ± 0.39 8.28 ± 0.00 2.0 ± 0.00 2
V50 7.36 ± 0.47 15.18 ± 0.98 8.08 ± 0.01 2.0 ± 1.41 2
V10 5.83 ± 0.04 15.73 ± 0.39 8.05 ± 0.04 2.0 ± 0.00 2
Trials were conducted at a variety of ages (days post-hatching [DPH]) and at four different oxygen (O2) conditions for each species; V90, V50, and V10 are
oxygen metrics for retinal function derived from McCormick et al. (2019). The mean and standard deviation (SD) oxygen partial pressure (pO2; kPa), tem-
perature (7C), pH, and age are given for each trial.


