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Abstract The lunar cycle has a major influence
on the daily structure of marine ecosystems. As the
moon orbits the earth across an approximate 29.5 day
cycle, it influences these systems by altering night-
time light availability and shaping the strength and
timing of tides. Numerous studies have documented
the effects of the lunar cycle on large epipelagic fishes
(here referring to tuna, billfish, sharks and rays), how-
ever, there has been no concerted effort to system-
atically compare these patterns across studies. Here,
we review 190 studies documenting the effects of the
lunar cycle on the ecology of large epipelagic fishes
and discuss the potential underlying factors that con-
tribute to the observed patterns. Most studies focused
on fisheries science and movement ecology, exam-
ining metrics such as catch rate and depth of tagged
individuals, respectively. A smaller proportion of
studies delved into foraging behaviors and behavioral
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patterns. The effects observed varied among study
types and taxa, yet vertical movement patterns con-
sistently indicated a trend of deeper movements with
increasing lunar illumination. Many factors likely
contribute to this variation, including study spe-
cific methods (both field and analytical), other light
sources or obstructions in the marine environment
(such as bioluminescence and cloud cover), local site
variation (such as local oceanography and prey dis-
tribution), species specific traits (such as distribution
and foraging strategy) and individual traits (such as
ontogenetic stage and body condition). We propose
best practices for future studies on lunar effects,
aimed at addressing this variation and promoting
comparative analyses.
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Introduction

The moon’s influence on marine ecosystems has been
a long-standing observation within fishing commu-
nities, and continues to be a subject of discourse in
popular media (e.g. Olander 2022). In several Pacific
Islands, for example, indigenous fishing knowl-
edge informs fishing methods and gears based on
day of the lunar cycle (e.g., Kiribati, New Caledo-
nia, Papua New Guinea, Solomon Islands; Kitolelei
et al. 2021), and the Maori fishing calendar predicts
superior angling success on specific lunar days (Best
1929). In contemporary studies, a substantial body
of research has documented relationships between
migratory, spawning, and foraging behaviors across
phases of the moon for a wide range of marine taxa
(e.g. Benoit-Bird, Au & Wisdoma 2009; Hamilton
et al. 2012; Last et al. 2016; Ravache et al. 2020).
These trends, however, are complex, with multiple
pathways through which lunar cycles can impact
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marine ecosystems. In brief, the lunar cycle refers
to the regular sequence of changes in the appearance
of the moon as it orbits the earth, shifting its relative
position to the sun across a span of approximately
one month (~29.5 days; see Figure 1 for a visualiza-
tion of this cycle). Throughout the lunar cycle, night-
time light availability increases from the new moon
to full moon. Additionally, gravitational interac-
tions between the earth, moon and sun influence the
strength and timing of tides, with full and new moons
linked to spring tides (i.e., greater tidal range), and
first and last quarter phases linked to neap tides (i.e.,
lower tidal range).

Understanding how this cycle influences marine
ecosystems is important for fisheries management
and conservation efforts. For commercially and rec-
reationally important species, perceived knowledge of
lunar effects on catch (see Olander 2022) can factor
into decision making for trip planning with conse-
quences for success that may impact overall catch and
profit (Lerner, Levesque & Talaue-McManus 2017).
Lunar-driven aggregations like spawning events, that
predictably concentrate individuals during specific
lunar phases, raise concerns about potential target-
ing of aggregations and subsequent overexploitation
(Hamilton et al. 2012). These examples underscore
the importance of unraveling lunar cycle patterns
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Fig. 1 Variation in moon appearance, % moon illumination and tidal range throughout the lunar cycle.

to guide marine spatial planning and conservation
efforts. For threatened species, knowledge of lunar-
related patterns may inform bycatch mitigation strate-
gies. For example, if nighttime depth distributions of
a bycatch species are governed by moonlight, modi-
fying target depths over a lunar cycle may assist in
reducing interaction rates (Andrzejaczek et al. 2022).
From an ecological perspective, understanding behav-
ioral changes throughout the lunar cycle can further
our knowledge in elucidating environmental drivers
of behavior (Schlaff, Heupel & Simpfendorfer 2014)
while also advancing our insights into intra- and
interspecific interactions. In the context of the lat-
ter, this may involve discerning whether behaviors
are a direct response to lunar-related variables, or in
response to the reactions of a prey species.

Large, epipelagic fishes are highly mobile marine
species that demonstrate spatial movement and div-
ing behaviors influenced by environmental condi-
tions and prey landscapes. In this way, this diverse
group of predators present an ideal system through
which to study lunar-related effects on behavior.
We define this group as species that attain maxi-
mum sizes >30 kg and spend the majority of their

lives traversing the top 0-200 m of marine habitats
(Andrzejaczek et al. 2019), and restrict our discus-
sion to tuna, billfish, shark and ray species. These
taxa experience light and tidal related lunar effects
throughout their habitats. For instance, moonlight
can penetrate to the bottom of their primary verti-
cal habitat in the epipelagic zone during a full moon
in offshore environments aiding visual predators in
nighttime foraging (Young et al. 1980; Kaartvedt,
Langbehn & Aksnes 2019). Conversely, in coastal
habitats, such effects also interplay with those of the
tidal cycle. As these animals are large enough to be
tracked with electronic tags, their long-term move-
ment patterns over the course of the lunar cycle
have been well documented (e.g. Block et al. 2011;
Braun et al. 2015; Queiroz et al. 2016). In addition,
for many regions there is temporal catch data asso-
ciated with these species, as tuna and billfish form
the basis of important commercial and recreational
fisheries and sharks and rays represent a large part
of targeted and incidental bycatch (Worm et al.
2024). For these reasons, many studies have investi-
gated the effect of the lunar cycle on various aspects
of the ecology of large, epipelagic fishes. However,
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there has been no consistent or standardized method
for documenting these effects, inhibiting compari-
sons among studies.

Here, we aim to provide a synthesis of the exist-
ing knowledge of the effects of the lunar cycle on
the ecology of large, epipelagic fishes. We quantify
the scale and scope of published studies, investigate
trends with increasing lunar illumination across
taxa, and discuss the hypothesized drivers of these
relationships. Finally, we document the different
ways lunar relationships were measured in these
previously published studies and provide best prac-
tices for future studies to facilitate comparisons.

Methods

This literature review is based on keyword and title
searches of library and electronic databases, includ-
ing Google scholar and Web of Science, using com-
binations of the words ‘lunar’, ‘moon’, ‘tuna(s)’,
‘billfish(es)’, ‘shark(s)’, and ’ray(s)’ published prior
to April 2023. Search terms and resulting studies
were limited to the English language. Relevant studies
cited in papers found through database searches were
also incorporated. For each study the following infor-
mation was documented: (1) if a primary focus of the
study was to investigate the lunar cycle; (2) study spe-
cies/taxa and location; (3) habitat type of the study
(offshore, coastal, estuarine or transient); (4) the type
of study; (5) how the lunar cycle was measured and
the source of the measurement; (6) the response vari-
able; (7) the type of analysis used; (8) the descriptive
lunar effect; (9) the relationship with increased lunar
illumination and (10) the hypothesized process under-
lying the observed relationship (see Table 1 for more
detailed descriptors of these obtained variables; and
Supplementary File 1 for the collected data). Where it
was unclear where a method and/or result fit under a
given variable, it was listed as ‘NA’ to avoid ambigu-
ity. All papers and the documented information were
evaluated by a minimum of two reviewers.
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Results and discussion
Section 1: Meta-analysis overview

A total of 190 ecological studies were identified that
investigated the effect of the lunar cycle on tuna, bill-
fish, shark and/or ray taxa (Supplementary File 1). Of
these studies, only 33 (~17%) identified lunar effects
as a primary research objective. Across all studies,
147 investigated the lunar effect on a single species
and 43 looked at the effect across multiple species.
The degree to which taxon were examined varied
with 43 studies on tunas, 57 studies on billfishes, 92
studies on sharks and 20 studies on rays (Figure 2).
These studies explored a range of relationships with
the lunar cycle, with 84 studies categorized as fish-
eries science, 83 studies as movement ecology, 12
as foraging ecology, 12 as behavioral ecology and
one as chronobiology (Figure 2C). Additionally, one
study investigated both fisheries and foraging ecol-
ogy, while another focused on both fisheries science
and movement ecology. The most common variables
examined in response to the lunar cycle were catch
rate (n = 66) and depth of movement of a tagged indi-
vidual (n = 54), followed by acoustic detection rate of
a tagged individual (n = 16). Shark species dominated
movement ecology studies, whereas commercially
important billfish and tuna species occurred more
frequently in fisheries science studies (Figure 2C).
Only 9% of studies investigated rays, likely influ-
enced, in part, by the challenges in attaching a tag to
these dorso-ventrally compressed taxa (Ward et al.
2019). Additionally, the predominance of pelagic
catch methods (such as longlining, utilized in 62% of
fisheries studies) may have contributed, as such tech-
niques may not yield high catch rates of this primarily
benthic taxon. Swordfish (Xiphias gladius) were the
most studied species, occurring in 33 studies. Since
these fish constituted the majority of the billfish stud-
ies and are targeted using distinct catch methods, they
were analyzed separately. We also note that several
relevant studies have been published since April 2023
(e.g. Tracey et al. 2023; Laurioux et al. 2024), enrich-
ing the discussion of this review, however, were not
included in our meta-analysis.

Collectively, these studies covered a large global
range, with notable gaps in study coverage including
at extreme latitudes and the west coasts of Canada,
South America and Africa (Figure 2). The highest



Rev Fish Biol Fisheries

Table 1 Detailed descriptions of the variables obtained from each study reviewed in our meta-analysis.

Description

Variable name Variable type

1. Primary lunar focus Category (n =2)

2. Study taxa and location Descriptive and numerical

3. Primary habitat type Category (n = 4)

4. Type of study Category (n =5)

5. Measurement and source of the lunar cycle Category (n = 16 for
measurement; n = 20 for
source)

6. Response variable Descriptive

7. Analysis type Category (n = 49)

8. Descriptive lunar effect Descriptive

9. Relationship with increased lunar illumination Category (n = 5)

If a primary objective of the study was clearly
defined as assessing the effects of the lunar cycle
on specific variable(s). If the study explicitly stated
that they were investigating lunar effects in their
objectives/hypotheses, this was listed as ‘yes’. How-
ever, if the study simply included the lunar cycle as
a variable, this was listed as ‘no’

Taxa was recorded to the highest order classification
possible. The broad study region was noted, as well
as a more specific latitude and longitude. For the
latter, this may have been approximated if not noted
in the study or averaged if the study occurred across
a broad region. For tagging studies, tag deployment
location was used.

Primary habitat type was split into ‘Estuarine’,
‘Coastal’, ‘Offshore’ or ‘Transient’. ‘Estuarine’
was recorded where studies occurred in estuaries,
while all others were based on distribution of the
data collection on continental shelf habitats with
studies distributed exclusively on the continental
shelf assigned as ‘Coastal’ (e.g., coastally deployed
acoustic receivers, or fishing exclusively in coastal
areas), those off the continental shelf as ‘Oceanic’
(e.g., fishing or tagging exclusively in offshore
regions), and those moving between the two and/or
resident in both as ‘Transient’ (e.g., fishing in both
coastal and offshore regions; Andrzejaczek et al.
2022).

Type of study was split into (A) movement ecology,
(B) fisheries science, (C) foraging ecology, (D)
behavioral ecology or (E) chronobiology.

The measurement of the lunar cycle used in the
paper and where this was obtained from. Example
measurements include categorical lunar phases
(e.g., new moon, first quarter, full moon, third
quarter), continuous daily lunar illumination, and
synodic day of the lunar cycle starting at the new
moon (1-29). See Figure 1 for schematic of the
lunar cycle.

The ecological variable responding to the lunar cycle.

The statistical analysis used to compare the lunar
cycle with the ecological response variable.
‘Descriptive’ was recorded where no statistical
analysis was used.

The relationship described between the lunar cycle
and the response variable discussed in the study.

The relationship between the response variable and
lunar illumination. This was split into ‘Increase’,
‘Decrease’, ‘No effect’ or ‘Variable effect’ where
this relationship could be assessed. ‘Variable effect’
was used in situations where the result was either
non-linear, or varied among individuals and/or
groups.
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Table 1 (continued)

Variable name

Variable type Description

10. Hypothesized process

Descriptive The hypothesized process underlying the observed

relationship between lunar illumination and the
response variable reported in the study (e.g.,
increased light available, or tidal effects)

Fig. 2 Summary of studies
investigating the effect of
the lunar cycle on billfish,
ray, shark and tuna species.
‘All’ refers to studies that
investigated all four taxa. A
and B Geographic distribu-
tion of studies by study type
A and taxa B. Where stud-
ies included a wider region
(e.g. an entire country or
continent), the point was
placed in the middle of the
respective region, resulting
in some points being placed
on land. C Proportional and
count distribution of taxa
and study type, respectively,
to the total study count
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concentration of studies, particularly those for move-
ment ecology, occurred around North America and
Australia, potentially reflecting variation in research
funding (i.e., a pattern that is also noted in large col-
laborative tagging studies such as Queiroz et al.
(2019) and Andrzejaczek et al. (2022)). In contrast,
fisheries science studies exhibited a broader geo-
graphical distribution (Figure 2).

Section 2: Lunar trends and hypothesized processes
Vertical movement

The effect of the lunar cycle on vertical movement
patterns was investigated by 79 independent analy-
ses across 54 studies. Electronic tagging methods
were used to assess depth changes across all these
studies, with 38 using pop-up satellite archival tags
(PSATs), nine using archival tags, and seven using
acoustic tags. Overall, depth showed the clearest pat-
terns with lunar illumination across this meta-analysis
(Figure 3), with 51% (n = 40) of analyses revealing
deeper movements with increasing lunar illumina-
tion, and just 5% (n = 4) recording shallower move-
ments (Figure 4). This pattern was most consistent
for tuna species (see species-specific findings in Sup-
plementary File 1), with 12 of the 15 tagging studies

Presence 0.12
strength
1.0
Foraging 0.23 .
0.5
0.0
Depth 1 0.4 I 05
-1.0
Catch 4 0.28 0 -0.14 0.1
Bill;"lsh Re;ys She;rks Tulna

Fig. 3 Summarized directional relationships between major
response variables and increased lunar illumination, displayed
across the four major taxa. The strength of the associated rela-
tionship is computed as the average over a given group, where
each individual study finds either a positive relationship (1),
negative relationship (—1), or no effect (0) with increased
lunar illumination. Mixed relationships and groups with n <=
5 were excluded from this analysis.

displaying deeper movements with increased illu-
mination (Figure 4A), as demonstrated by the mean
nighttime depth of a Pacific bluefin tuna (Thunnus
orientalis) increasing towards full moon periods in
Figure 4C (Kitagawa et al. 2007). Billfish showed
more variability, with 63% of the 19 studies reveal-
ing deeper movements, 21% no effect, and 15.8% a
variable effect with increasing lunar illumination
(Figure 4A). For nine of the ten studies for swordfish,
however, a deeper effect was recorded (Figure 5).
Sharks demonstrated the most variable depth effect
with lunar illumination, with high intraspecific vari-
ation documented (Figure 4A, B). For instance, white
sharks (Carcharodon carcharias; four of five studies)
and blue sharks (Prionace glauca; four of five stud-
ies) showed consistent deeper patterns, while other
species such as the whale shark (Rhincodon typus)
and the porbeagle shark (Lamna nasus), showed
more variable patterns with lunar illumination. Four
species displayed shallower patterns with increasing
lunar illumination: the bull shark (Carcharhinus leu-
cas), Galapagos shark (Carcharhinus galapagensis),
oceanic whitetip shark (Carcharhinus longimanus)
and the largetooth sawfish (Pristis microdon).

Deeper movements with increasing lunar illumina-
tion are likely predominantly driven by light-based
predation strategies. Analogous to patterns of diel
vertical migration (DVM), whereby individuals are
deeper in the day and shallower at night in order to
avoid visual predation (Hays 2003), animals may
exhibit ‘lunar vertical migrations’ (LVM), follow-
ing isolumes deeper with increasing lunar illumina-
tion (Last et al. 2016). For visual animals, full-moon
nights can aid predators in detecting prey and/or prey
in detecting predators (Palmer et al. 2022). Indeed,
some of the clearest patterns of LSM in this study
were from known visual predators with high visual
acuity, such as white sharks (Strong Jr 1996) and
swordfish (Fritsches, Brill & Warrant 2005). These
patterns were also particularly evident among off-
shore epipelagic species, such as tuna, perhaps as
such habitats are not constrained by bottom depth
and are less influenced by tides. Conversely, for ani-
mals that move between coastal and offshore habitats,
patterns became more variable, a pattern also noted
in the DVM for such transient species. For instance,
porbeagle sharks have shown plasticity in diel depth
changes as a function of habitat type, demonstrat-
ing reverse DVM (shallower in the day and deeper
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Fig. 4 Trends in depth with increased lunar illumination in
published electronic tracking studies. A Depth trends observed
across the four study taxa with increasing lunar illumina-
tion (excluding swordfish). Count refers to the number of stud-
ies recording each respective relationship. B Depth trends
observed across shark species with increasing lunar illumina-

at night) in well-mixed coastal waters and normal
DVM in deeper, thermally well-stratified waters,
likely reflecting patterns of their prey (Pade et al.
2009). Similarly, LVM may become less apparent in
influencing the distribution and availability of prey as
such transient species move inshore. For the few taxa
that demonstrated reverse patterns of LVM (i.e., shal-
lower with increasing lunar illumination), it has been
suggested that individuals may be following prey into
shallower water during a full moon (Whitty et al.
2009; Madigan et al. 2020). Though the motivation in
such cases is somewhat unclear, it may be that a full
moon provides a certain threshold of light required
for such predators to visually hunt in shallow waters.
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tion. C Lunar illumination and daily average nighttime depth
of a tagged juvenile Pacific bluefin tun (Thunnus orientalis) a
in the eastern Pacific Ocean, revealing deeper movements dur-
ing full moon periods. Figure reproduced, with permission,
from Kitagawa et al. 2007.

Catch

The effect of the lunar cycle on fisheries catch pat-
terns was investigated by 134 independent analyses
across 66 studies. Catch rate with increasing lunar
illumination did not reveal consistent or clear direc-
tional patterns across taxa (Figure 3). However, look-
ing at individual groups, billfish recorded the strong-
est directional relationship, indicating higher catch
with increasing lunar illumination (Figure 3). This
was likely due to the large representation of sword-
fish studies (n = 29) that were dominated by higher
catch (Figure 5B), compared to ‘no effect’ prevail-
ing among other billfish studies (n = 18; Figure 6A).
For shark taxa, the absence of any significant effect
of lunar illumination on catch was also the most
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Fig. 5 Trends with increasing lunar illumination for sword-
fish (Xiphias gladius). Swordfish was the most studied species
identified in this study, with 46 individual analyses from 33
unique studies evaluating the effect of the lunar cycle on pat-
terns of swordfish movement or catch. A Depth trends with
increasing lunar illumination. B Catch trends with increasing

common relationship, being recorded in 50.8% of the
63 analyses. Conversely, tuna (n = 37) and ray (n = 7)
catch showed no dominant trend with lunar illumina-
tion across analyses (Figure 6). For species that had
a higher sample size of catch analyses (>5), sword-
fish remained the only taxa with a clear pattern with

[ e e L
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TTTTTT 7T

lunar illumination colored by gear type. C Depth of a sword-
fish tracked over three lunar cycles in the western North Atlan-
tic by Loefer et al. (2007). The top panel displays the lunar
cycle, the middle panel the hourly mean of nocturnal depths,
and the bottom panel the nightly mean depth. The dotted lines
highlight the full moon period for each panel.

lunar illumination (Figure 6B). When incorporating
gear type into catch patterns, some trends became
more apparent (Figure 5B, 6C). Longline gears, for
instance, resulted in higher catch with increasing
lunar illumination for swordfish and many tuna taxa,

@ Springer



Rev Fish Biol Fisheries

A [l sitish
Rays
. Sharks
40- l:l Tuna
=
=
o
(&]

B30—

20

10+

] .

. Bigeye tuna
. Blue marlin
. Blue shark
[l swordfish
- Tiger shark
D Yellowfin tuna

-

0 -
T T T T T T T T
Higher catch  Lower catch Variable effect No effect on Higher catch ~ Lower catch  Variable effect No effect on
on catch catch on catch catch
C Billfish [ Rays
7 ‘H ‘\/
20

o N e— ——_

g
Q Sharks
O

Tuna

20

—
) = . -
0 - - J

ngher catch
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published electronic tracking studies. A Catch trends observed
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while net gears (i.e. driftnets and gillnets) resulted in
lower catch across shark taxa and swordfish.

Similar to vertical movement, the variation in
catch rate observed throughout the lunar cycle may
be attributed to visual cues. In the case of baited
hooks associated with longlines, the full moon may
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enhance visibility, aiding fish in locating bait, stim-
ulating feeding activity, and consequently increas-
ing the likelihood of being hooked (Draganik &
Cholyst 1988; Hernandez-Milian et al. 2008). Con-
versely, for larger gears such as nets, the increased
illumination may instead enhance the ability of fish
to detect gear and therefore avoid capture (Akyol
2013; Lee et al. 2018). In contrast to the discernable
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patterns in vertical movement associated with lunar
illumination, catch patterns were relatively weak.
This is likely due to the nuances and confounding
factors of fishery-dependent approaches that we
could not account for given the available data. Nota-
bly, the type and depth of gear deployed, type of
bait used, set technique, time of day spent fishing,
and adaptive behavior of fishers in response to the
lunar cycle, are unlikely to be consistent between
studies. For instance, the Italian swordfish gillnet
fleet was recorded to stay in the harbor during full
moon phases (Di Natale & Mangano 1995) and
commercial swordfish fishers in the Florida Strait
have previously been observed to adjust hook depth
according to the lunar cycle (Lerner et al. 2013).
Analyzing catch reports from large ranging fisheries
(e.g. whole ocean basins) also introduces complex-
ity in disentangling the variables that may impact
catch outcomes. We hypothesize that, in general,
fisheries catch is likely to be impacted by the lunar
cycle, however, this will vary with gear, the target
species of the fishery and environmental conditions.

Acoustic detections

The effect of the lunar cycle on acoustic detection
data was investigated by 19 independent analyses
across 16 studies on sharks (n = 11) and rays (n =
5). Approximately half of these studies revealed
no effect (n = 10; Supplementary File 1), but sev-
eral species-specific studies found significant direc-
tional responses to lunar illumination. Reef manta
rays (Mobula alfredi), for instance, were highly rep-
resented in these significant responses (n = 7), yet
relationships remained variable both within and
between studies. Where directional responses did
occur, they were often assumed to be associated with
inshore-offshore movements between moon phases.
For example, reef manta rays in island habitats were
hypothesized to travel offshore (i.e. away from coastal
receiver arrays) during full moon periods to follow
the migration of zooplankton prey into deeper waters
during these periods (Peel et al. 2019). Alternatively,
mantas may select to spend more time in coastal
waters during a new moon, coinciding with periods
when demersal plankton emerge from the sediment
in response to lower light conditions (Alldredge &
King 1980; Couturier et al. 2018). Collectively, the
high variability in the influence of lunar illumination

across acoustic studies may be due to the predomi-
nant deployment of acoustic receivers in coastal
regions where patterns are also susceptible to influ-
ence from tides and other fine-scale coastal processes
(Spaet et al. 2020).

Shark-human interactions

Global analyses of data from public shark attack files
from 1970-2016 recorded no relationship between
shark-human interactions and lunar illumination (Rit-
ter, Amin & Zambesi 2013; French et al. 2021). How-
ever, location- and species-specific analyses produced
mixed results. No effect on interactions were recorded
in California (Ugoretz, Hellmers & Coates 2022) and
Reunion Island (Taglioni et al. 2019), while lower
rates of interactions were recorded in Florida with
higher illumination (Burgess et al. 2010) and non-lin-
ear effects were reported in Brazil, with higher shark-
human interaction rates predicted at both high and
low lunar illumination (Hazin, Burgess & Carvalho
2008). Given that overlap between sharks and humans
will predominantly occur in coastal habitats, patterns
of presence here will, as described for acoustic detec-
tions, be dependent on other fine-scale coastal pro-
cesses for both humans and sharks. For instance, for
surfers, activity peaks will be heavily influenced by
the tide and season, with ideal tide being site depend-
ent. Overall, these interactions appear to have mixed
relationships with lunar illumination, suggesting that
they may be location and/or species specific.

Spawning rates

Spawning rates were analyzed in relation to lunar
illumination in three studies (Margulies et al. 2007;
Shimose, Yokawa & Tachihara 2013; Hazen et al.
2016). While lunar-influenced spawning has been
documented in several coastal fish species (Taylor &
Mills 2013), the extent to which pelagic fish species
similarly respond to these cues is less clear. Pacific
bluefin tuna increased their spawning fraction around
the new moon (i.e. lower lunar illumination; Shi-
mose, Yokawa & Tachihara 2013). However, higher
lunar illumination increased the likelihood of spawn-
ing for Atlantic bluefin tuna in the Gulf of Mexico
(Thunnus thynnus; Hazen et al. 2016) and increased
egg production for yellowfin tuna in Panama (Thun-
nus albacares; Margulies et al. 2007). Additionally,
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acceleration data from PSATs deployed on mahi-mahi
(Coryphaena hippurus) were used to predict spawn-
ing events (Schlenker et al. 2021). Models trained on
data from captive spawning mahi-mahi indicated that
spawning predominantly occurs during the new moon
phase. While this taxa was not a focus of this review,
the methods used by Schlenker et al. (2021) could be
applied to other spawning pelagic fish species, such
as tuna.

Activity rates

Given the likely influence of water column illumi-
nation on visual predation, it was unsurprising that
several studies noted correlations between activ-
ity, defined as heightened movement, and lunar illu-
mination. For instance, researchers documented
increased activity, as measured by accelerometers,
in sailfish (Istiophorus platypterus) during the full
moon, attributing this to increased light availability
facilitating nighttime foraging (Pohlot & Ehrhardt
2018). Conversely, for sand tiger sharks (Carcharias
taurus), higher activity was observed during the new
moon, possibly reflecting their preference for hunt-
ing in low ambient light conditions (Kneebone et al.
2018). Tidal rhythms may also play a role in driv-
ing patterns in activity. Mixed vertical activity pat-
terns were recorded in basking sharks (Cetorhinus
maximus) in relation to lunar illumination, with tidal
influences hypothesized as playing a significant role
(Shepard et al. 2006). A more distinct pattern was
observed in gray reef sharks (Carcharhinus ambly-
rhynchos), where activity in a French Polynesian atoll
channel peaked during the full and new moons (Lau-
rioux et al. 2024). During these periods, the sharks
likely experienced heightened turbulence caused by
stronger tidal currents.

Other relationships

Several additional response variables to lunar illu-
mination were recorded in our meta-analysis, each
supported by a single study (Supplementary File
1). Amongst many of these, no consistent relation-
ships were found with lunar illumination. For exam-
ple, sex ratios (white sharks; Robbins 2007), swim-
ming orientation (scalloped hammerhead sharks
(Sphyrna lewini); Klimley 1993), body temperature
(blacktip reef sharks (Carcharhinus melanopterus);
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Papastamatiou et al. 2015) and hooking time
(shark sp.; Gulak & Carlson 2021) showed no clear
relationship.

Section 3: Drivers of variability

Collectively, variation in response to lunar illumina-
tion among and within taxa was a common theme in
this review. However, it is important to note that (1)
the methods employed to measure the relationships
between the lunar cycle and response variables exhib-
ited considerable variability across studies, compli-
cating comparisons, and (2) patterns are dynamic and
likely influenced by a multitude of additional factors.
Methods varied among studies in several aspects,
including how the lunar cycle was measured, whether
additional lunar related variables (e.g. tide strength
and direction) were considered, and how relationships
were quantified. Firstly, it is important to acknowl-
edge that understanding lunar relationships was not
the primary goal of most studies (~83%), likely influ-
encing the extent to which analyses were conducted.
The most common measurements used were daily
lunar illumination as a continuous variable (41.8%),
closely followed by categorical lunar phases (e.g.,
new moon, quarter moon, full moon, three quarter
moon; 40.3%). Approximately 6% of studies used
lunar or synodic day as the measured lunar vari-
able. Additionally, a few studies used irradiance data
recorded directly from tagged sharks to estimate the
stage of the lunar cycle (e.g. Klimley 1993), while one
study developed a comprehensive moonlight index,
incorporating in the percentage of lunar illumination,
the angle of the moon, topographical features and per-
centage of cloud cover (Niella et al. 2021). For many
studies, there was ambiguity regarding whether the
data analysis focused solely on nighttime patterns or
encompassed both diel periods, especially in fisheries
research. For catch data, this is not surprising consid-
ering that reporting typically occurs at broader spatial
and temporal scales, often prohibiting segregation of
data into specific diel periods. For depth data, which
is often recorded at a higher frequency and is there-
fore easier to parse into such periods, a majority of
studies (61%) exclusively considered nighttime depth
with lunar illumination. Conversely, eight studies
modeled day and night separately and two considered
the interaction between diel phases and lunar illumi-
nation. While we also originally aimed to assess tidal
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effects across lunar studies, they were predominately
discussed in a qualitative manner and measured sepa-
rately or as an interaction in only a handful of studies,
thus preventing detailed evaluation.

Several biological and environmental processes
may also explain variation in responses to lunar illu-
mination. Intraspecific variation is a common theme
among movement and fisheries studies on large epipe-
lagic fish species (e.g. Towner et al. 2016; Andrzejac-
zek et al. 2020). Untangling the drivers behind these
patterns can be challenging without detailed, species-
specific analyses. However, they are likely linked to
a combination of factors including geographic distri-
bution, local prey availability and diversity, specific
oceanographic conditions influencing water column
structure, ontogenetic stage of the individual, and
temporal scope of the study. In addition, investigat-
ing how individual size or body condition influences
vertical distributions throughout the lunar cycle could
offer insights within a state-dependent risk framework
(Beltran et al. 2021; Palmer et al. 2022). For example,
individuals with superior body condition may prior-
itize safety in the deeper and darker depths during a
full moon, whereas others may risk a higher chance
of predation to forage in shallower, more illuminated
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depths during this period. Interspecific variation in
catch and movement patterns is also prevalent among
multi-species comparative studies, driven by factors
such as geographic and vertical distribution, foraging
strategies, and sensory perception (e.g. Block et al.
2011; Andrzejaczek et al. 2022; Haulsee et al. 2022).
For instance, the degree to which a species can uti-
lize its visual system to perceive its environment (i.e.
see Collin 2018) is likely to play a role in determining
its vertical distribution and susceptibility to fishing
gears under varying lunar illuminations. Furthermore,
the response of prey to the lunar cycle is expected
to vary among species, thereby potentially influenc-
ing the distribution of their predators. The extent to
which species adhere to an endogenous biological
rhythm or a ‘circalunar’ clock, as opposed to merely
responding to direct external cues (e.g., changing
light levels), will further contribute to individual vari-
ability observed across the lunar cycle (Benoit-Bird,
Au & Wisdoma 2009; Ikegami, Takeuchi & Take-
mura 2014). While these rhythms are well studied
for synchronized spawning events, especially in coral
species, they may also play a role in shaping move-
ment behaviors, such as diel migration patterns. For
instance, the nocturnal horizontal migration of a
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Fig. 7 Simplified representation of light sources in the marine environment throughout the lunar cycle.
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nearshore scattering layer in Hawaii was influenced
by the lunar phase, even when light availability and
the lunar cycle were decoupled, suggesting an endog-
enous lunar rhythm rather than a direct causation by
the lunar cycle (Benoit-Bird, Au & Wisdoma 2009).
Applying this decoupling approach in other systems
could enhance our understanding of these ‘circalunar
clocks’.

For those species responding to external light cues,
fine-scale factors influencing light availability in the
water column will likely affect the degree of a lunar
response (e.g., cloud cover, turbidity, topography, day
length; Figure 7). In addition, the timing of moonrise
and moonset will influence light availability through-
out the night (Tracey et al. 2023). Considering that
these factors are likely to vary significantly across
time and space, they likely contribute substantially
to the variability observed across the studies in this
meta-analysis.

Section 4: Best practices for future studies

Ideally, future studies investigating responses to the
lunar cycle would incorporate all aforementioned
sources of variability within their analyses. How-
ever, this is logistically infeasible, especially in stud-
ies where lunar responses are not the primary focus.
In lieu of this, we propose practical and analytical
priorities that would not only aid in uncovering the
underlying processes driving the observed patterns,
but also standardize methods to facilitate compari-
sons between studies.

In practice, studies would be best served by meas-
uring lunar-related variables directly in the field. For
instance, measuring both light availability and tidal
parameters such as tidal phase, time to high tide,
and tidal range in situ would assist in disentangling
the effects of these two processes. Tagging studies,
which typically collect finer-scale temporal and posi-
tional data, inherently possess greater capacity to
accomplish this when compared to fisheries studies
that are based on catch records. For PSATs, the most
common tag type used for recording vertical move-
ments in epipelagic fish, harnessing the existing and
highly sensitive light sensors on the tags could pro-
vide a direct and accurate means of assessing whether
individuals maintain a consistent isolume through-
out the lunar cycle. Similarly, deploying light sen-
sors on fishing gears could provide a tool to evaluate
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how catch rates fluctuate in response to nighttime
light availability. This approach will help disentan-
gle other factors that affect light availability at depth,
such as cloud cover and water turbidity. Additionally,
comparing trends in in situ light data across a lunar
cycle with predictions based on daily lunar illumina-
tion metrics will help assess how accurately the latter
approximates variability in light input into the marine
environment. Collecting positional information where
applicable will also be beneficial for aligning with
relevant tide data (further discussed below), such
as the nearest tide gauges. Where possible, detailed
information pertaining to catch records should be
taken, especially in relation to deployment period and
depth.

As our analytical toolbox grows, so do the strate-
gies for effectively using lunar data to examine animal
behaviors at sea. Overall, we recommend using mode-
ling approaches, such as generalized additive models,
that can account for non-linear and spatially and/or
temporally correlated data and random effects, when
modeling environmental associations (Zuur et al.
2009; Mull et al. 2022). If feasible, we advise testing
relationships across individual animals to account for
intraspecific variation. Indeed, several tagging stud-
ies that adopted this approach found variable effects
among individuals (e.g. Musyl et al. 2011; Braun
et al. 2014). The response variable should be meas-
ured at the highest frequency possible, such as hourly
for depth data or by diel phase for catch data. How-
ever, we recognize that achieving this level of preci-
sion may not always be feasible due to limitations in
available data resolution. For explanatory variables,
we firstly recommend modeling daily lunar illumi-
nation as a continuous variable (when ambient light
cannot be measured directly), a variable most fre-
quently obtained in our review from the United States
Naval Observatory website (http://aa.usno.navy.mil/
data/docs/MoonFraction.php). This approach reduces
the loss of statistical power that occurs when this
continuous variable is instead treated as categori-
cal (deBruyn & Meeuwig 2001; Stevenson & Millar
2013). Where accurate positional and cloud coverage
data is available, we instead recommend considering
the moonlight index (Niella et al. 2021), although we
acknowledge that such data is often unavailable (but
see Copernicus Climate Change Service (C3S), Cli-
mate Data Store (CDS), (2022)). For tidal variables,
we suggest using continuous variables of time to high
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tide and tidal range. These data can be acquired either
from local tidal gauges (if available) or from tidal
models, such as the Oregon State University Tidal
Model Driver (Egbert & Erofeeva 2002; Peel et al.
2019). Finally, we also suggest incorporating inter-
action effects, such as ‘lunar illumination and diel
phase’ and ‘lunar illumination and tidal phase’ (e.g.
see Couturier et al. 2018), to more thoroughly dis-
entangle the various processes involved in the lunar
cycle.

Concluding paragraph

This is the first comprehensive review to examine
the effects of the lunar cycle on the ecology of large,
epipelagic fishes. Our meta-analysis revealed sub-
stantial variability within and across studies, likely
attributable to a multitude of factors, including incon-
sistencies in methodologies, analyses and reporting
standards. Notably, tagging studies revealed the clear-
est trends, likely due to the higher resolution of avail-
able information facilitating the detection of behavio-
ral changes. Adhering to the best practices proposed
in this study will be instrumental for advancing
our understanding of the complex dynamics of
lunar effects in marine ecosystems. Incorporating
these more detailed methods may reveal that trends
observed in earlier studies using coarser resolutions
of lunar-related variables may change or strengthen
upon re-analysis.
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