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Abstract Understanding the environmental processes
determining the timing and success of reproduction is
of critical importance to developing effective manage-
ment strategies of marine fishes. Unfortunately it has
proven difficult to comprehensively study the reproduc-
tive behavior of broadcast-spawning fishes. The use of
electronic data storage tags (DSTs) has the potential to
provide insights into the behavior of fishes. These tags
allow for data collection over relatively large spatial and
temporal scales that can be correlated to predicted envi-
ronmental conditions and ultimately be used to refine
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predictions of year class strength. In this paper we
present data retrieved from DSTs demonstrating that
events putatively identified as Atlantic cod spawning
behavior is tied to a lunar cycle with a pronounced
semi-lunar cycle within it. Peak activity occurs around
the full and new moon with no evidence of relationship
with day/night cycles.

Keywords Lunar cycle - Data storage tags -
Reproductive ecology - Diurnal solar cycle - Gadus
morhu

Introduction

Entraining reproductive cycles to environmental cues is
an essential adaptive strategy for marine fishes
(Takemura et al. 2004, 2010) both on a relatively gross
temporal scale, e.g., initiating gonadal maturation or
establishing the start of the spawning season at a partic-
ular time of year, and finer temporal scales, e.g.,
governing the timing of gamete release within a
spawning season. However, the precise environmental
cues and triggers that regulate reproductive behavior are
not fully understood for most species. Temperature and
photoperiod have long been associated with the timing
of reproductive cycles in species inhabiting temperate
and higher latitudes (Peter and Yu 1997). In contrast,
many tropical species utilize lunar cycles, or the
29.52812 d cycle between the full and new moon, for
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reproductive cues because temperature and photoperiod
are relatively stable throughout the year at these lower
latitudes (Takemura et al. 2004). There is also extensive
evidence that these same tropical marine fishes link
cyclical spawning behavior within a reproductive sea-
son to lunar cycles (see Takemura et al. 2004, 2010 for
reviews). This within-season synchronization is not lim-
ited to tropical marine fishes, as many intertidal
spawning species such as California grunion Leuresthes
tenuis (Clark 1925) and mummichog Fundulus
heteroclitus (Taylor et al. 1979; Marteinsdottir and
Able 1992) spawn almost exclusively on a 14-day cycle
corresponding to the semi-lunar cycle, or the 14.7906 d
period between spring and neap tides. These species
deposit their eggs at or above the high tide line during
spring tides where development can occur in an envi-
ronment with reduced predation risk. Species with an
estuarine-dependent life history strategy may exhibit
recruitment peaks coinciding with various lunar phases
thus improving egg survival through lowered predation
but also facilitating transport of newly hatched larvae
into suitable estuarine nursery habitats at high tides
(Miller et al. 1988). Lunar or semi-lunar spawning peri-
odicity has been directly observed in a wide range of
taxa, including clupeids (Hay 1990), atherinopsids
(Conover and Kynard 1984), sparids (Wakefield 2010),
and sciaenids (Aalbers 2008). Also, a number of studies
have identified lunar or semi-lunar periodicity in the
recruitment and settlement of larval fishes (Robertson
et al. 1990; Takemura et al. 2004, 2010). However,
evidence of other environmental cycles influencing
within-season spawning behavior in temperate marine
fishes, such as the diurnal solar cycle (i.e., day-night
cycle), are more common (Ferraro 1980; Migaud et al.
2010).

Atlantic cod Gadus morhua is amongst the most
intensively studied marine fish species in the world,
yet many aspects of its reproductive behavior and biol-
ogy are poorly known. The seasonal nature of cod
spawning is well documented throughout its range
(Brander 2005), but there is little information available
regarding whether cyclical behavior exists within a
spawning season. There are reports that cod spawning
occurs primarily at night or twilight (Kjesbu 1989;
Hutchings et al. 1999), but these observations have been
based primarily on captive fish. Field studies suggest
that a day-night cycle exists in some populations (Fudge
and Rose 2009); while other populations may exhibit
behaviors consistent with spawning during daylight
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hours (Grabowski et al. 2012). While there has been
no evidence presented that suggests activity in spawning
Atlantic cod coincides with tidal, semi-lunar, or lunar
cycles, it is unclear whether this is because cod do not
entrain these celestial cycles or because of a lack of
sufficient data or direct evaluation. Increasing knowl-
edge on spawning behavior has particular relevance to
the management and conservation of Atlantic cod fish-
eries as intensive fishing effort for this species is often
focused on their spawning aggregations (Morgan et al.
1997; Begg and Marteinsdottir 2003).

Furthermore, Atlantic cod can exhibit high levels of
behavioral diversity and plasticity both across their
range (Brander 2005) and at more local scales. For
example, the Icelandic cod stock has distinct geographic
components, one in the waters off northern Iceland and
another off southern Iceland (Pampoulie et al. 2006).
Two distinctive behavioral ecotypes occur within each
geographic component. Coastal cod tend to remain in
the relatively shallow water of the continental shelf,
while frontal cod move to deeper waters along the shelf
break and exhibit large daily vertical migrations
(Palsson and Thorsteinsson 2003; Pampoulie et al.
2008; Grabowski et al. 2011). These stock components
exhibit differences in their reproductive phenologies
(Grabowski et al. 2011) and thus it is possible that their
reproductive behavior has responded differently to en-
vironmental cycles.

Our objective was to test the hypothesis that Atlantic
cod activity during the spawning season may be syn-
chronized with four environmental cycles: annual solar
cycle, diurnal solar cycle, lunar cycle, and semi-lunar
cycle. Secondarily, we evaluated whether there were
differences in the relationship between activity and en-
vironmental cycles amongst the geographic and behav-
ioral components of the Icelandic cod stock.

Methods
DST depth profile collection and interpretation

We used a data set of 822 putative spawning events
identified from the depth profiles of 58 data storage tags
(DSTs; DST Centi and DST Milli: Star-Oddi Marine
Device Manufacturing, Reykjavik, Iceland) recovered
from Atlantic cod in Icelandic waters during 2002-2007
as described by Grabowski et al. (2014). Briefly, we
tagged 1,188 Atlantic cod from spawning aggregations
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around Iceland following the procedure described in
Thorsteinsson and Marteinsdéttir (1998). While a total
of 449 individuals have been recovered, only 58 indi-
viduals (27 males; 31 females) were at liberty for a
sufficient time to encompass at least one full spawning
season. Most of these individuals were from the south-
ern component of the Icelandic cod stock, and there
were about twice as many cod exhibiting the coastal
behavioral type as individuals exhibiting the frontal
behavioral type (Table 1). No coastal behavioral types
were recovered from the northern stock component with
usable DST depth profiles during the spawning season.
The DSTs recorded paired temperature and depth mea-
surements at 10-min intervals throughout the duration of
the spawning season (mid-February — June) and at either
10-min or 6-h intervals for the remainder of the year
depending on the model and programming of the tag.
Putative spawning events were identified from the
depth profiles of recovered DSTs based on published
descriptions of Atlantic cod spawning behavior, primar-
ily Brawn (1961a, b), Rose (1993), Hutchings et al.
(1999), Fudge and Rose (2009), and Meager et al.
(2009). These studies, as well as visual and
hydroacoustic observations of shallow water cod
spawning aggregations around Iceland (Grabowski
etal. 2012, G. Marteinsdottir unpubl. data), suggest that
the majority of cod courtship and male-male interactions
take place on or near the bottom. Individuals spending
extended periods of time on the bottom with low levels
of vertical movement produce a DST depth profile with
a clear tidal signature (Righton et al. 2001). Therefore, a
DST-generated depth profile consisting primarily of a
clear tidal signature lasting at least 12.5 h was
interpreted as participation in a spawning aggregation
if occurring between migratory periods and within the

Table 1 Population, behavioral type, and sex of Atlantic cod from
Icelandic waters tagged with electronic data storage tags and
recovered after at least one full spawning season during 2002—
2007

Males Females Total
Northern 2 4 6
Frontal 2 4 6
Southern 25 27 52
Coastal 15 19 34
Frontal 10 8 18
Total 27 31 58

Atlantic cod spawning season of mid-February to early
June in Icelandic waters (Thorsteinsson and
Marteinsdottir 1998; Marteinsdottir et al. 2000). Migra-
tory events consisted of a directed change in the depth
occupied by an individual (Grabowski et al. 2011;
Thorsteinsson et al. 2012; Grabowski et al. 2014;
Fig. 1), indicated by a shift in the mean daily depth to
the shallower waters occupied during spawning from
the deeper water occupied during the remainder of the
year. Periods of clear tidal signature did occasionally
occur outside of the spawning period but tended to be
shorter in duration and lacked the vertical behavior
characterized as putative spawning events.

Vertical behaviors identified as putative spawning
events were characterized as a three-part process that
occurred within a period of a clear tidal signature
(Grabowski et al. 2014). First we required the individual
to occupy an initial depth+£0.25 m for three consecutive
observations at 10 min intervals, followed by an ascent
into the water column of at least 1.50 m, and a return to
its initial depth+0.25 m. Spawning cod in laboratory
settings have been observed to swim into the water
column after courtship and release their gametes before
returning to the substrate (Brawn 1961b; Rose 1993;
Hutchings et al. 1999). Hydroacoustic surveys actively
spawning cod have observed individuals traveling as
much as 150 m from the bottom, sometimes forming
large columns above the aggregation (Rose 1993; Fudge
and Rose 2009). However, vertical movements of <
10 m may be more common (Grabowski et al. 2012,
2014). The counts of putative spawning events are sub-
ject to error from false positives and false negatives, i.e.
missed events, due to the short duration of a spawning
event, about 10 s in captive conditions (Hutchings et al.
1999), and relatively rapid ascent rate (12—15 m min™';
Grabowski et al. 2012) relative to the DST sampling
interval. At the same time, activity could be
overestimated due to the fact that these short duration
vertical movements could be due to a number of factors
unrelated to spawning. However, there are sex-specific
differences in the number of putative spawning events
recorded per spawning season and intervals between
events that suggest the database represents a reasonable
estimate of spawning activity (Grabowski et al. 2014).

Analysis of cyclical behavior

We evaluated the relationship between the timing of
putative spawning events and four environmental
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cycles. The annual solar cycle was calculated with a
period of 365.2424 d, obtained by dividing the time
between the winter solstice in 2004 and winter solstice
2010 by 6 years, with time zero (¢,) placed at the winter
solstice. For the lunar cycle we used a period of
29.52812 days obtained by dividing the time between
the full moon in January 2004 and full moon January
2010 by the 75 lunar periods between. The full moon
was used as 7, for this cycle. As tides are influenced by a
semi-lunar cycle, with spring tides around both the full
and new moon, we also included a semi-lunar cycle in
our analysis with period of 14.7906 days and ¢, at both
the full and new moon. The position of every spawning
event within each natural cycle relative to its ¢, was
expressed as an angle in radians, e.g., an event occurring
at 06:00 has an angle of 7/2 radians on the daily solar
cycle, and an event occurring at the first quarter moon
has an angle of 7 radians on the semi-lunar cycle and 37/
2 radians on the lunar cycle. In order to detect whether
behavior was cyclic with particular periods, Rayleigh
(1919) tests were used to test for uniformity of the
distribution of angles. For the periods that were signif-
icantly different from uniformity, after verifying that
these distributions roughly fit a von Mises distribution,
we estimated the dispersion, K, and peak angle, j, using
a maximum likelihood method and used bootstrapping
to generate the confidence intervals around these esti-
mates. The best-fit annual and semi-lunar distributions
were combined into a predictive model simply by mul-
tiplying the probability densities from each.

@ Springer
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We used three approaches to evaluate whether the
timing of potential spawning events was associated with
a diurnal solar cycle. First we evaluated whether there
were peaks in activity associated with a particular time
of day by assigning the daily solar cycle (day and night)
a period of 1 d (84,600 s) and placing #, at midnight
GMT following the approach described above. Howev-
er, the Atlantic cod spawning season in Iceland occurs
during a period of rapidly changing day length, as there
are approximately 8 h of daylight at the start of the
season in mid-February and almost 20 h by its conclu-
sion in late May-early June. Therefore, we needed to
account for shifts in sunrise and sunset during this
period. We evaluated whether cod activity was more
likely to occur during daytime or nighttime than dawn
and dusk by assigning local midday and midnight angles
of 0 radians and 18:00 GMT and 06:00 GMT angles of ™
radians, then performing Rayleigh tests as described
above. While this approach addresses whether cod ac-
tivity does not peak during dawn and dusk, it would still
not definitively identify a crepuscular pattern due to the
shifting times of sunrise and sunset. To account for these
shifting times, we also divided the dataset into two parts:
events that occurred + 4 h of sunset and events that
occurred + 4 h of sunrise. The times of sunrise and
sunset at 63.50.0°N were defined daily using the NOAA
Earth System Research Laboratory solar calculator
(NOAA, http://www.esrl.noaa.gov/gmd/grad/solcalc)
and were assigned an angle of 0 radians. The time 4 h
before and after sunrise and sunset were each assigned
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an angle of 7 radians. Intervals between each potential
spawning event and sunrise/sunset were assigned an
angle between 0- 7 radians and evaluated using the
Rayleigh tests as described above.

Results

Atlantic cod activity coincided with several environ-
mental cycles based on the interpretation of depth pro-
files generated from recovered DSTs. When all of the
individuals were considered as a single unit, we found
that the distribution of putative spawning events differed
from a uniform distribution over an annual period (Ray-
leigh test, P<0.01, Fig. 2a) and the bootstrapped max-
imum likelihood estimates of spawning behavior
peaked on an annual cycle in late April to early May
(95 % confidence interval of day 117-120 after 01
January). However, cod tagged from spawning aggre-
gations in southern Iceland seemed to exhibit an annual
peak in activity that was approximately 10—14 days
earlier than counterparts captured from aggregations in
northern Iceland (day 126—132), but no further statistical
analysis was conducted due to small sample size from
northern spawning aggregations. Time of peak
spawning on an annual cycle did not differ between
cod exhibiting coastal vs frontal behavior (95 % confi-
dence intervals: day 116-119 for southern coastal and
day 113-118 for south frontal).

There was no indication of activity being tied to a
diurnal solar cycle (Rayleigh test: P=0.53; Fig. 2b).
Individuals were equally likely to exhibit putative
spawning behavior during daylight or nighttime hours,
and there did not seem to be any tendency for activity to
peak during dawn (Rayleigh test: P=0.50) or dusk
(Rayleigh test: P=0.40).

In contrast to the solar cycle, Atlantic cod activity
seemed to have relationships with both the lunar and
semi-lunar cycles (Rayleigh tests: P<0.01 for lunar
cycle; P<0.01 for semi-lunar cycle; Fig. 2¢ and d).
The peak in the semi-lunar cycle coincided with the
spring tide about 0.5-1.6 d after a full or new moon,
and in addition we detected a peak in the lunar cycle 6—
11 d after the full moon, suggesting that cod may spawn
more frequently during the waning phases of the moon
(from full to new) with peaks during both spring tides.
However, the relationship with the lunar cycle was
weaker than that of the semi-lunar cycle as evidenced
by the higher dispersal of events throughout the cycle

(Fig. 2c and d). There were no apparent differences in
the timing of spawning as related to lunar and semi-
lunar spawning in northern and southern Icelandic cod
based upon 95 % confidence intervals of the estimates
of peak activity, but the small sample size of individuals
from the northern stock component precluded further
statistical analysis. Likewise there seemed to be no
differences between coastal and frontal cod from the
southern stock component in their timing as it related
to lunar or semi-lunar cycles as 95 % confidence inter-
vals from bootstrapping overlap. The observed frequen-
cy of activity relative to the probability density of activ-
ity from the multiple cycles is illustrated in Fig. 3.

Discussion

Atlantic cod activity during the spawning season in
Iceland seems to be strongly tied not only to an annual
solar cycle as expected, but also to lunar and semi-lunar
cycles. This may be the first evidence for the entrain-
ment of lunar and semi-lunar cycles in this species.
Although the exact timing differs among populations
and locations, Atlantic cod exhibit distinct spawning
seasons throughout its range (Brander 2005). In Iceland,
cod are reported to spawn between mid-March and mid-
June (Jonsson 1982; Marteinsdottir et al. 2000; Brander
2005) with a peak in the season generally occurring in
mid-April on the main spawning grounds off southern
Iceland (Marteinsdéttir et al. 2000). The potential dif-
ferences between northern and southern Icelandic cod in
their timing of spawning observed in this study have
been previously noted by Marteinsdéttir et al. (2000)
and Grabowski et al. (2011). Overall, these observations
are similar to our results suggesting a protracted
spawning season in Icelandic waters running from Feb-
ruary to June. However, our observation of activity
peaking in late April-ecarly May was slightly later than
that noted in the literature (Jonsson 1982; Marteinsdottir
and Bjornsson 1999; Marteinsdottir et al. 2000), but this
difference might be attributable to our sampling proto-
col. Our tagging was typically restricted to April due to
various logistical considerations, and thus might be
biased towards individuals that spawn relatively late in
southern Iceland and relatively early in northern Iceland.
The similarity in peak activity between coastal and
frontal cod was not unexpected. The two behavioral
types seem to initiate spawning behavior at
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Fig. 2 Observed frequency of a
putative Atlantic cod spawning

events inferred from electronic

data storage tags, by time offset in

four different natural cycles (a)

annual (0 degrees = midwinter),

(b) daily (0 degrees = midnight),

(¢) lunar (0 degrees = full moon), 180
and (d) semi-lunar (0 degrees =

full or new moon)

C lunar cycle, p<0.01
90 90

180

approximately the same time despite experiencing dra-
matically different temperature regimes (Grabowski
etal. 2011).

Icelandic cod seem to lack a diurnal solar cycle in
their activity during spawning. Previous observations of
Icelandic cod spawning seem to support the lack clear
diurnal solar cycle in the DST depth profiles. Using a
split-beam echosounder and dual-frequency identifica-
tion sonar, Grabowski et al. (2012) found distributions
of cod consistent with those described for spawning
column formation during daylight hours, but did not
investigate whether this phenomenon also occurred at
night. Observations of Icelandic cod in production and
laboratory facilities have noted spawning occurs mostly
at night similar to that for captive individuals from other
populations of cod (Brawn 1961b; Kjesbu 1989; Rowe
and Hucthings 2006). Field studies of other cod popu-
lations either suggest primarily nocturnal reproduction
in cod (Fudge and Rose 2009) or do not directly quan-
tify or observe spawning behavior (Siceloff and Howell
2013) making it difficult to directly compare with our
results. While Fudge and Rose (2009) describe cod
spawning columns forming at only night in
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Newfoundland, the study was only conducted over an
18.5-h period making it difficult to conclude that these
columns form only at night throughout an entire
spawning season. Ultimately, the entrainment of a diur-
nal solar cycle into spawning behavior may vary among
populations as individuals experience differential selec-
tive pressures that favor spawning at specific times in a
given location (Yamahira 2004). However, this warrants
further investigation due to the limitations of
interpreting behavior from DST depth profiles as there
is no way to confirm gamete release. The activity re-
corded by the tags could include other behaviors, such
as courtship or agonistic displays.

Within a spawning season, the activity of cod in
Iceland seems to peak in association with the spring
tide, which can lag several days after the full and new
moons. Over the course of a full lunar cycle, vertical
movements consistent with spawning behavior are most
concentrated during the waning phases of the moon, but
also peak again during the full moon. While behavioral
synchronization with lunar and semi-lunar cycles has
been previously noted in Atlantic cod during other parts
of the years, such as during the summer or migratory
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Fig. 3 Observed frequency of putative Atlantic cod spawning events as inferred from electronic data storage tags (bars) compared to an
illustration of the combined effects of probability density of spawning from annual and semi-lunar cycles (/ine) aggregated from 2003 to 2007

periods (Gode and Michalsen 2000; Stensholt 2001;
Neat et al. 2006), it is not entirely clear why Icelandic
cod would synchronize their activity to these cycles.
Numerous hypotheses have been proposed to explain
the advantages of synchronizing reproductive behaviors
with lunar and semilunar cycles. A semi-lunar spawning
cycle is thought to enable spawning fish to enhance or
limit dispersal during spring or neap tides (Takemura

et al. 2004), or otherwise reduce mortality by giving the
developing larva access to protected habitats (Clark
1925; Taylor et al. 1979; Marteinsdottir and Able
1992; Takemura et al. 2004). Fishes timing their
spawning behavior with a lunar cycle may be using this
cycle to synchronize spawning in order to swamp pred-
ators, minimize intra-cohort competition, facilitate
movement to or from spawning grounds, allow more
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effective guarding of nest sites at night, or to provide
settling larva the cover of darkness during a new moon
(Taylor 1984; Robertson et al. 1990; Takemura et al.
2004). However, few if any of these hypotheses seem
directly applicable to what is known about Atlantic cod
spawning behavior and early life history. More recently,
Hernandez-Leon (2008) proposed that spawning on a
lunar cycle might enable larval fishes to both feed more
effectively at night ultimately leading to higher growth
and survival rates as well as avoid planktivorous fishes,
which tend to remain in deeper water during the full
moon. While this is an intriguing possible explanation
for the entrainment of lunar and semi-lunar cycles in
Icelandic cod, further research is needed to fully evalu-
ate the effects of this spawning pattern on cod growth
and recruitment.

The use of DSTs to assess the spawning behavior of
marine fishes seems to have great potential (Kawabe
et al. 2009; Metcalfe et al. 2009; Yasuda et al. 2013) and
our methodology seemed to produce realistic, if some-
what conservative (Grabowski et al. 2014), estimates of
activity in spawning Atlantic cod. The use of DSTs
enables behavioral data to be collected across wide
temporal and spatial scales, though the resolution of
the data may not be as fine as other approaches. How-
ever, the ability to identify peaks in activity during
spawning has important implications for the conserva-
tion and management of commercial fisheries for cod
and potentially other marine species. Atlantic cod has a
complex mating system (Hutchings et al. 1999;
Nordeide and Folstad 2003) that can be sensitive to
anthropogenic disturbances, such as commercial fishing
activities (Morgan et al. 1997; Rowe and Hucthings
2004. Current management practices for Atlantic cod
and many other marine species include times or areas
that are closed to exploitation. For example, current
management of the Icelandic cod stock mandates a
closed two-week period (Fiskistofa 2014). The start date
of these closures varies around the island depending on
time of peak spawning in each area (Marteinsdottir et al.
2000). Our results suggest that these practices might not
always incorporate the peak of activity in Iceland. Fur-
thermore, incorporating our results into a stock assess-
ment program might allow for the refinement of conser-
vation and management activities to ensure the protec-
tion of spawning stocks during the periods where their
reproductive output is highest, while at the same time
potentially minimizing impacts on the commercial
fishery.

@ Springer

Acknowledgments We thank all of the captains and crew mem-
bers from vessels used in this study for their assistance with
sampling and tagging; H. Karlsson and B. Gunnarsson of the
Icelandic Marine Research Institute for their assistance with tag-
ging; S. Gudbjornsson and S. Gunnlaugsson at Star-Oddi Marine
Device Manufacturing for assistance with DST deployment, data
recovery, and data analysis; and of the Icelandic fishermen who
participated in this study by returning tags. J. Long provided
comments and suggestions that improved the final version of this
manuscript. Funding for this project was provided by the Marine
Research Institute, Iceland; the University of Iceland Research
Fund; the EU-projects “CODYSSEY” (Q5RS-2002-00813;
2003-2006) and “METACOD” (Q5RS-2001-00953; 2002-
2005); the Icelandic Research Fund (grant number: 070019023);
and the Fisheries Project Fund of the Icelandic Ministry of Fish-
eries and Agriculture. BJM received funding from the MASTS
pooling initiative (The Marine Alliance for Science and Technol-
ogy for Scotland, funded by the Scottish Funding Council grant
reference HR09011 and contributing institutions) and their support
is gratefully acknowledged. Fish tagging activities conducted by
V.T. under license number 0304-1901 issued by the Icelandic
Committee for Welfare of Experimental Animals, Chief Veterinary
Office at the Ministry of Agriculture, Reykjavik, Iceland.
Cooperating agencies for the Texas Cooperative Fish and Wildlife
Research Unit are the U.S. Geological Survey, Texas Tech Uni-
versity, Texas Parks and Wildlife, and the Wildlife Management
Institute. Use of trade, product, or firm names is for descriptive
purposes only and does not imply endorsement by the U.S.
Government.

References

Aalbers SA (2008) Seasonal, diel, and lunar spawning periodic-
ities and associated sound production of white seabass
(Atractoscion nobilis). Fish Bull 106:143—151

Begg GA, Marteinsdottir G (2003) Spatial partitioning of relative
fishing mortality and spawning stock biomass of Icelandic
cod. Fish Res 59:343-362

Brander K (2005) Spawning and life history information for North
Atlantic cod stocks. ICES Cooperative Research Report 274

Brawn VM (1961a) Aggressive behaviour in the cod (Gadus
callarias L.). Behaviour 18:107-147

Brawn VM (1961b) Reproductive behaviour of the cod (Gadus
callarias L.). Behaviour 18:177-197

Clark FN (1925) The life history of Leuresthes tenuis, an atherine
fish with tide controlled spawning habits. Calif Fish Game
Fish Bull 10:1-51

Conover DO, Kynard BE (1984) Field and laboratory obser-
vations of spawning periodicity and behavior of a
northern population of the Atlantic silverside, Menidia
menida (Pisces: Atherinidae). Environ Biol Fish 11:
161-171

Ferraro SP (1980) Daily time of spawning of 12 fishes in the
Peconic Bays, New York. Fish Bull 78:455-464

Fiskistofa (2014) Hygningarstopp [in Icelandic]. Available online
at: http://www.fiskistofa.is/fiskveidistjorn/veidibann/
hrygningarstopp/


http://www.fiskistofa.is/fiskveidistjorn/veidibann/hrygningarstopp/
http://www.fiskistofa.is/fiskveidistjorn/veidibann/hrygningarstopp/

Environ Biol Fish (2015) 98:1767-1776

1775

Fudge SB, Rose GA (2009) Passive- and active-acoustic proper-
ties of a spawning Atlantic cod (Gadus morhua) aggregation.
ICES J Mar Sci 66:1259-1263

Gode OR, Michalsen K (2000) Migratory behaviour of north-east
Arctic cod studied by use of data storage tags. Fish Res 48:
127-140

Grabowski TB, Thorsteinsson V, McAdam BJ, Marteinsdottir G
(2011) Evidence of segregated spawning in a single marine
fish stock: sympatric divergence of ecotypes in Icelandic
cod? PLoS One 6(3):e17528

Grabowski TB, Boswell KM, McAdam BJ, Wells RJD,
Marteinsdottir G (2012) Characterization of Atlantic cod
spawning habitat and behavior in Icelandic coastal waters.
PLoS One 7(12):¢51321. doi:10.1371/journal.pone.0051321

Grabowski TB, Thorsteinsson V, Marteinsdottir G (2014)
Spawning behavior in Atlantic cod: analysis by use of data
storage tags. Mar Ecol Prog Ser 506:279-290

Hay DE (1990) Tidal influence on spawning time of Pacific
herring (Clupea harengus pallasi). Can J Fish Aquat Sci
47:2390-2401

Hernandez-Leon S (2008) Natural variability of fisheries and lunar
illumination: a hypothesis. Fish Fish 9:138-154

Hutchings JA, Bishop TD, McGregor-Shaw CR (1999) Spawning
behaviour of Atlantic cod Gadus morhua: evidence of mate
competition and mate choice in a broadcast spawner. Can J
Fish Aquat Sci 57:1011-1024

Jonsson E (1982) A survey of spawning and reproduction of the
Icelandic cod. Rit Fiskideildar 14:7-82

Kawabe R, Yoshiura N, Nashimoto K, Tsuda Y, Kojima T, Takagi
T, Yasuda T, Kato A, Sato K, Naito Y (2009) High-frequency
depth recording reveals the vertical movement of flounder in
the Tsugaru Strait of northern Japan. Mar Freshw Behav Phy
42:275-295

Kjesbu OS (1989) The spawning activity of cod, Gadus morhua L.
J Fish Biol 34:195-206

Marteinsdottir G, Able KW (1992) Influence of egg size on
embryos and larvae of Fundulus heteroclitus (L.). J Fish
Biol 41:883-896

Marteinsdottir G, Bjornsson H (1999) Time and duration of
spawning of cod in Icelandic waters. ICES CM1999/Y:3

Marteinsdottir G, Gunnarsson B, Suthers IM (2000) Spatial
variation in hatch date distributions and origin of pe-
lagic juvenile cod in Icelandic waters. ICES J Mar Sci
57:1184-1197

Meager JJ, Skjeraasen JE, Fernd A, Karlsen @, Lokkeborg S,
Michalsen K, Utskot SO (2009) Vertical dynamics and re-
productive behaviour of farmed and wild Atlantic cod Gadus
morhua. Mar Ecol Prog Ser 389:233-243

Metcalfe JD, Wilson RP, Kjesbu OS, Challiss MJ, Gleiss A,
Skjeeraasen JE, Clarke S (2009) From “where” and “when”
to “what” and “why”: archival tags for monitoring
“complex” behaviours in fish. ICES CM 2009/B:04

Migaud H, Davie A, Taylor JF (2010) Current knowledge on the
photoneuroendorine regulation of reproduction in temperate
fish species. J Fish Biol 76:27-68

Miller TJ, Crowder LB, Rice JA, Marschall EA (1988) Larval size
and recruitment mechanisms in fishes: toward a conceptual
framework. Can J Fish Aquat Sci 45:1657-1670

Morgan MJ, DeBiois EM, Rose GA (1997) An observation on the
reaction of Atlantic cod (Gadus morhua) in a spawning shoal
to bottom trawling. Can J Fish Aquat Sci 54(1):217-223

Neat FC, Wright PJ, Zuur AF, Gibb IM, Gibb FM, Tulett D,
Righton DA, Turner RJ (2006) Residency and depth move-
ments of a coastal group of Atlantic cod (Gadus morhua L.).
Mar Biol 148:643-654

Nordeide JT, Folstad I (2003) Is cod lekking or a promiscuous
group spawner? Fish Fish 1:90-93

Palsson OK, Thorsteinsson V (2003) Migration patterns, ambient
temperature, and growth of Icelandic cod (Gadus morhua):
evidence from storage tag data. Can J Fish Aquat Sci 60:
1409-1423

Pampoulie C, Ruzzante DE, Chosson V, Jorundsdéttir TD, Taylor
L, Thorsteinsson V, Danielsdottir AK, Marteinsdottir G
(2006) The genetic structure of Atlantic cod (Gadus morhua)
around Iceland: insight from microsatellites, the Pan-I locus,
and tagging experiments. Can J Fish Aquat Sci 63:2660—
2674

Pampoulie C, Jakobsdottir KB, Marteinsdottir G, Thorsteinsson V
(2008) Are vertical behaviour patterns related to the
Pantophysin locus in the Atlantic cod (Gadus morhua L.)?
Behav Genet 38:76-81

Peter RE, Yu KL (1997) Neuroendocrine regulation of ovulation
in fishes: basic and applied aspects. Rev Fish Biol Fish 7:
173-197

Rayleigh JWS (1919) On the problem of random vibrations, and
of random flights in one, two or three dimensions. Philos
Mag 37:321-347

Righton D, Metcalfe J, Connolly P (2001) Different behaviour of
North and Irish Sea cod. Nature 411:156

Robertson DR, Petersen CW, Brawn JD (1990) Lunar reproduc-
tive cycles of benthic-brooding reef fishes: reflections of
larval biology or adult biology. Ecol Monogr 60:311-329

Rose GA (1993) Cod spawning on a migration highway in the
North-West Atlantic. Nature 366:458-461. doi:10.1038/
366458a0

Rowe S, Hucthings JA (2004) Mating systems and the conserva-
tion of commercially exploited marine fish. Trends Ecol Evol
18:567-572

Rowe S, Hucthings JA (2006) Sound production by Atlantic cod
during spawning. Trans Am Fish Soc 135:529-538

Siceloff L, Howell WH (2013) Fine-scale temporal and spatial
distributions of Atlantic cod (Gaudus morhua) on a western
Gulf of Maine spawning ground. Fish Res 141:31-43

Stensholt BK (2001) Cod migrations in relation to temperature:
analysis of storage tag data. ICES J Mar Sci 58:770-793

Takemura A, Rahman MS, Park YJ, Takano K (2004) Lunar
cycles and reproductive activity in reef fishes with
particular attention to rabbitfishes. Fish Fish 5:317-328

Takemura A, Rahman MS, Park YJ (2010) External and internal
controls of lunar-related reproductive rhythms in fishes. J
Fish Biol 76:7-26

Taylor MH (1984) Lunar synchronization of fish reproduction.
Trans Am Fish Soc 113:484-493

Taylor MH, Leach GJ, DiMichele L, Levitan WM, Jacob WF
(1979) Spawning cycle in the mummichog, Fundulus
heteroclitus (Pisces: Cyprinodontidae). Copeia 1979(2):
291-297

Thorsteinsson V, Marteinsdottir G (1998) Size specific time and
duration of spawning of cod (Gadus morhua) in Icelandic
waters. ICES CM 1998/DD:5

Thorsteinsson V, Péalsson OK, Tomasson GG, Jonsdottir IG,
Pampoulie C (2012) Consistency in the behaviour types

@ Springer


http://dx.doi.org/10.1371/journal.pone.0051321
http://dx.doi.org/10.1038/366458a0
http://dx.doi.org/10.1038/366458a0

1776

Environ Biol Fish (2015) 98:1767-1776

of the Atlantic cod Gadus morhua: repeatability, timing
of migration and geo-location. Mar Ecol Prog Ser 462:
251-260

Wakefield CB (2010) Annual, lunar, and diel reproductive period-
icity of a spawning aggregation of snapper Pagrus auratus
(Sparidae) in a marine embayment on the lower west coast of
Australia. J Fish Biol 77:1359-1378

@ Springer

Yamahira K (2004) How do multiple environmental cycles in
combination determine reproductive timing in marine organ-
isms? A model and test. Funct Ecol 18:4-15

Yasuda T, Katsumata H, Kawabe R, Nakatsuka N, Kurita Y (2013)
Identifying spawning events in the Japanese flounder
Paralichthys olivaceous from depth time-series data. J Sea
Res 75:33-40



	Evidence from data storage tags for the presence of lunar and semi-lunar behavioral cycles in spawning Atlantic cod
	Abstract
	Introduction
	Methods
	DST depth profile collection and interpretation
	Analysis of cyclical behavior

	Results
	Discussion
	References


