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Comparisons over 6 years of three Norwegian fjord populations of the deep-water scyphomedusa Periphylla periphylla
are presented. A minor part of the population in Lurefjord is migrating to the surface during night, which benefits
mating encounters by increasing abundance per unit volume and decreasing the distance between individuals.
Simulations using a typical water-column density profile and Stoke’s law show that fertilized eggs released in the surface
quickly reach a depth where light is insufficient for visual predators. Consequently, the distribution of the smallest
juveniles was strongly skewed towards higher depths in all three fjords studied. Mature females in Sognefjord were
4-5 times less abundant than in Lurefjord and Halsafjord, but due to a larger size and strong exponential relationship
between size and number of mature oocytes, the potential recruitment rate as recruits m~2 year ™! was not much
different from the other two fjords. Nevertheless, the observed number of small (<1 cm) juveniles was 18-31 times
higher in Sognefjord than in the other two fjords, and it is assumed that the deeper habitat (up to 1300 m) compared
to the other fjords (up to 440 and 530 m) 1s a superior habitat for the early development of P periphylla.
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INTRODUCTION reports on mass occurrence in Norwegian fjords have

The coronate holopelagic scyphomedusa Periphylla been published for Sognefjord (Broch 1913), Halsafjord
periphylla has a multi-year life span (Jarms ¢ al. 1999) and ~ (Sneli 1984) and Lurefjord (Fossa 1992)—the latter also
a worldwide distribution, recorded from northern polar including local information from fishermen of mass
(Dalpadado et al. 1998) to southern polar waters (Pages —occurrence since the early 1970s. Scientific documenta-
et al. 1996), and from Atlantic (Lucas and Reed 2010) tions of mass occurrences also include Vefsnfjord (66°N,
as well as from Pacific waters (Osborn et al. 2007). Early Bozman et al. 2017) and Trondheimsfjord (63-64°N,
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Tiller et al. 2017, originally reported in two unpublished
master theses). Recent findings by Geoflroy et al. (2018)
increase the northerly distribution to above 80°N in
Svalbard waters.

Although media reports on P periphylla may indicate
increased occurrence of the species along the Norwegian
coastline (Tiller ez al. 2017), this is an open question,
since it might only reflect increased public interest. The
hypothesis of Tiller e al. (2017) of a northward spreading
in Norwegian fjords, due to climate warming is not logic,
since the species thrives in oceanic cold deep-sea environ-
ments (Larson 1986; Larson et al. 1991). Mass occurrence
of P periphylla causes problems for the local fisheries by
clogging nets and trawls and also by keeping fish away
from such fjords (Tiller ¢z al. 2015). The behaviour of the
species includes a diel vertical migration, first described
by Youngbluth and Bamstedt (2001) from Remotely
operated underwater vehicle (ROV)-based video profiles
and later described for individual medusa by (Klevjer
et al. 2009; Kaartvedt ¢t al. 2015), based on records from
a submersed echo-sounder. Dupont ¢t al. (2009) used a
light-sensitivity model to show that the main part of
the population in Lurefjord was adapted to a defined
range in ambient irradiance level, which governed a
diurnal vertical migration. Bozman ez al. (2017) found
that a major part of the big individuals remained in
the ambient irradiance range between 5 x 107 and 1
x 1077 pmol quanta m™ s~', thereby causing a driving
force for diurnal vertical migration. A long-term study
with submersed echo-sounder (Kaartvedt efal. 2011)
revealed four different behavioural groups, ranging from
no vertical migration to vertical migration both day and
night.

The optical environment obviously governs the ver-
tical distribution of organisms but has probably also a
profound importance for the balance between visual (e.g.
fish) and tactile (e.g jellyfish) predators in marine habitats
(Eiane et al. 1999, Aksnes et al. 2009). Advective exchange
of water between the fjord and the open sea is another
crucial factor with strong potential impact on planktonic
fjord populations. Sernes et al. (2007) presented a model
for explaining P periphylla retention in three Norwegian
fjords, based on vertical distribution and advection and
with light attenuation as a governing factor for the vertical
distribution. Although the model gives a logic explanation
for why the three fjords can have a sustainable population
of P periphylla, it does not explain the mechanism behind
the strong population differences in abundance of small
individuals between the three studied fjords (see Sernes
et al. 2007). This is mainly due to a lack of basic biological
information. Our main aim in this study was therefore
to test if any differences in fecundity, related to size
distribution of adult females in Lurefjord, Halsafjord and
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Sognefjord, could explain differences in abundance and
size structure between the fjords. We also present field
data and simulation results that show the benefit of night-
time surface aggregation and reproduction of mature
medusae and fast sinking to deep water of released eggs.

MATERIAL AND METHOD

Material for this study was collected from three fjords
on the western coast of Norway (Fig. 1). Lurefjord is
around 20 km in length with a narrow and shallow,
20-m-deep, sill towards the open sea and the deepest
part being 440 m. Sognefjord has a length of 205 km
with the deepest part of the sill towards the open sea
at ca 165 m and the deepest basin reaching more than
1300-m depth. Halsafjord is a side fjord of Vinjefjord,
which has several other side fjords. It has no true sill,
but the exchange between Halsafjord and the open sea
is restricted by the shallowest area outside the fjord arm,
which is 130 m deep. Halsafjord is ca. 45 km in length and
with the deepest part going down to ca. 530 m.

Population structure

Quantitative sampling was made with a modified Isaac-
Kid net (MIK net) with 2-m opening diameter, 500-pm
mesh size and ca. 12-m length, and with a large plastic bag
as a non-filtering cod-end. The net with a heavy weight
in the end was slowly hauled (ca. 0.5 m s™') vertically
from close to the bottom to the surface. The coronal
diameter (diameter over the coronal furrow; see Jarms
et al. 1999) of all collected individuals >1 cm was mea-
sured, whereas all individuals <1-cm diameter were only
counted. Our presented MIK-net data are from 15 cruises
during 6 years, 2000-2005 (Table I), and taken from the
deepest part of the basin in each fjord. For Lurefjord,
the estimate of average abundance was based on 1181
individuals from 51 net hauls collected during 15 cruises,
for Halsafjord 352 individuals from 15 net hauls during 5
cruises and for Sognefjord, it was based on 39 individuals
from 13 net hauls during 8 cruises (Table I). In order to
determine the sex ratio, we used only net hauls where sex
was determined on individuals of mature size (>5 cm
coronal diameter; Tiemann e/ al. 2009). This reduced
the number to 688 individuals in Lurefjord and 262
individuals in Halsafjord. We estimated the abundance of
mature female by using the abundance of all individuals
>5 cm diameter multiplied with the female:male ratio.
Sex was not determined for individuals in Sognefjord
(Table I). We, therefore, used the average sex ratio from
the two other fjords to calculate female abundance and
potential recruitment rate in Sognefjord. In order to
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Fig. 1. Geographic location of the three Norwegian fjords in the study. NAC = Norwegian Atlantic Current; NCC = Norwegian Coastal Current.

describe the vertical distribution of juvenile individuals
<1 cm in coronal diameter, we used a Hydrobios Midi
Multinet (https://www.hydrobios.de/) with an opening
size of 0.25 m* and with five nets of 300-um mesh size
and opening and closing of each net controlled from the
deck. We present one example, taken between 22 and 25
June 2002 during the light part of the day.

Surface occurrence in Lurefjord

Counting of P, periphylla during night was made in spring
2002, 2004 and 2005. The research ship moved with an
average speed of 135 m min™" (02 April), 125 m min™
(04 April) and 178 m min™" (05 May) throughout the
length of the fjord and all individuals that were detected
within a floodlight beam with a width on the surface of
5 m were recorded. In 2002 and 2004, the cumulative
number of medusae counted over intervals of 1 minute
were recorded, whereas in 2005, we counted medusa
over 5 minutes intervals and made separate recordings on
the starboard and port side of the ship. By knowing the
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total distance, total time and beam width on the surface,
abundance and geographic position could be calculated.

Histology

Specimens for oocyte examination were collected with
an MIK-net in May and November 2005. The coronal
diameter was measured, and gonadal tissue was immedi-
ately preserved in 4% paraformaldehyde/seawater solu-
tion. The tissue was later dehydrated and embedded in
paraplast. Sections of 5-10-pm thickness were stained
with nuclear fast red aluminium sulphate and light green
yellowish (Tiemann and Jarms 2010). Seven cut-section
series of four different mature female gonadal tissues were
used for microscopic examination of oocyte morphology.
Due to shrinkage during preparation and storage, a cor-
rection factor of 25% was used to estimate morphometric
sizes on fresh material (Romeis 1989, Holst and Laak-
mann 2014). When defining the oocyte maturity state of
different oocytes, we solely used yolk and nucleus struc-
ture (see Table I). The corrected minimum size for fresh
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Table I: Overview of number of measured P periphylla with a size of > 5-cm coronal diameter, collected
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during 15 research cruises between March 2000 and May 2005 and used for the estimale of average

abundance and sex ratio.

Cruise time Lurefjord Halsafjord Sognefjord
March 2000 2:20 (13) No sample No sample
August 2000 3:13 No sample No sample
October 2000 4:23 No sample 1:2
December 2000 6:22 1:82 No sample
February 2001 5:118 No sample 1:2
October 2001 3:177 No sample 4:7

March 2002 3:54 No sample No sample
April 2002 4:84 No sample No sample
June 2002 4:65 (5) 4:81 (39) 11

March 2003 4:205 (132) 4:79 (40) 3:16
October 2003 4:176 (117) 3:60 (60) 1:1
January 2004 2:58 (24) No sample No sample
April 2004 2:29 (29) No sample 1:2
October 2004 2:89 (62) No sample 1:8

May 2005 3:48 (31) 3:50 (37) No sample

First number is the number of net hauls, number after colon is the number of sampled individuals and the number in parenthesis gives the
number of individuals that were defined to sex, which was the basis for the numeric relationship between females and males.

mature oocytes, given in Table I, was then used when
defining the number of mature oocytes in unpreserved
gonads.

A total of 53 females in the size range 4.0-14.0-cm
coronal diameter were collected from the three fjords
for enumeration of mature oocytes, 49 from Lurefjord,
2 from Halsafjord and 2 from Sognefjord. Counting of
fresh mature oocytes was performed directly after collec-
tion, using a stereo microscope. A scatter plot of num-
ber of mature oocytes versus female coronal diameter
was made and the best-fit regression equation calcu-
lated, thereby excluding three females (4.0-, 6.0- and 6.5-
cm coronal diameter) with no mature oocytes. We also
included a single 16.0-cm diameter female collected from
Osterfjord, ca. 15 km south of Lurefjord and calculated
the best fit exponential regression equation both with and
without the female from Osterfjord.

Maximum size of oocytes

In a separate study, females in the size from 6- to
14-cm coronal diameter were collected with a Harstad
trawl in the period April—]June 2002. Measurements of
maximum oocyte size were done on 120 females from
Lurefjord and 129 females from Halsafjord Care was
taken to cover the whole size spectrum of females with
gonads visible by the naked eye. A digital camera was used
to take macro-photos of parts of the gonads containing
the biggest oocytes. The diameter of the biggest oocytes
was calculated by using the software Scion Image (Scion
Corporation, USA) with a micro-ruler as a standard and
scatter plots of maximum oocyte diameter versus female
coronal diameter were made.
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Estimating female fecundity and potential
recruitment rate

The relationship between female size and number of
mature oocytes was used on all individuals that were
identified as mature females, and the sum, divided by the
number of females included, gave the average number
of mature oocytes per female (Noocytes), which will be
a relative measure of fecundity. These results were then
used to simulate the fecundity, expressed as spawned eggs

1

female™ year™, i.e.

Fecundity = Noocytes X 12/T

where T is the turnover time (months) for newly matured
oocytes to being released. The constant T' is unknown,
and we simulated fecundity with T set to 1, 3, 6 and
12 months. By also knowing the average abundance of
mature females in the three fjords (Nemales), these simu-
lations also generated potential recruitment rates, i.e.

Potential recruitment rate = Fecundity X Memales

Both equations can be expressed as a simple inverse
relationship:

¥i=1 x 12T

where Y; and Y] is the fecundity or recruitment rate with
turnover time 1 months, respectively, 1 month.

Factors governing the life cycle

Tiemann et al. (2009) suggested that the occurrence of
mature P periphylla in the surface water represented a
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mating behaviour. In order to illustrate the increase in
encounter probability by migration to the surface, we
calculated both the change in abundance per volume of
water and the average distance between individuals in an
even distribution when gradually decreasing the vertical
distribution to the uppermost surface water. Information
from Jarms et al. (2002) on vertical distribution of plank-
tonic eggs in Lurefjord suggested that these are pelagic
and remain far below the surface water. We therefore
simulated a scenario where eggs are released in the surface
water, but have a density corresponding to the depth
where they have been observed by Jarms et al. (2002). We
used Stoke’s law on sinking velocity of spherical objects in
fluids that in a simplified way (see Mann and Lazier 1998)
can be expressed as:

9
%=§gxﬁ0¥—pﬁﬂmxv)

where V; is the sinking velocity in m s~

is the gravity acceleration constant, 9.81 m s™*, r is the
radius (m) of the object, p’ and p; is the specific density
(g cm™) of the object and the surrounding water at depth
1, respectively, and v is the kinematic viscosity of the water,
which can be set to 107° m’ s™' for waters within a natural
range in temperature. Time in seconds 7(Dy) to reach a

given depth (D) can then be calculated as:

Ty =3" D) ~Di~DI/T;

As an index of changed predation pressure in Lure-
fjord from vision-dependent predators, such as fish, we
measured the absolute irradiance both at the wavelength
penetrating deepest (567.8 nm), and for the whole visi-
ble spectrum (400-700 nm) down to 43 m on mid-day,
13 May 2003, using an Ocean Optics radiometer (Ocean
Optics, Winter Park, Florida, USA), connected to a fibre-
optic cable. We calculated the light attenuation for both
series by fitting exponential regression equations to the
data.

RESULTS

Surface aggregation

Night-time longitudinal transects through Lurefjord with
quantitative counting of surface occurrence showed
roughly the same results for three different years (Fig. 2).
Highest abundance was observed at the deeper part of
the fjord, where peak abundance ranged between 28 and
70 individuals 100 m™ (Fig. 2). The abundance in the
whole water column was usually two orders of magnitude
higher, reaching a peak abundance of, respectively, over

at depth 7, ¢
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Fig. 2. Night abundance in the surface of P periphylla in Lurefjord
along a transect from the outer to the inner part of the fjord. A. Bottom
topography. B. April 2002, C. April 2004, D. May 2005. Positions
of stations for quantitative sampling of the whole water column are
indicated in all graphs.

4000, over 2000 and almost 800 individuals 100 m~ in
the three surveys, and a peak biomass of more than 2-kg
wet weight m™ in 2002 and 2004 and almost 1 kg m™ in
2005 (Table II).

Fig. 3A illustrates the increase in encounter probability
between individuals as a function of vertical distribution
and with four different water columns as examples. Since
the aggregation is doubled with each reduction to half
depth, the strongest effect is in the uppermost part of the
water column. For a population distributed in 1000 m,
the aggregation is increase by a factor of 2 when reducing
the distribution to 500 m, and by a factor of 10 by
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Table II: P periphylla: Morphological features of oocytes in the female gonad, based on 5—10-um semi-

sections.

Oocyte stages Description

Diameter preserved material
[pum]

Approximate diameter
fresh material [um]

Mature

Yolk: differentially structured, marginal layer
containing small granules (d =3 um), inner

874.4+118.4 pm Min 710 um
Max 1020 pm N =9

1000-1200 pm

sphere filled with yolk granules (d > 10 pm).

Nucleus: located at the oocyte margi
(d=200-240 um), without basophilic

n
or

acidophilic reaction, with distinctive nucleolus

Immature largest

Yolk: uniform (d =4 ym). Oocyte marginal layer
free off yolk granules. Nucleus: located in the

centre of oocyte (d =130 ym), with weak
basophilic reaction, with distinctive nucleolus

Immature second largest

Yolk: uniform (d =4 pm). Nucleus: located in the
centre of oocyte (d =100 um), with strong

339.24+33.0 ym Min 300 ym 400-530 pm
Max 390 ym N=6
258. 0+8.9 pm Min 250 pm 330-360 um

Max 270 um N=5

basophilic reaction, with distinctive nucleolus

Average oocyte diameter +1 standard deviation given. d=diameter. Sizes of fresh material calculated by using a shrinking factor of 25%

(Romeis 1989; Holst and Laakmann 2014).

Table I1I: Abundance, biomass and size (mean +/— standard deviation) of B periphylla in Lurefjord in

spring during 3 years.
Water column Surface

Sample N/100 m 2 kg/m 2 Mean CD N N/100 m 2 % in surface
Apr-02
Stn. 1 414 0.14 3.12+2.06 13 0 0
Stn. 2 3694 0.87 2.07 £1.82 16 0 0
Stn. 3 4331 1.93 3.02+2.37 136 14.2 0.33
Stn. 4 2133 2.26 5.11+2.90 67 40.6 1.90
Stn. 5 828 0.77 4.60+2.83 26 15.7 1.90
Stn. 6 - - - - - -
Apr-04
Stn. 1 0 0 - 0 - -
Stn. 2 287 0 3.58+2.19 9 0.5 0.17
Stn. 3 1529 1.17 4.13+2.47 48 21.8 143
Stn. 4 2357 2.06 4.53+2.39 74 20.2 0.86
Stn. 5 319 0.02 1.65+0.82 10 13.4 4.20
Stn. 6 32 0.08 8.00 1 4.6 14.4
May-05
Stn. 1 64 0.06 5.45+0.64 2 0.18 0.28
Stn. 2 796 0.95 5.78+1.75 25 0.78 0.10
Stn. 3 732 0.71 5.31+1.90 23 8.31 1.14
Stn. 4 541 0.89 6.44+2.33 17 4.95 0.91
Stn. 5 287 0.34 5.57 +2.06 9 0.43 0.15
Stn. 6 0 0 - 0 0.12 -

“Water column” means abundance based on quantitative vertical sampling from bottom to surface with an MIK net and “surface” means
night-time counting of medusae occurring in the surface along a transect throughout the fjord. CD is the coronal diameter (cm). N is the

number of medusae collected/observed and-—denotes no data

reducing to 100 m, whereas distribution in the surface
would increase the aggregation by 10 000 times (Iig. 3A).
Average distance to a neighbour would be almost 22 times
higher when distributed in a 1000-m water column com-
pared to an aggregation in the surface, and for 500, 100
and 20-m dispersal, neighbour distance would be 17, 10
and 6, respectively, times higher than when aggregating
in the surface (Iig. 3B).
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Size distribution and fecundity

The numeric relationship between females and males of
a size where sex could be determined by the naked eye
(=5 cm coronal diameter) was skewed towards females
(Fig. 4A and B), which represented 64% in the population
in Lurefjord and 60% in Halsafjord. The very limited
catch of mature individuals by MIK net in Sognefjord
indicated a considerably higher size of mature individuals
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Fig. 3. A. Aggregation factor, expressed as increase in abundance per unit water volume, as a function of dispersal depth, of a population with
uniform distribution and a fixed abundance per m*. Curves in A represent populations dispersed in 1000, 500, 100 and 20 m, respectively, and the
inserted graph is an expansion of part of the graph for clarity. B. Relationship between relative distance to a neighbour and dispersion depth of a
population as in A. The dotted lines in B indicate the depths 20, 100, 500 and 1000 m. Dispersal in the surface only is calculated as dispersal in the

uppermost 0.1 m of water column.

than in the two other fjords (Fig. 4C). Average size for
mature individuals was 7.6 cm for females and 8.1 ¢cm
for males in Lurefjord, 8.8 cm for females and 9.3 ¢cm
for males in Halsafjord, and the average size of mature
individuals in Sognefjord, not determined to sex, was
11.5-cm coronal diameter. The average number of
females of mature size per 100 m” was similar in Lurefjord
and Halsafjord (444 and 476, respectively), whereas
females in Sognefjord were less abundant, with 96 females
per 100 m* (Fig. 4).

The variation in abundance between cruises was con-
siderable, with a range from 1.2 to 19.6 females m™ in
Lurefjord and from 5.1 to 21.3 females m~ in Halsafjord
(Fig. 5A). The average size of females of mature size was
less variable between cruises, with a range from 6.3- to
9.7-cm diameter for the population in Lurefjord and 7.6
to 10.0 cm for Halsafjord (Fig. 5B).

The number of mature oocytes in the female gonads
was strongly related to female size (Fig. 6) and around
80% of this relationship was explained by the exponential
regression line. Measurements of maximum oocyte size
of 120 females from Lurefjord indicated that oocytes
reached the proposed maturity size of 1 mm (cf. Table II)
at around 6-cm coronal diameter Fig. 7), but that also
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a minor part of the females over the whole size range
lacked mature oocytes (Iig.7). We interpret this as repre-
senting females that had recently released all their mature
oocytes. Females from Halsafjord carried mature oocytes
from around 7-cm coronal diameter and always carried
oocytes of mature size when exceeding a size of 9-10 cm
coronal diameter.

Since we do not know the reproduction rate, we can
simulate the fecundity and potential recruitment rate by
using the original relationship given in I'ig. 5 and different
turnover times of mature oocytes. I'ig. 8 shows the results
for the three fjord populations with simulated turnover
times of 1-12 months. With 1-month turnover time the
average female fecundity in the Sognefjord population
would be over 8000 pelagic eggs per year, whereas a
turnover time of 1 year would reduce this to roughly
700 (Fig. 8A). The results for the two other fjords would
be roughly700 and 60 (Lurefjord) and 1400 and 120
(Halsafjord). The potential recruitment rate in the three
fjords would be highest in Sognefjord, with roughly 0.8
million recruits 100 m™ year™, using a turnover time
of 1 month and with 667 000 (Halsafjord) and 316 000
(Lurefjord) recruits 100 m™ year™ for the two other
fjords. A turnover time of 1 year would reduce these
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Fig. 6. Relationship between female size and number of mature
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resents a single female from Osterfjord, excluded in equation 1 (solid
line) and included in equation 2 (broken line).

numbers to 12 times less, as shown by the displayed
equation in the graph (Iig. 8B).

Juvenile habitat

Eggs and young motionless stages are pelagic, and by
necessity also neutrally buoyant in their habitat, and
probably also remain in the deeper part of the water
column (Jarms efal. 2002). Our multi-net data from
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in the gonads of P periphylla collected in April and June 2002 from (A)
Lurefjord (120 females) and (B) Halsafjord (129 females). Each point

represents one female.

Lurefjord, Halsafjord and Sognefjord on vertical distribu-
tion of juveniles <1 c¢cm in diameter, which corresponds
to developmental stages up to 11 or 12 (cf. Jarms et al.
2002), show that they have a vertical distribution, which
1s strongly skewed towards the deepest sampling depths in
all three fjords (Fig. 8). Although all individuals included
in the samples are not motionless, the results indicate
that the very early development is spent in the deeper
part of the water column. Combined with an assumed
reproduction in the surface water, this means that the
released eggs are sinking to a depth corresponding to their
neutral buoyancy. We have, therefore, simulated how eggs
released in the surface and with a density corresponding
to neutral buoyancy at 300 m in Lurefjord will gradually
sink to its equilibrium depth. Fig. 10A shows a typical
vertical density profile in Lurefjord and Iig. 10B simulates
the sinking succession over time, if egg density alone
determines the sinking rate. Eggs rapidly left the euphotic
zone and reached 100 m within 2 hours, 200 m in
11.6 hours and will reach neutral buoyancy depth at
290 m in ca. 41 hours (Fig. 10B). Our measurement of
light penetration through the water column showed that
the irradiance at 43 m had its maximum at 567.8 nm
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rate of juvenile P, periphylla in the three fjords, based on the fecundity
and abundance. The equation in the graphs shows the mathematical
relationship between fecundity or recruitment rate (Y) and turnover time
X).

(Iig. 9C). The attenuation coefficient for this wavelength
was 0.135 m™' (Iig. 8D) and the equation showed that
the light had been reduced to 1% at 31 m, 0.1% at 48 m
and 0.001% 83 m. The time for a released egg to reach
these depths would be 8.7 minutes, 18.9 minutes, and
1.25 hours, respectively. By using results for the whole
visual light spectrum in the calculations the vertical light
attenuation becomes even more pronounced, described
by the equation 1° =54.997e¢7""*¥  with 1% reached
at 24 m, 0.1% at 37 m and 0.01% at 65 m. Time to
reach these depths would be 5.8, 11.6 and 39.0 minutes,
respectively. Visual light at 200 m had then been reduced
to 1.15 x 107"% of surface irradiance.

Discussion

Surface aggregations of large specimens of P periphylla
have been observed in Norwegian fjords as well as in
the open ocean (Geoffroy etal. 2018, Tiemann et al.
2008, Turner and Lucas 2010, Youngbluth and Bamstedt
2001). Kaartvelt et al. 2015 documented apparent social
behaviour in P periphylla. They found that medusae are
forming groups in the upper 100-m water layer and not
only at the surface in Lurefjord. Very early surveys have
also reported on occurrence of P periphylla in surface
waters (Brown 1910; Havne 1926; Kramp 1947, 1968;
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Lurefjord. Halsafjord and Sognefjord. Bottom depth refers to the depth
at the actual sample station. Data from June 2002.

Stiasny 1934). We have only observed P periphylla in the
surface in Lurefjord, not in Halsafjord or Sognefjord.
Tiemann et al. (2009) showed from studies in Lurefjord
that surface aggregation occurred during the night, but
only with individuals of mature size, and usually as groups
where both sexes were represented, occasionally with a
male and female close together with entangled tentacles.
They explained this as a mating behaviour. Our results
from three years show the same pattern of a small part
of the population migrating to the surface, and our
theoretical estimate of encounter benefit (I'ig. 3) shows
that surface aggregation will increase the probability
of two individuals to converge by several orders of
magnitude, even for a population with depth distribution
less than 100 m. In addition, the turbulent mixing is
higher in surface water than in deep water, thereby
increasing the encounter benefit further for sperms to
fertilize the mature oocytes in shallow water. Okey and
Elliot (1980) found that turbulent energy dissipation in
the upper 50 m with a wind speed of 15 m s™' was
107° Wkg™', whereasitwas 107" W kg™ in the deep water,
L.e. a difference by a factor of 10°. Surface aggregation
and mating would be even more important for open-sea
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Fig. 10. A. Spectral distribution of the irradiance at 43-m depth in
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populations, where the abundance is several orders of
magnitude lower than in the fjord habitats.

Even though jellyfish are comparable simple organ-
isms, a sophisticated courtship behaviour with mating
is known, e.g. from several cubozoan species Tripedalia
cystophora, Copula (Carybdea) siwvickisi and Alatina  alata
(Werner 1973, Lewis and Long 2005, Garcia-Rodrigues
etal. 2018) and from hydromedusae (Liriope tetraphylla,
Ueno and Mitsutani 1994). The medusae of Carybdea
swickist use their tentacles during court-ship procedure
(Lewis and Long 2005) as does P periphylla during the

observed surface aggregations in Lurefjord (Tiemann
et al. 2009, Kaartvedt ¢t al. 2015).

In general, spawning aggregations enable a fertilization
with oocytes attached to the moutharms, within the gas-
tric cavity or even within the ovary in various species like
Mastigias papua, Tripedalia cystophora, Tripedalia binata, Caryb-
dea alata, Nemopilema nomurai, Alatina alata, Copula sivickist,
Cyanea capillata, Cyanea arctica, Aurelia aurita, Aurelia flavigula,
Chrysaora hysoscella, Rhizostoma pulmo, Rhizostoma luteum and
Cotylorhiza tuberculata (Uchida 1926, Werner 1973, Bent-
lage et al. 2010, Toshino etal. 2017, Ohtsu et al. 2007,
Garcia-Rodriges et al. 2018, Widersten 1965, Hargitt and
Hargitt 1910, Kikinger 1992, Kienberger et al. 2018). A
very interesting spawning aggregating species is the coro-
nate Linuche unguiculata (Linerges mercurius, Conklin 1908).
Specimens move actively to the surface to aggregate in
calm waters. They release oocytes and spermatozoids
around 8 in the morning for fertilization. The zygotes
sink gradually into deeper water as do the medusae after
spawning,

Some species take care for their brood within or
attached to the moutharms of the mother until the
planula is fully developed (e.g. Mastigias papua, Rhizostoma
luteum, Cotylorhiza tuberculata, Aurelia aurita, Aurelia flavigula,
Cyanea capillata, Cyanea arctica, Chrysaora hysoscella and
Tripedalia binata) (Uchida 1926, Hargitt & Hargitt 1910,
Widersten 1965, Toshino etal. 2017, Kikinger 1992,
Kienberger et al. 2018).

We know from previous studies that eggs and early
juveniles probably are remaining free floating in the
deeper part of the water column (Jarms et al. 2002).
Jarms et al. (1999) also found planktonic eggs and small
juveniles in Lurefjord throughout the year, thus indicating
continuous reproduction, later confirmed by Tiemann
and Jarms (2010) from histological examinations. These
authors have described how the numerous oocytes of
different maturity state are orientated in horizontal folds
in the eight gonads of female specimens with the largest,
mature oocytes located at the tip of the gonad folds. A
similar gonad structure has been described for Pelagica
noctiluca, a species also with holopelagic life cycle and
continuous reproduction (Rottini Sandrini and Avian
1991).

Eggs released in the surface water would be protected
from visual predation during the dark part of the day,
but if remaining in the euphotic zone during daytime,
their average size of 1.17 4+/— 0.09 (standard deviation)
mm diameter (Jarms et al. 2002) makes them vulnerable to
visual predation. Pelagic eggs have been found at around
230-m depth in Lurefjord (Jarms e al. 2002) and we
can therefore assume that they have neutral buoyancy
around that depth in Lurefjord. Our simulation of egg
sinking progress shows that eggs released in the surface
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would rapidly reach depths with strongly reduced light
(Fig. 8B and D). P periphylla has a porphyrin pigmenta-
tion that occurs already from small size (stage 7 with a
diameter of 3.3 mm, Jarms e/ al. 2002) and covers the
whole body, including the tentacles, at stage 12 (12.2 mm
diameter, Jarms ¢t al. 2002). Since this substance becomes
toxic for the medusa when reacting on light (Jarms e/ al.
2002), the medusa must avoid exposure to day-light in
the surface. Even if eggs are released close to dawn or
dusk, the light attenuation (Fig. 8D) and sinking rate in
the upper part of the water column ensure that the
predation risk from visual predators will be low. Visual
predators are probably the most important predators
when light is available, due to their superior efficiency
over tactile predators. Sernes and Aksnes (2004) experi-
mentally determined a critical lower irradiance level of
0.1 pmol photons m™ s~ where the ctenophore Bolinopsis
infundibulum (a tactile predator) became more efficient
than Gobuusculus flavescens (a small, shallow-living fish). If
eggs of P periphylla were released in twilight, with a sub-
surface solar irradiance of 10-20 pmol photons m™ s7',
and with the light attenuation we recorded for the visual
spectrum (see results), this critical level would occur at
20-25 m. An egg released in the surface would reach
that depth within 5-6 minutes. Pelagic fish like mackerel,
herring and sprat, common along the Norwegian coast,
hunt by vision, and are therefore limited in feeding by the
light regime. Godo et al. (2004) surveyed mackerel (Scomber
scombrus) schools in the Norwegian Sea, and found that
their main distribution was between the surface and 40-
m depth and never below 100-m depth. Cardinale ¢ al.
(2003) studied the vertical distribution and stomach full-
ness of herring (Clupea harengus) and sprat (Sprattus sprattus)
in the Baltic Sea and found that both species had their
main feeding periods in dawn and dusk, when they aggre-
gated in the surface water. Since P, periphylla only remains
in shallow water during night-time, where it probably
spawns, predation pressure from day-hunting fish is there-
fore probably negligible. However, mesopelagic fish use
a habitat with a low light regime and therefore with a
depth that varies over the day Rasmussen and Giske
(1994) found that Maurolicus muelleri during daytime stayed
in a depth where the light intensity was between 107°
and 107" pumol photons m™ s™' but reached the surface
in early night and descended to below 100 m before
sunrise. Feeding was most intense during the night when
staying in the surface water. Mesopelagic fish would thus
be potential predators on eggs that are released in the
surface during night-time. However, Lurefjord does not
have a population of mesopelagic fish (Salvanes el al.
1995; Eiane et al. 1999), so eggs released by P periphylla
females in the surface during the night will therefore
have a dark refuge from visual predators there. We can
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only speculate if the lack of observation of night-time
surface occurrence in the two other fjords is an adaptation
to avoid predation from mesopelagic fish on released
eggs.

Sornes et al. (2007) showed the striking difference in
population structure between the three fjords, where
Sognefjord diverged by being dominate by small (0.1—
2 cm diameter) individuals to over 97% during all
four research cruises, whereas the other two fjords had
a population size structure where small individuals
represented 20-60% of the population. They also showed
that the abundance in Sognefjord was almost 10 times
higher than in the other two fjords, then solely due to
the high abundance of small individuals. Since our data
came from 15 different cruises, where Lurefjord was
always represented whereas Halsafjord was included in
5 and Sognefjord in 8 cruises, inter-annual variability
might influence the results. However, Sornes et al. (2007)
included sampling from transects along the fjords during
five cruises between October 2001 and October 2003.
They did not find any statistical evidences for differences
in population abundances between cruises, then including
all sizes in the populations. Our abundance data over
a considerably longer time span indicates significant
variability (I'ig. 5A) but the sampling program was not
designed for a proper statistical evaluation of inter-annual
variability.

Our results show that individuals of mature size were
4-5 times less abundant in Sognefjord compared to the
other two fjords but with a much higher average size
(Iig. 4). Since there is a strong exponential relationship
between number of mature oocytes and female size
(Fig. 6) an average mature female in Sognefjord carried
6—12 times more mature oocytes than an average mature
female in the other two fjords (Iig. 8A). When mature
oocytes are released, they will leave a signature in
the gonad that is gradually resorbed, described as a
follicle remnant (Tiemann and Jarms 2010). Such follicle
remnants were found in our analyzed specimens of
mature size, also in females without mature oocytes, as
found in Lurefjord (I'ig. 7), which is a strong evidences for
a continuous reproduction over the whole mature life of
the medusa.

Although female abundance was much lower in
Sognefjord than in the other two fjords, the higher female
fecundity caused the potential recruitment to become
highest in this fjord (Fig. 7B). Part of the explanation
could be the different habitat depths. Our quantitative
results on vertical distribution of juveniles (<1 cm diame-
ter, I'ig. 9) show that small individuals had an abundance
of 12m™ in Lurefjord, 20 m™ in Halsafjord and 376 m™
in Sognefjord, giving the numeric relationship 1:1.7:31.3
for the three fjords. Comparing these figures with the
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theoretical recruitment rates (Fig. 7B), we get the
corresponding numeric relationship of 1:2.1:2.5. Thus,
the potential recruitment rate did not differ dramatically
between the fjords, so the exceptionally high juvenile
abundance in Sognefjord needs further explanation.
The deeper distribution of juveniles in Sognefjord is an
adaptation to the clearer basin water of Atlantic origin
(Eiane et al. 1999), thereby providing shelter from visual
predation in the same way as in the other two fjords.
According to Sernes e al. (2007), small (<4 cm diameter)
individuals are not exposed to advective processes in
any of the three fjords. Later estimates of the retention
of small (<4 cm diameter) individuals have indicated
even slightly lower retention in Sognefjord compared to
Lurefjord (Dupont and Aksnes 2010). The population
in Sognefjord must therefore differ by experiencing
very low loss rate during early development. But since
mature individuals were around 5 times less abundant
in Sognefjord compared to the other two fjords (I'ig. 4),
there must be a much higher population loss during the
later development to maturity, suggested by Sernes ¢t al.
(2007) as a higher advective loss. This lower retention
for big individuals in Sognefjord has been estimated
through mathematical simulations to be 28% (Dupont
and Aksnes 2010), which cannot account for the observed
5 times lower abundance we found (Fig. 4). Furthermore,
since mature individuals are on average bigger (older)
in Sognefjord (Fig. 4), part of the population appears
to have a lower loss rate than in the other two fjords.
An additional explanation for the situation in Sognefjord
would be an advection-driven immigration of big, mature
individuals that remain in the fjord. Detailed behavioural
studies on vertical distribution of individuals like the ones
been conducted in Lurefjord (Kaartvedt e/ al. 2011 and
references therein) might help in explaining population
differences between the three fjords. Learning how
environmental factors govern the population dynamics
of this globally distributed deep-water jellyfish will help
to explain why some fjords are suitable habitats for mass
occurrence of P periphylla, and others are not.

CONCLUSION

Mating encounters of P periphylla in Norwegian fjords
are supposed to be strongly enhanced by the observed
night-time surface aggregations we show for Lurefjord in
the present study. Simulations show that fertilized eggs
released in the surface within hours sink to a depth
where light is insufficient for visual predators and where
exchange of water with the open sea is low. The size
structure within the fjord population is a key factor for
female fecundity since the number of mature oocytes is
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exponentially related to the female size above the mat-
uration size of 5-6 cm diameter. In a comparison of
three fjords, we show that an average female in Sognefjord
carried 6-12 times more mature oocytes than an average
female in Halsafjord and Lurefjord. Although female
abundance was around 5 times lower in Sognefjord than
in the other two fjords, the potential recruitment rate as
recruits m~” year™' showed less variability, with a relative
ratio of 1: 2.1: 2.5 (Lurefjord: Halsafjord: Sognefjord). A
very high abundance of small (<1 cm diameter) juveniles
in Sognefjord, 18-31 times higher than in the other two
fjords, indicates that the deeper habitat in Sognefjord (up
to 1300 m deep) compared to the other fjords (up to 440
and 530 m deep) was a superior habitat for eggs and the
smallest juveniles.
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