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In autumn 2015, several sources reported observations of large amounts of gelatinous
material in a large north Norwegian fjord system, either caught when trawling for other
organisms or fouling fishing gear. The responsible organism was identified as a physonect
siphonophore, Nanomia cara, while a ctenophore, Beroe cucumis, and a hydromedusa,
Modeeria rotunda, were also registered in high abundances on a couple of occasions.
To document the phenomena, we have compiled a variety of data from concurrent
fisheries surveys and local fishermen, including physical samples, trawl catch, and
acoustic data, photo and video evidence, and environmental data. Because of the
gas-filled pneumatophore, characteristic for these types of siphonophores, acoustics
provided detailed and unique insight to the horizontal and vertical distribution and
potential abundances (~0.2-20 colonies-m~2) of N. cara with the highest concentrations
observed in the near bottom region at ~320m depth in the study area. This suggests
that these animals were retained and accumulated in the deep basins of the fjord system
possibly blooming here because of favorable environmental conditions and potentially
higher prey availability compared to the shallower shelf areas to the north. Few cues as
to the origin and onset of the bloom were found, but it may have originated from locally
resident siphonophores. The characteristics of the deep-water masses in the fjord basins
were different compared to the deep water outside the fjord system, suggesting no recent
deep-water import to the fijords. However, water-masses containing siphonophores
(not necessarily very abundant), may have been additionally introduced to the fjords
at intermediate depths, with the animals subsequently trapped in the deeper fjord
basins. The simultaneous observations of abundant siphonophores, hydromedusae, and
ctenophores in the Lyngen-Kvaenangen fiord system are intriguing, but difficult to provide
a unified explanation for, as the organisms differ in their biology and ecology. Nanomia
and Beroe spp. are holopelagic, while M. rotunda has a benthic hydroid stage. The
species also have different trophic ecologies and dietary preferences. Only by combining
information from acoustics, trawling, genetics, and local fishermen, were the identity,
abundance, and the vertical and horizontal distribution of the physonect siphonophore,
N. cara, established.
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INTRODUCTION

Gelatinous  predators, such as pelagic cnidarians and
ctenophores, are a ubiquitous component of marine pelagic
communities. Typical for both pelagic cnidarians and
ctenophores, often jointly referred to as jellies, is that many
species can sporadically and often unpredictably occur in high
abundances, colloquially referred to as jellyfish blooms. Such
mass occurrences of jellies, can indeed be true blooms, caused
by the combination of favorable environmental conditions and
life history events resulting in a rapid increase in population
numbers. They can also represent aggregations of individuals
brought together by physical forcing of water movements
and bottom topography (Arai, 1992; Graham et al,, 2001), or
behavioral responses. It is often not immediately apparent which
processes are responsible for an observed high-density event.

Regardless of the cause, mass occurrences of pelagic
cnidarians or ctenophores can have severe ecosystem impacts,
including diverting carbon flow to gelatinous predators and
initiating trophic cascades with consequences for the lower
trophic levels (Condon et al., 2011; Oguz et al., 2012), affecting
nutrient regeneration and productivity (Pitt et al., 2009; Hosia
et al,, 2015), and influencing the vertical flux of carbon (Lebrato
et al.,, 2013; Sweetman and Chapman, 2015). Aggregations of
jellies also have socio-economic costs and may negatively impact
or hinder fisheries, cause losses to aquaculture, clog water intakes
of power and desalination plants, or cause a problem for the
tourism industry (Purcell et al., 2007). Jellies are thus often
considered a nuisance and concern has been raised that human
activities could be promoting higher abundances and more
frequent bloom events (Mills, 2001; Richardson et al., 2009; Brotz
et al.,, 2012). While several plausible mechanisms for how this
could be brought about have been proposed (reviewed by Purcell
et al., 2007; Richardson et al., 2009), scarcity of long term data
on gelatinous zooplankton numbers or blooms makes it difficult
to corroborate claims of persistent increase (Condon et al., 2012,
2013; Sanz-Martin et al., 2016).

Relatively little has been published on species distributions
or abundances of gelatinous zooplankton in Northern Norway
and the wider Arctic (but see Falkenhaug, 1996; Brodeur et al.,
1999, 2008; Raskoff et al., 2005; Purcell et al., 2010; Manko
et al, 2015; Ronowicz et al, 2015). Nevertheless, gelatinous
predators can at times exert considerable predation pressure
on other zooplankton in the Arctic (Swanberg and Béamstedt,
1991; Purcell et al., 2010; Majaneva et al., 2013). The Arctic and
subarctic seas are under high anthropogenic pressure, including
climate change, high fishing pressure and other resource
exploitation, rising levels of pollutants, and introduction of alien
species (Halpern et al, 2008). Several changes in the Arctic
marine ecosystem as a response to climate change have been
documented, such as northward range shifts of species, changes
in biodiversity, and altered food web structure (Wassmann
et al, 2011). Strongly fluctuating abundances of scyphozoan
jellyfish, potentially related to climatic conditions, have been
reported from the subarctic seas (Brodeur et al., 1999; Eriksen
et al,, 2012). In recent years, increased temperature associated
with increased advection of warmer Atlantic water masses has

brought boreal species further into the Arctic region (Dalpadado
et al., 2012). In the future, primarily Atlantic boreal gelatinous
predators could be able to extend their ranges northwards into
the Arctic. One of the greatest impediments to documenting
and understanding changes in the gelatinous fauna of the Arctic
and Subarctic is the lack of reliable baseline information from
which changes can be identified. Better abundance estimates of
gelatinous zooplankton, as well as an improved understanding
of the conditions promoting harmful blooms and the fate
and local ecosystem effects of such blooms, are crucial for
future management and development of mitigation measures to
minimize ecosystem, aquaculture, and fisheries impact.

In autumn 2015, several sources reported observations of
large amounts of gelatinous material in North Norwegian fjords,
either caught when trawling for other organisms or fouling
fishing gear. Also, strong and peculiar echosounder recordings
from research and fishing vessels operating in the area were
reported. While such events may be frequent, they are both
unpredictable and ephemeral, and are seldom documented.
The mass occurrences described here were also encountered
unexpectedly and the conducted sampling was far from optimal,
as the vessels originally had a different focus. We have combined
a range of data from a variety available sources including
physical samples, trawl catch data, acoustic data, as well as photo
and video evidence to describe mass occurrences of gelatinous
predators, resulting in a rare account of simultaneous high-
density events of both hydrozoan and ctenophoran gelatinous
zooplankton from a large subarctic archipelago and fjord system
in northern Norway. Only a few catches contained substantial
numbers of ctenophore Beroe spp. or hydromedusa Modeeria
rotunda. These species or groups of organisms as well as non-
physonect siphonophores are nearly acoustically transparent to
the echosounder frequencies used during these investigations
since they do not have a gas inclusion organ. Thus, the main focus
of this paper is on the physonect siphonophore Nanomia cara
that has a gas-inclusion both as juvenile and adult.

Based on previous accounts on mass occurrences of gelatinous
zooplankton in Norway (Bamstedt et al., 1998; Fossa et al.,
2003; Smage et al., 2017, reviewed in Halsband et al., 2017), we
hypothesize that abundant Nanomia colonies could potentially
increase mortality of farmed and wild fish in an affected region.

MATERIALS AND METHODS

Acoustic, biological, and environmental data from Lyngenfjord,
Kvaenangen, and the adjacent region during the period 1 October
- 9 November 2015 (Figure 1) were collected by two research
vessels conducting surveys in the area, as well as from local
fishermen. Additional information of anecdotal character was
also obtained later in the November 2015 to January 2016 period.

Survey Area

The study area is situated north-east of Tromse, Troms County,
northern Norway. It consists of a coastal archipelago and
several large fjords oriented in the north-south direction, with
the Lyngenfjord system being a central feature, Balsfjord and
Ullsfjord located to the west, and Reisafjord and Kveenangen
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20°E : 21°E

FIGURE 1 | (A) Overview of various types of sampling including trawl- and ctd-stations during the RV Hakon Mosby and RV Helmer Hanssen operations in Lyngenfjord
and adjacent fjords during 6-9 October and 3-9 November 2015, respectively. a, b, and ¢: Acoustic transect as shown in Figures 9A-C respectively. (B) High
resolution bottom topography with bottom contours, at 50 m intervals from 50 to 400 m depth. Names of deep-water basin and some other key features included.

22°E

to the east (Figures 1A,B). These coastal waters are influenced
by the Norwegian coastal current (NCC) flowing in a north-
easterly direction along the Norwegian coast, and by the denser
and deeper Atlantic current running in parallel westwards of the
coastal current. The salinity of the Atlantic water is by definition
>35.0 psu, while the coastal water varies between 33 and 34.5
psu. In general, surface water temperature in the area varies from
~3°C in winter (March) to 10 to 12 °C in July/August. Thus, ice
free conditions are maintained throughout the year in the outer
coastal waters of Northern Norway, except for the innermost
parts of some fjords (Aure, 1983).

The topography of the study area is complex (Figure 1B).
The area seawards of the fjords is characterized by several small
banks, deep depressions, and narrow channels connecting to the
inner fjord systems. On either side of Arneya, deep channels
connect Lyngenfjord and Kvaenangen to the open waters offshore.
The particularly deep Arngya basin (max. ~450 m) lies between
the tip of the Lyngen peninsula and Arneya. The Lyngenfjord
consists of four basins separated by local sills (Kvendbe Hegstad,
2014). The northern basin (Basin I, max. ~340 m) has a ~200-
300 m deep outer sill located just east of the tip of the Lyngen
peninsula (Jenssen, 2006). The ~50-100m deep sill between
Basins I and 1II is located slightly south of 69°45'N, with the
shallowest areas only ~20m deep (Jenssen, 2006; Kvendbg
Hegstad, 2014). Another ~80m deep sill at around 69°30’'N
separates Basins II and III (max. ~125m), while Basin IV lies
south of the map border in Figure 1.

The outer basin of Reisafjord (max. ~280 m) has a deep sill
(200-250 m) toward the Kveenangen basin in the north. Further
into the fjord, the basin becomes gradually shallower, with a
~60 m deep sill separating the inner basin (max. ~115m).

In the Kveenangen basin, maximum bottom depths are ~400-
450 m. The deep area extends south and east of Rodeya, with
maximum depths around 325m. Toward the south, close to
the island Spildra, a cross fjord sill of ~160m depth (Larsen,
1997) separates the outer basin from two mid-fjord basins on
either side of the island, the northern and southern basins having
maximum depths of ~315 and ~205 m, respectively. Further into
the fjord bottom depths become shallower with smaller local
basins (Larsen, 1997).

Local Fishermen Observations

During autumn 2015, local fishermen at Arngya reported on
a particular red “slime” that stuck tenaciously to fishing gear
(Figure 2). This slime was reported to contain a substantial
amount of fat and threads/filaments, and was difficult to wash or
mechanically remove from gear.

One sample of fouling red “slime” was obtained on 23
October 2015 by a fisherman from Arneya who scraped it off
a contaminated rope (Figure 2) that anchored a fishing net to
the bottom at ~275m depth mid-fjord between Arngya and
the tip of the Lyngen peninsula (Figure 1). The sample was
immediately fixed in 4% formalin that was prepared and made
available by Gunnar Seetra (Public relations and communications
Department, IMR, Tromseg) on a visit to Arneya. It was
immediately sent to Bergen for taxonomic analysis (see below).
Pneumatophore gas inclusions were measured from this sample.

Biological Data From Research Vessels

Samples of fish, micronekton, and macrozooplankton were
collected with a Campelen 1800 bottom trawl (Engas, 1994) by
RV Hakon Mosby (2-11 October 2015) and RV Helmer Hanssen
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(3-7 November 2015). The latter vessel also used the pelagic
Harstad trawl (Nedreaas and Smedstad, 1987; Godg et al., 1993)
to obtain information on acoustic scattering structures.

During 2-11 October 2015, RV Hékon Mosby covered the
north Norwegian fjords from Varangerfjord in the north-east to
Andgya in the south-west as part of the annual IMR Coastal
Survey, but only worked in the Lyngenfjord-Kveenangen area
(Figure 1) on 7-9 October. In the extended area, a total of
42 bottom trawl stations were conducted (Mehl et al., 2015,
St137-St178, their Figure 2), including the stations in Table 1.
During the registration of bottom trawl catches, all types of large
scyphomedusae (i.e., Cyanea, Periphylla, Aurelia) where pooled
and registered as “Jellyfish”.

RV Helmer Hanssen visited several fjords in the Lyngen-
Kvaenangen area during 3-9 November 2015 to conduct pelagic
and bottom trawl sampling, along with acoustic surveying using
the Simrad EK60 echosounder system. RV Helmer Hanssen
conducted nine bottom trawl hauls within the fjord system
(Figure 1, Table 2). Six of the hauls were taken in Lyngenfjord
and two in Reisafjord, while the last haul was taken in the inner

FIGURE 2 | A net rope heavily contaminated with the red “slime” documented
by a fisherman from Arngya, northern Norway. See Figure 1 for location of
retrieved net. Picture taken Friday 23 October 2015. Photo: Gunnar Sestra,
Institute of Marine Research, Bergen/Tromsg, Norway.

part of Kveenangen. In addition, five pelagic hauls were taken in
the deeper part of the water column; three of them close to the
bottom and two at intermediate depths (Figure 1, Table 2).

An overview of trawl- and ctd-stations undertaken by both
research vessels, along with information on acoustic transects and
specific biological material collected in the target area, is provided
in Figure 1, and Tables 1, 2.

Contamination of the bottom trawl (Figure 3), and catches
consisting of large amounts of ctenophores and other jellies were
photographically documented, particularly from RV Helmer
Hanssen in Lyngenfjord and Kveenangen, 3-7 November 2015.
On 9 November 2015 (at 69°56'N; 20°23’E), two vertical
deployments were conducted from RV Helmer Hanssen with a
double set of underwater HD GoPro video cameras mounted on
a frame attached to the CTD. The cameras were kept recording
in the densest part of the acoustic registrations at 30-15m
above the bottom for ~20min in Lyngenfjord, Basin I (see
Figure 1), coinciding with a very strong acoustic backscatter on
the echosounders registered 2 days earlier.

A second sample of the fouling red “slime” was collected from
the net of a bottom trawl haul in 325 m water depth conducted
from the RV Helmer Hanssen on 7 November 2015 just east
of the northern tip of the Lyngen peninsula (69°55.2'N; 20°
24.6'E, Figure 1). The sample was immediately frozen at —20°C
and later brought to the Institute of Marine Research (IMR)
plankton laboratory, where a thawed subsample was examined
with a stereomicroscope and several physonect colonies were
separated from it and individually fixated in 95% alcohol for
genetic analyses.

Hydrographic and Topographic Data
Temperature and salinity were measured at all stations using
a Seabird 911plus CTD. The CTD on RV Helmer Hanssen
was equipped with a Seapoint sensor for measuring chl a
fluorescence, and the one on RV Hékon Mosby had a Chelsea
Instrument Aquatracka III chl a fluorometer. Both ship CTDs
were equipped with a SBE 43 oxygen sensor.

High resolution coastal bathymetric data (originally 50 x
50 m horizontal resolution) were obtained from the Norwegian
Mapping Authority (the Norwegian Hydrographic Service) and

TABLE 1 | Overview of bottom trawl catches (kg-nmi*1) in Lyngen and adjacent fiords, conducted by RV Hakon Mosby within the region of Figure 1, 7-9 October 2015.

BALSFJORD ULLSFJORD-LYNGENFJORD KVZAENANGEN-REISAFJORD
Date 9-Oct 9-Oct 9-Oct 9-Oct 8-Oct 8-Oct 8-Oct 8-Oct 7-Oct 7-Oct 8-Oct
Time (UTC) 19:45 17:27 07:38 02:32 12:03 14:32 18:35 21:47 22:21 20:02 06:36
Station 169 168" 167* 166 162 163 164 165 160 159 161
SPECIES/GROUP
SHRIMPS 20.00 222 24.29 40.00 21.33
FISH 65.29 107.96 56.47 5.84 54.89 1,321.39 237.99 202.51 50.97 137.06 145.67
JELLYFISH 1.67 41.67 13.18 77.78
Trawl depth [m]  165-177m  116-124m  255-262m  425-450m  325-330m  198-202m  81-95m  118-128m  370-400m 88-90m  277-282m
“Outer Ullsfiord. ~ Balsfiord, south-west of Ullsfiord.
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MODEERIA
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326-328m  324-328m  200-240m

Trawl depth [m]

278m

402m 314m

127m

299 m

Bottom depth [m]

For the bottom traw! hauls trawl depth is synonymous with bottom depth at station. Greyed fields indicate pelagic hauls.

FIGURE 3 | (A) Trawl bag of RV Helmer Hanssen showing the red slime
contaminating the trawl bag and (B) Close-up view of the trawl meshes,
following one of the Campelen 1800# bottom trawl hauls, st1708 on 7
November 2015 (Table 2).

the maps were produced using Matlab R2013a and M_Map
version 1.4d.

The hydrographic data have been visualized using Ocean
Data View (ODV), Schlitzer (2015) http://odv.awi.de, including
section bottom topography using the IBCAO_V3_90x30sec.nc
database with a 500 x 500 m grid resolution (see Jakobsson
et al., 2012). The fjords in the study region are up to ~10km
wide at their mouth, but winding and narrowing toward the
head of the fjords. Although the database has a reasonably high
resolution, there are a restricted number of points across the
width of the fjords. Depending on the way a section is selected,
the number of hydrographic stations included, the width of the
selected section, how the grid points within the selected region
are processed by ODV, and whether they were close to a steep
slope or even land grid points, the resulting bottom topography
of a section could vary somewhat and was not easily reproducible.
However, despite such limitations, there was a reasonable
match between the contoured high-resolution topography data
used in the maps (Figure 1B) and the bottom topography
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displayed through the hydrographic transects (Hydrography
section below). Nevertheless, the complex bottom topography
could influence the gridding and interpolation of section
isosurfaces, particularly when the number of stations was low.

Acoustic Data Collection

Acoustic data for estimation of the distribution and abundance
of water column plankton and fish were collected with calibrated
EK60 echo sounder split beam systems at 1 ms pulse duration.
The acoustic frequencies were 18, 38, and 120 kHz on RV Helmer
Hanssen and 18, 38, 120, and 200kHz on RV Hékon Mosby.
On both ships, the echo sounders were connected to transducers
mounted on a protruding instrument keel, with transducer faces
~3 m below the hull and usually ~8.5 m below the sea surface on
RV Helmer Hanssen and ~2.5 and ~7.5 m on RV Hékon Mosby.
The threshold in terms of volume backscattering strength (Sy)
was set to —82dB re 1 m~! (MacLennan et al., 2002). The vessels’
EKG60 systems are normally calibrated once a year using standard
methods and metal spheres (Foote et al., 1987; ICES, 2015a) and
are known to be very stable over time (Knudsen, 2009).

Echogram categorization (sometimes called scrutinization or
interpretation) is based on the shape of the echo-traces, their
scattering strength, and the relative frequency response r(f) of
scattering layers, schools, or mixed scatterings structures. The
relative frequency response is defined according to Korneliussen
and Ona (2003) as r(f) = sy(f) / sy(38kHz), where sy, is
the volume-backscattering coefficient and the response at the
acoustic frequency f is normalized to that at 38 kHz. Echogram
scrutinizing is normally carried out by an experienced team of
two persons, with data available on historical catches from the
waters, e.g., from previous scientific surveys, and knowledge
on the behavior, abundance, and distribution of the species
commonly found in the investigated area or nearby waters.
Multi-frequency scrutinizing, target strength, TS, analysis and
thresholding were conducted with the Large Scale Survey
System (LSSS), a data post processing system (Korneliussen
et al, 2006, 2016), which was also used for exporting files
for subsequent analysis in Matlab and Excel. The processing
involved manual removal of unwanted acoustic temporal noise
from the trawl sensors during trawl operations. During the
current investigations, the nature and distribution of what can
be called “resonant” scattering structures, particularly at 18 and
38 kHz, were very characteristic and strong, which facilitated the
“isolation” of the dominant scatterers where they occurred. Trawl
data were used to corroborate the interpretation of the acoustic
data. The acoustic backscattering data in the reports were in the
form of sa, the nautical area scattering coefficient (NASC) for
10m depth intervals with a horizontal resolution of 1 nautical
mile, in units of m?-nmi~2 (MacLennan et al., 2002).

The multi-frequency recordings were interpreted and stored
daily, mainly at 38 kHz, since the observation range of the 120
and 200 kHz systems usually are limited to ~220 m. However,
for the 120 kHz system under calm sea state conditions and low
vessel speed together with very low level of internal electronic
noise, the signal to noise ratio was still acceptable to about 350 m
depth. Interpretations were made according to standard IMR
procedures (see ICES, 2015b; Korneliussen et al., 2016). First,
LSSS was used to allocate backscatter to the scattering categories

named “0-group herring,” “Herring,” “Saithe,” “Haddock;” “Cod,
and “Others;” which were later lumped in the category “Fish.”
The remaining backscatter was assigned to the bulk category
“Plankton,” which also included the “resonant” and initially
unexplained scattering structures mentioned above. Only the
category “Plankton” has been processed and visualized in the
current work, except for example echograms showing the
characteristics of the raw acoustic data.

A sub-set of the acoustic data was recorded during
evening/nighttime conditions on 7 November 2015 over a
~3.5 nmi distance east of Lyngen with very dense acoustic
registrations. Here, total echo integrator values, sa, were stored at
all three frequencies (18, 38, and 120 kHz, RV Helmer Hanssen)
with 10-m vertical and 0.1 nmi horizontal resolution. This
allowed the examination of the frequency dependence of the sy
independent of the LSSS. The ratio, RFR(f), of sp at a given
frequency f and at 38 kHz, could then be explored as suggested
by Korneliussen and Ona (2003), but here used as expressed by
Godg et al. (2009): RFR(f) = sa(f)/sa (38 kHz). This entails that
RFR;g = s5 (18 kHz)/sp (38 kHz) and RFR1y9 = sp (120 kHz)/sp
(38kHz).

For this sub-set of data, it was hypothesized that
siphonophores were the dominant scatterers throughout
the water column. Using acoustic backscattering models,
this data-set has been used to explore the likelihood that
siphonophores were the key scatterers responsible for the
backscattering observed throughout the water column at this
particular time and also over the period of these investigations,
particularly in the deeper parts of the water column.

Two backscattering models were employed to theoretically
examine the effects of size and depth distribution of
siphonophore gas-inclusions on the target strength (TS)
and resonance frequency (f;), to aid the interpretation of
the measured backscattering at the three used frequencies.
Both models assume spherical gas-inclusions. The first, a
hybrid scattering model for a fluid-filled sphere adapted for
siphonophore pneumatophores (cf. Lavery et al, 2007 - see
equations 3 and 4 page 3309), is a simple model that includes
damping with damping constant, §, for ka<0.1, where ka is
the product of wavenumber (k) and (a) is the bubble radius of
the modeled siphonophore gas bubble. A shortcoming of this
hybrid model is that the quality factor, Q = 87!, is seemingly
too small (=5), which yields 8§ = 0.2 (cf. Lavery et al., 2007),
but was originally proposed by Diachok (2001) as typical for
swim-bladdered fish. However, for resonant and near-resonant
oscillating bubbles in water this number is not possible to achieve
at any frequency (Dalen and Lovik, 1981; Medwin and Clay,
1998, p. 301), but for comparative purposes we have kept the
value proposed by Diachok (2001) and implemented in Lavery
et al. (2007).

The second model is the exact modal series solution, originally
for a fluid sphere (Anderson, 1950). To examine the difference
between the exact model and the hybrid damped model, both
models were applied to a broad frequency range and a restricted
set of gas bubble sizes, a = 0.20, 0.30 for depths 17.5, 50, and
100m and a = 0.45, 0.50, and 0.55 mm for depths 0, 100, and
300 m, also for ka > 0.1. For the frequencies 18 and 38 kHz, ka
is <0.1 for any sized gas bubble having a radius (a) in the range
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0.1 <a < 0.55mm. For a 0.5 mm radius sphere at 0 m and 300 m
depth ka is ~ 0.25 at 120 kHz, but the two models still produce
very similar values (Supplementary Figure S1).

In this study, the pneumatophore gas bubble “size” is given by
the Equivalent Spherical Radius (ESR) of a sphere of the same
volume as a prolate ellipsoid with major and minor axes given by
the measured length (L) and width (W), ESR = [(LW 2) 13172,
The same applies for the average values of gas bubble length and
width obtained from Barham (1963).

To understand how the target strength, TS, of a siphonophore
gas-inclusion varies with size and depth, the hybrid scattering
model (Lavery et al., 2007) was run for spheres in the size range
0.10 < a < 1.01 mm with 0.05 mm steps, considering 5-m depth
strata from 20 - 335m depth. A variable sound velocity profile
obtained at st1673 on 3 November 2015 was applied (i.e. the
same location as the acoustic data from 7 November). High
resolution sound velocity data (range 1479.00-1485.55 m-s~!)
from the Seabird Scientifics SBE 911plus CTD were averaged
over a restricted number of records (N = 9-15), surrounding
the 5-m depth strata for which the hybrid dampened acoustic
scattering model was run.

The vertical distribution of target strength at 18, 38, and
120 kHz for three different sizes of siphonophore gas-inclusions
(a = 0.45, 0.50, and 0.55mm ESR) were derived from the
hybrid model, TSpyp,. These were used along with the stratified
nautical area scattering coeflicients data for the corresponding
frequencies (sx-m?-nmi~2, 10-m depth bins vertically and 0.1
nmi distance horizontally), to compute and explore the area and
volume density of siphonophores /gas-filled pneumatophores in
the water column applying the following equations;

ops = 1001 TSmyp) (1)
SA
Al = ———— (2)
(47 - opg)
Al
A2 = ——, 3
18522 3)
A2
VDens = E» (4)

Here oy is the backscattering cross-section (m?), TShyp is
the depth specific target strength from the hybrid scattering
model in dB re 1 m?, used according to MacLennan et al.
(2002) while applying the echo sounder system, EK60, from
Kongsberg Maritime AS for data acquisition. Al equals number
of gas-inclusion per square nautical miles (Nos/nmi?), A2 equals
number of gas-inclusion per square meter (Nos/m?), Vpens
equals volume density (Nos/m®), and Az is the depth interval
(10m) for which the sy were computed from the raw acoustic
data on 7 November 2015 (see above).

Generally, maximum backscattering from an ensemble of
bubbles (here siphonophores), is obtained when the bubbles are
ensonified with frequencies that make them oscillate at their
resonance or near-resonance frequencies (Medwin and Clay,
1998, 287-341). Even if there is no coincidence or match between
the applied frequencies and resonant bubbles, still considerable
amounts of backscattered intensity can be expected—i.e., from
smaller bubbles below their resonance region in the Rayleigh
scattering zone, and from larger bubbles above their resonance

region in the geometric scattering zone. For this reason, also
smaller gas-bubble sizes were explored with respect to target
strength, and resonance at the above frequencies.

Genetic Analyses

To confirm the species identity of the physonect siphonophores,
16S and Cytochrome oxidase I (COI) markers were sequenced
from seven colonies separated from a sample of slime fouling a
trawl net on RV Helmer Hanssen on 7 November 2015. The DNA
was isolated using DNeasy blood and tissue kit, according to the
protocol supplied by the manufacturer (Qiagen). PCR was used
to amplify fragments of the 16S and COI.

The 16S fragment was amplified using primers primer
1/primer 2 (Cunningham and Buss, 1993). The PCR profile was
10 cycles of 94°C, 60s; 40°C, 30s; 72°C, 150, followed by 40
cycles of 94°C, 605s; 52°C, 30s; 72°C, 150 s. Amplification was
verified by gel electrophoresis showing a single band of expected
size (app. 650 bp). The COI fragment was amplified using primers
LCO-1490/ HCO-2607 (Folmer et al., 1994; Bucklin et al., 2010).
Amplification was verified by gel electrophoresis showing a single
band of expected size (app. 1100 bp). The PCR profile was 94°C,
3005, proceeded by 40 cycles of 94°C, 60s; 45°C, 1205s; 72°C,
180 s. For both markers, amplicons were subsequently sequenced
by Sanger sequencing using BigDye and the above primers.

The obtained COI and 16S sequences were aligned using
Muscle (default settings) in MEGA 7.0.18. Trimmed sequences
were compared pairwise (with complete deletion of gaps) for
nucleotide differences and percentage similarity in MEGA 7 and
matched against nucleotide sequences present in GenBank using
NCBIBLASTn 2.5.1 (Zhang et al., 2000) to confirm their identity.

RESULTS
Hydrography

CTD stations were undertaken in Lyngenfjord and Kveenangen
during the course of the two cruises with RV Héikon Mosby
(October) and RV Helmer Hanssen (November). To evaluate the
oceanographic conditions during the surveys, the ctd-data from
the two vessels, obtained 1 month apart, have been combined
in the same graph (Figure 4). The highly saline Atlantic Water
(AW, salinity > 35.00 psu) was present only in the deeper part of
the water column in the coastal waters outside the fjord system
(Figure 4A). The Arngya basin from ~100-450 m depth appears
to contain water of primarily coastal origin (salinities <34.80
psu). This water also extended into the outer part of Lyngenfjord
Basin I, but not further into the fjord. In Lyngenfjord Basins
IT and III salinity was around 33.78-33.84 psu in waters below
100 m, but lower in the surface layers due to freshwater runoff.
This fresher surface layer extended seawards into Basin I. The
salinity distribution (Figure 4A) shows no indication of Atlantic
Water (> 35.00 psu) being introduced to the fjord systems during
the period of these investigations.

Temperature in the Arngya basin and in Basin I was mostly
below 7.5°C at depths >150m (Figure 4B). Surface water
temperatures in the Arngya basin and coastal area (9-10°C)
were somewhat higher than in Basin I (<8°C), but this may
represent seasonal cooling of the upper water column, as the

Frontiers in Marine Science | www.frontiersin.org

May 2018 | Volume 5 | Article 158


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Knutsen et al.

Coincident Mass Occurrence Gelatinous Zooplankton

respectively. (A) Salinity (psu), (B) Temperature (°C), (C) Oxygen (mI~I*1).

FIGURE 4 | Hydrographic conditions along a transect from the outer coastal areas in the north (left), the Arneya basin (center) and Lyngenfjord basins in the south
(right), during October-November 2015. Research vessel ctd-station numbers on top of the figure with prefix HV (RV Hakon Mosby) and HH (RV Helmer Hanssen),

50
Distance [km]

former temperatures were recorded in October and the latter in
November.

Oxygen levels in Lyngenfjord were moderate to low (4.6-
5.5 ml17!) throughout the water column (Figure 4C). Lowest
oxygen concentrations were observed in the Arngya basin, where
the O, concentration in early October was below 4.9 ml.1~!
from ~230m to the bottom, and in Lyngenfjord Basin I, where
concentrations in November were below 4.9 ml-1~! from ~130 m
to the bottom (~325m). Close to bottom, oxygen concentration
in the Arnoya basin was ~4.72 ml17! and in Lyngenfjord Basin
I ~4.57 ml-17!. The coastal stations outside the fjord (Figure 4C)
had higher oxygen levels over the entire water column (~5.0-5.3
ml17h).

Hydrographic conditions in Kveenangen-Reisafjord were quite
similar to those in Lyngenfjord. At the central station of outer
Kvaenangen (HH1687), oxygen concentrations were <5.0 ml-17}

below ~100m and ca. 4.84 ml1™! close to the bottom at
~350 m (November). In the northern basin of Reisafjord, oxygen
values were slightly higher throughout the water column and
only <5.0 ml1~! below 250 m depth (October). These values
are comparable to what was reported for the Arngya basin in
October. At the innermost station in Reisafjord, oxygen values
ranged from ~5.3 ml-17! in the surface layer to 4.86 ml-1~! close
to the bottom at 102m. There were no signs of Atlantic water
penetrating the outer part of Kveenangen and Reisafjord as both
fjords had a bottom water salinity of around 34.60 psu.

Local Fishermen Observations

Morphological examination under a stereo-microscope of
the material collected by a fisherman on 23 October 2015
suggested the “slime” was remnants of physonect siphonophores.
Diagnostic structures identified in the filamentous mass included
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pneumatophores, palpons, and gastrozoids (Figure 5). While
no nectophores that could aid in species identification were
preserved, the presence of oil droplets, typically found at the
base of palpons in Nanomia spp. (Mapstone, 2009), suggested
Nanomia as a candidate genus. The pneumatophore in Figure 5
was measured in November 2015, while the remaining gas-
inclusions were measured 1 year later. The size range of the
pneumatophore gas-inclusions (N = 11) in terms of ESR was
0.34-0.56 mm. The largest gas-inclusion was the one measured
and photographed in 2015, while many of the pneumatophores
measured in 2016 were partly collapsed (distorted shape), with
at least one ruptured pneumatophore, and obviously contained
less gas than could be expected compared to the seemingly intact
specimen in Figure 5.

The fishermen also observed the phenomenon on their vessels’
echosounders and sometimes described it as “dense as herring
schools.” According to the fishermen this “slime” was located in
a layer below ~150 m, with seemingly increasing density toward
the bottom at ~300 m depth. It was reported that the “slime” had
increased in magnitude from around 20 August 2015, and that
it had been present in the area from that date onwards, while
the last reports on the fouling red “slime” were from January
2016. According to other fishermen, the phenomenon was also
observed in the areas outside Lyngenfjord, in Reisafjorden and
Kveenangen. Several fishermen claimed it was the first time this
type of phenomenon had been observed in the area, but another
described an event that took place in 1959/1960.

Research Vessel Observations

Biological Data From RV Hakon Mosby

No catch that could be assigned to the category Jellyfish were
caught in 30 of the total 42 bottom trawl hauls made by RV
Hakon Mosby within the extended study area during the annual
IMR Coastal Survey. “Jellyfish” were registered in eight of the

FIGURE 5 | Formalin fixated remnants of siphonophoran origin collected by a
fisherman and scraped off a net rope outside Arngya (Troms, Norway) on 23
October 2015. A, pneumatophore; B, oil droplets; C, palpons/gastrozooids.
Scale bar at lower right of length 2 mm.

hauls taken outside the current target area (N = 31), with the
average catch of jellies in these 8 hauls being 15.99 kg-nmi~!
(std = 27.65 kg-nmi_l, max = 83.0 and min = 0.67 kg-nmi_l)
and no extreme values recorded. Within the target area (Figure 1
and Table 1), “Jellyfish” were recorded in four of the 11 hauls, the
average catch in these 4 hauls being 33.57 kg-nmi~! [std = 33.93
kg-nmi~! (max = 77.78 and min = 1.67 kg-nmi ).

The mean catch of jellies in the bottom trawls within the target
area (Figure 1) was not significantly different compared to the
wider area covering the North Norwegian fjords north of 68°30°N
(Welch two sample t.test (R version 3.2.3; R Core Team, 2015),
zero’s not included: t = —0.898, df = 5.083, p-value = 0.4097 and
zero’s included: t = —1.0034, df = 12.666, p-value = 0.3344). No
ctenophores were registered in the trawl catches, and the jellies
caught in these hauls were probably scyphozoans such as Cyanea
capillata, Aurelia aurita, and Periphylla periphylla, as these large
species are the most common in the fjords and in the Atlantic and
coastal waters along the northern Norwegian coast.

It was reported from RV Hakon Mosby that at some stations
within the study area, the bottom trawl clogged severely and
required thorough cleaning between hauls due to contamination
by the red “slime” mentioned earlier. This was particularly
evident at st166 in the Arneya basin, where it probably also
influenced the fish catch, which was only 5.84 kg:nmi~! and
much lower than at the other stations (Table 1). This information
to a large extent supports the reports by local fishermen of
poor catches and heavy contamination of their fishing gear
(cf. Figure2). Also, the IMR Coastal Survey cruise report
(Mehl et al., 2015) suggested somewhat lower catches of fish in
the Lyngenfjord-Kvanangen area compared to the larger area
examined during their investigations.

Biological Data From RV Helmer Hanssen

Of particular interest were two nighttime bottom trawl hauls
conducted at nearby locations in the outer part of Lyngenfjord
on 3 November (St1672, 326-328 m) and 7 November (St1706,
324-328 m). The first haul gave a fish catch of 46.6 kg-nmi~!
and contained no ctenophores. In the second haul 4 days later,
1250 kg-nmi~! of ctenophores and only 0.9 kg-nmi~! of fish were
caught (Table 2). Based on photos of the catch, the ctenophores
were mostly Beroe cf. cucumis (Figure 6A).

In a daytime pelagic haul in Kvanangen (St1688, bottom
depth 402 m) at a sampling depth of 320-370m, a ctenophore
(Beroe cf. cucumis) catch of 1248.75 kg-nmi~! was recorded on 6
November. This latter haul was the only one where numerous M.
rotunda hydromedusae were registered (Figure 6B), the catch of
this species being 62.5 kg-nmi~!.

During another daytime pelagic haul in Lyngenfjord (St1705,
bottom depth ~ 300m, Figure 1) at 200-240 m depth, 76.92
kg-nmi~! of ctenophores were recorded on 7 November 2015.
A total of 11.2 kg-nmi~! fish were caught simultaneously, with
haddock being the key species (9.3 kg-nmi~!). The catches of
scyphozoan jellyfish in the bottom trawl hauls within the study
region were very low in November (Table 2).

On 9 November, during a brief revisit to the area, dense
acoustic backscatter was still evident on the echosounder display.
The video recordings obtained on this date (Figure 1), clearly
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FIGURE 6 | (A) Picture showing the dominant species, the ctenophore Beroe
cucumis caught by pelagic trawl st1688 on 6 November 2015. Note the boot
in the lower left part of the picture as a “size reference.” (B) Exemplary
specimens of the hydrozoan Modeeria rotunda in the bottom of a plastic
bucket (~15 cm diameter) caught in the pelagic trawl st1688 on 6 November
2015.

showed agalmid physonect siphonophores, likely Nanomia sp.
(Figure 7), actively swimming around. A range of colony sizes
appeared to be present, but due to the quality of the recordings,
limited field of view, and organism density, neither size nor
water column stratified abundances colonies were possible to
estimate.

Echo Sounder Registrations

According to echosounder data from RV Hakon Mosby (6-
9 October 2015) and RV Helmer Hanssen (3-7 November
2015), the highest concentrations of the scrutinized category
“Plankton” were found on the eastern side of Lyngenfjord
Basin I and in the Arneya basin (Figures8, 9A). Elevated
levels were also evident in the outer part of Kvaenangen, east
of Arngya toward the open ocean, and even in coastal waters
outside the fjord (Figure 8). Echogram images from October
clearly show dense registrations (sp ~ 15, 000 m2-nm2)

FIGURE 7 | Still photos from the GoPro video recordings at 265 m depth in
Lyngenfijord on 9 November 2015 (cf. Figure 1), showing most probably
physonect siphonopohores. (A) Specimen with pneumatophore encircled (red
ring) and an amphipod (cyan ring). (B) Siphonophore with an amphipod
encircled (cyan ring) to indicate size difference between the two. The
amphipod could be of the genus Themisto and ~2-3 cm in total length. Note
the pinkish to orange coloration of the gastrozooids and/or gonophores. The
white bar at the bottom of both images and at the top of (B) are parts of the
Seabird CTD frame. According to Seabird the distance between upper and
lower part of this frame is 82.5 cm. See http://www.seabird.com/sbe32-
carousel-water-sampler.

also in the deeper depressions here, west of the island Loppa
(Figures 1, 9C).

The category “Plankton” showed mostly lower values in the
upper part of the water column (<150m), although elevated
values (Sy = 30-32 dB re 1(m?- nmi~2) were observed in regions
with high values below 150 m depth. In the shallow inner fjords,
the abundance of the category Plankton was very low both below
and above 150 m (Figure 8). In Lyngenfjord, denser registrations
were recorded along the bottom in Basin I, but did not extend
into Basin II (Figures 8, 9B).

In October, RV Hakon Mosby recorded maximum su
values of ~30 000 m?nm~2 integrated over the water
column from the 38kHz echosounder (Mehl et al., 2015).
One month later, RV Helmer Hanssen recorded integrated
values of ~100 000 m?>-nm~2 averaged over a 1 nmi distance
(Figure 10, Log 8624-8625, 7 November 2015) just east of
the northern tip of the Lyngen peninsula. These night time
recordings show very dense registrations throughout the
water column, increasing toward the bottom, and seemingly
extending into the epipelagic more than can been seen
from the RV Hékon Mosby recordings 1 month earlier
(Figure 9A).

Maximum sy values recorded in November 2015 by RV
Helmer Hanssen in the deeper part of the water column (bottom-
—150m) were ~3.5 times higher than what was recorded with
RV Hakon Mosby 1 month earlier. During both surveys, the
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FIGURE 8 | (A,B) Acoustic registrations per 1 nmi cruise track scrutinized as Plankton, 6-9 October 2015 with RV Hakon Mosby. (C,D) Acoustic registrations per 1
nmi cruise track scrutinized as Plankton, 3—-7 November 2015 with RV Helmer Hanssen. (A,C) Integrated values of sa (mz-nmi’z) between 15 and 150 m depth.
(B,D): Integrated values of sp (m2-nmi‘2) between 150 m and bottom. Data presented as nautical area scattering strength (Sa, dB re 1 m2 . nmi‘2),

Sa = 10log1g(sa)- Open white circles in panel (B,D) represent locations where bottom depth is shallower than 150 m, thus containing no acoustic data.

highest values were observed in the layer extending 150 m from  ~325 m depth-about an order of magnitude lower than recorded

the bottom, increasing with depth (e.g., Figures 9A-C, 10). at 38 kHz. It is also observed that the trend in Sj (nautical area
The vertical structure of backscattering over an acoustically  scattering strength) vs. depth at 38 and 120 kHz were very similar.
reasonably homogenous distance of ca 3.5 nmi in the deepest In terms of the Relative Frequency Response, RFR;39, was

part of Lyngenfjord Basin I (cf. Figures 1, 10) was examined for ~ close to 1 in the upper 50m of the water column, thus quite
all available frequencies; 18, 38, and 120 kHz (Figure 11). This  similar to the backscattering at 38 kHz, while the backscattering
is to understand and quantify how the acoustic backscattering  displayed as RFR;g peaked between 45 and 65m being 10-
varied with depth in an area seemingly dominated by physonect 12 times the backscattering at 38 kHz here (Figure 11). It is
siphonophores with a gas-filled pneumatophore, and to estimate  evident that the backscattering at 38 kHz considerably dominated
the density of these organisms. In the linear domain, acoustic ~ over backscattering at 18 and 120 kHz from about 150 m to the
backscattering at 18 kHz dominated in most of the epipelagic ~ bottom. This indicates that there likely is resonant scattering at
with average s values in the range 350-420 m?-nmi~2, and a 38 kHz taking place in the deeper part of the water column.
secondary peak of ~200 m?-nmi~2 at ~320m depth. A shift in

dominant frequencies occurred at ~130 m depth, below which ~ Acoustic Scattering Models, Siphonophore

average sp for 38kHz was higher than for 18 kHz, reaching a  Gas-Inclusion Target Strengths and Abundance

peak of ~22,000 m?-nmi~? around 320 m depth. The mean sy Both the full modal series solution and the hybrid models
at 120 kHz was much lower in most of the water column, ~18-67  demonstrate by Figure 12 that gas-filled spheres with equivalent

m?-nmi~? in the upper 250 m with a peak of ~1,900 m>-nmi~2at  spherical radii (ESR) of 0.20mm have their resonance
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FIGURE 9 | Echograms obtained at 38 kHz from RV Hakon Mosby in Lyngenfjord and nearby area. (A) Acoustic record between Arngya and the tip of the Lyngen
peninsula on 9 October 2015. (B) Acoustic record from the central part of Lyngenfjord crossing the sill from Basin | to Basin Il in Lyngenfiord on 8 October. (C) Acoustic
record from the outer coastal area west of the island Loppa on 6 October. Locations of echograms marked with bold black lines in Figure 1. (a), (b), and (c) denote
the bottom channel registrations in the nearest 10m to the bottom. The volume backscattering strength threshold in the echo integrator, Sv,t, = —82 dBre 1 m~1.
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FIGURE 10 | Echogram from RV Helmer Hanssen recorded on 7 November 2015 just east of the northern tip of the Lyngen peninsula. Location of registrations is
shown on the map in the lower left corner of the figure. The characteristic frequency response is shown next to the map. The threshold Sv,t = —82 dB re 1 m=". Time

frequencies, i.e, maximum target strengths, between 18
and 38 kHz at 17.5 m depth, very close to 38 kHz at around 50 m
depth, 17.5 m and slightly above 38 kHz at 100 m depth. A slightly
larger 0.30 mm radius sphere, is extremely close to resonance at
18 kHz and 17.5 m depth, but near resonant at 38 kHz at 100 m
depth. More importantly, gas-filled spheres with ESRs of 0.45,
0.50, and 0.55 mm all have resonance frequencies close to 18 kHz
at depths around 100 m, and close to 38kHz at 300 m depth
with the 0.45 mm radius sphere closest to the 38-kHz resonance
peak at this depth (Figure 12). At 100 m depth, the 0.55mm
radius sphere is the closest to the resonance peak at 18 kHz.
These theoretical considerations support the in situ acoustic data
observations above (Figure 11), where sy at 18 kHz dominates
in the upper 125m of the water column and RFR;g peaks at
around 55 m depth. However, the two models differ significantly
in the peak resonance, the full model without any damping being
much higher than the hybrid model. It has been argued that the
membrane surrounding the pneumatophore adds considerable
damping (Trevorrow et al., 2005), thus making the hybrid model
more realistic.

The vertical distribution of the target strength, TS, based on
the hybrid model shows distinct changes as bubble radius (a)
changes in the range 0.10-0.55mm (Figure 13). The vertical
distribution of TS for the larger sized gas-inclusions is of
particular interest (Figure 13, lower panel). Here, the peak TS at

18 kHz appears progressively deeper as the gas-inclusion radius
increases from 0.35 to 0.55 mm, a trend that continues for larger
sized spheres (Supplementary Figure S2). Simultaneously, the
depth range where TS at 18 kHz dominates over 38 and 120 kHz
increases: TS at 18 kHz is greater than the TS at 38 and 120 kHz
over the depth range of ~20-50m for a gas-inclusion radius of
0.35 mm, ~20-75 m for a radius of 0.45 mm, and ~20-140 m for
a radius of 0.55 mm. Further, the depth where the TS at 18 kHz
becomes lower than the TS at 38kHz is ~120m and ~145m
for a gas-inclusion radius of 0.50 and 0.55mm respectively,
while for gas-inclusions having a radius of 0.60 and 0.65mm
the corresponding depths are clearly deeper, ~175 and 205 m
respectively (Supplementary Figure S2). Interestingly, for the gas-
inclusions with a radius of 0.50 and 0.55 mm, the shapes and
features of target strengths vs. depth curves compare reasonably
well with the in-situ data in Figure 11 where this transition is
located at ~130 m depth. The in situ vertical distributions of sy
(Figure 11) are most similar to the TS distributions with radius
of gas-inclusions in the range 0.45-0.55 mm. It is noted that the
TS at 120 kHz were reasonably constant over the water column
for most of the bubble radiuses (a = 0.20-0.55 mm) as displayed
in Figure 13 and thus also far from resonance at this frequency.
Hence, both the 38 and 120kHz TS distributions were used to
explore the estimated density of pneumatophores present in the
water column (Figures 14A,B).

Frontiers in Marine Science | www.frontiersin.org

13

May 2018 | Volume 5 | Article 158


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Knutsen et al.

Coincident Mass Occurrence Gelatinous Zooplankton

2 -2
A S (dB re (m” nmi™)) B RFR,; RFR,y
Jo_15 20 25 30 35 40 45 0l 5 10005115
—e— 18 kHz ; ;
—e— 38 kHz
—e— 120 kHz
50 ] 1
100 | 1 1
~~
=
~— 150 | . ]
N
-+
o
(O]
0O 200 1 1
250 1 250§: 1 1
300 - 300¢: . -
350 1 1 1 1 1 1 350 L] 1 1 1 ]
FIGURE 11 | (A) Vertical structure in acoustic backscatter, presented as nautical area scattering strength, Sy = 10log1g (sa), over a 3.5 nmi distance (Log
8623.4-8626.9, cf. Figure 10) for the frequencies 18, 38, and 120 kHz from RV Helmer Hanssen on 7 November 2015. (B) Relative Frequency Response RFR for 18
and 120 kHz respectively vs. depth. Stippled vertical lines indicates when the RFR ratio is equal to 1. The volume backscattering strength threshold S, 1 = —82 dB re
1m—1. Note, x-axes are unequal.

Based on the 38-kHz data, water column estimated volume
densities (Vpens) of siphonophore pneumatophores with gas-
inclusion bubble radius (a) of 0.45, 0.50 and 0.55 mm were in
the range ~0.2-20.5 colonies-m™>. At 25-265m depth, average
estimated density was ~0.5 colonies-m~>, with a maximum of
~1.0 colony-m~3 around 135m depth. Below 265m densities
increased and peaked around 325m depth close to the bottom,
with densities in the range 9-20.5 colonies-m ™ (Figure 14A).
For 120kHz the trends in the data are very similar to 38 kHz,
but computed densities were overall somewhat lower and varied
less between given gas bubble sizes (i.e., 12.6-18.2 colonies-m—3)
in the range 315-325m (Figure 14B). For both frequencies it
is noted that number of pneumatophores increase in the depth
region ~250 - 295 m and here the number of pneumatophores

per unit volume were in the range 0.4-2.5 colonies-m™>.

Genetic Analysis

Length of the obtained genetic marker sequences was 983-1045
bp for COI and 314-617 bp for 16S. Trimmed alignments
were 969 bp for COI (all 7 sequences) and 480 bp for 16S
(disregarding the shortest sequence). Pairwise comparisons
showed that the COI sequences differed by 0-2 bp (0-0.2%)
and the 16S sequences by 1-5 bp (0-1.0%). For COI, BLAST
identified seven N. cara COI sequences (GenBank accession
no. GQI120027.1, GQ120025.1, GQ120024.1, GQ120023.1,
GQ120029.1, GQI120028.1, and GQ120026.1) as the closest

matches, with 99.5-99.7% similarity (alignment length 966-
971 bp), confirming our tentative identification based on the
collected material and the images. BLAST found no close match
for the 16S sequences, the closest hit being Agalma clausi 16S,
accession no. AY935270, at 89% similarity.

DISCUSSION

The current material documents exceptional abundances of three
species of jellies occurring within the northern Norwegian study
area during a relatively short time period in the autumn 2015.
Substantial quantities of ctenophores (Beroe cf. cucumis) were
caught with trawls, attracting considerable media attention.

Concurrent with the ctenophore catches, research vessels and
local fishermen operating in the area experienced heavy fouling
of their equipment by a red “slime.” The descriptions of the
fouling material were very similar to those provided by fishermen
from the Gulf of Maine during a N. cara mass occurrence in
1975 (described in Rogers, 1976a). Morphological examination
of the current fouling material suggested that it was probably
also attributable to physonect siphonophores of the genus
Nanomia.

One of the trawl hauls also included numerous specimens of
the conspicuous hydromedusa M. rotunda—a widely occurring,
but relatively rarely observed species. M. rotunda is considered
as a deep-sea oceanic medusa (Cornelius, 1995), but is also
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known from West-Norwegian fjords (Hosia and Bamstedt, 2007).
Its rather inconspicuous hydroid stage is known to occur in
tropical to boreal Atlantic up to Iceland and Greenland, as well
as the Barents- and Kara Seas in the Arctic region (reviewed in
Cornelius, 1995; Schuchert, 2001).

The bottom trawl data obtained by RV Hdkon Mosby indicates
that the concurrent abundances of the larger jellyfish, the
scyphomedusae Cyanea, Aurelia, and Periphylla, in the study
area were in no way extraordinary or significantly different
compared to the average abundance in the larger area of the
north-Norwegian fjords from Andeya in the south-west to the
Varangerfjord in the north-east.

The current data do not allow us to ascertain whether the
observed accumulations of Nanomia, Beroe, and Modeeria were
true blooms resulting from population increases or the result
of advective or behavioral aggregation. However, there was no
indication that any of the species were particularly associated
with Atlantic water, which would have suggested advection from
offshore as described in the next section. The three species differ
in terms of their biology and the same explanation for the
observed high abundances may not apply to all of them. Nanomia
and Beroe spp. are holopelagic, while M. rotunda has a benthic

hydroid stage. The species also differ in their trophic ecology and
dietary preferences.

Local Oceanographic Processes

During this study of the Lyngen-Kvanangen fjord system, the
salinity of the deep-waters seawards of the fjord system was
clearly higher than salinities in the basin waters of the fjords
deeper than ~200m. This suggests there had been no recent
renewal of the basin waters of the fjords prior to the events
monitored in October and November 2015. The oxygen content
of the near bottom water of the fjord basins (Arngya and Lyngen
Basin I), was also markedly lower than observed further seawards,
supporting this interpretation. However, at intermediate depths
(75-150 m), both salinity and temperature conditions were
similar in the deep shelf areas and the Arneya basin. This
indicates similar density of water masses within this depth
range (Supplementary Figure S3), and could potentially facilitate
exchange of water masses between nearby fjords and the outer
coastal regions. Also in November, the temperature, salinity, and
density (ot-kg-m~3) profiles in Kvenangen (HH1687) and in
Lyngenfjord Basin I (HH1673) were nearly identical over the
depth range given above (Supplementary Figure S4), suggesting

Frontiers in Marine Science | www.frontiersin.org

16

May 2018 | Volume 5 | Article 158


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Knutsen et al.

Coincident Mass Occurrence Gelatinous Zooplankton

Depth (m)

L L

10 15 20 25
B —@— 0.45mm
50 et o ot . 0.50 mm |
100 | ¥ —0.55mm||
£ 150 120 kHz
= : :
@ 200
[m)
250
300
350 bt - ; ;
1234 10 15 20 25

Pneumatophores [Nos-m'3]

FIGURE 14 | Number of Nanomia pneumatophores [Nos-m—3] as determined
based on the theoretical depth dependent target strengths (TS) using the
hybrid damped model for three different sizes of siphonophore gas-inclusions
with bubble radius 0.45, 0.50, and 0.55 mm. Computations based on

(A) 38 kHz and (B) 120 kHz.

that both fjord basins were influenced by the same type of water
of outer coastal origin. The water masses in the North Norwegian
fjords in the Troms region are known to be tightly integrated with
and affected by the Norwegian Coastal Current (NCC) and North
Atlantic Current (NAC) (Falkenhaug et al., 1995; Svendsen, 1995;
Wassmann et al., 1996). Both abrupt exchange of waters masses
and more subtle introductions of outer coastal water and deep
water have been documented on multiple occasions during the
year in Balsfjorden (Wassmann et al., 2000), despite a very
shallow sill. In contrast, Lyngenfjord and Kveenangen, are open
fjords with deep sills, situated in close proximity to the shelf
areas to the north. The shallow connections between these two
fjords (cf. Figure 1B) most likely limit the exchange of deep
and intermediate water masses between their basins. However,
Espeland et al. (2015) used nested ocean circulation models to
show that surface water could be displaced north-eastwards from
Lyngenfjord through the narrow sounds between the two fjords.
Similar hydrographic conditions in the upper ~170m of the
water column (Supplementary Figures S3, S4, Results section) are

probably a result of regional oceanographic processes involving
coastal water masses influencing both fjords at intermediate
depths in a near identical manner.

Changes in fjord ecosystems, such as coastal water darkening
which might favor tactile predators over visual ones (cf. Aksnes
et al., 2009), might be an additional effect that could increase the
frequency of bloom occurrences, although we have currently no
new data that can support such ecosystem change.

The Ctenophore Beroe
The ctenophores were identified as Beroe cf. cucumis based on
photos of the trawl catch. Beroe cucumis is found in the North
Atlantic and the Arctic Ocean, and is common along the entire
Norwegian coast. However, it is worthwhile to note that its
congener B. abyssicola also occurs in the Boreal North Atlantic
and Norwegian Arctic, and can have a rather similar habitus
(Licandro et al., 2015; Hosia and Majaneva, unpublished data).
Beroe spp. are assumed to largely feed on other ctenophores
(reviewed in Purcell, 1991, 1997) and the high biomass of Beroe
observed in the trawls in Lyngen and Kvanangen indicates the
presence of large amounts of ctenophore prey in the area. We
have no information on abundances of other ctenophore species
during or prior to our observations in November 2015. However,
dense blooms of the lobate ctenophore Bolinopsis infundibulum
are common in coastal waters of northern Norway during spring
and summer until August (Falkenhaug, 1996). It is thus likely that
the high biomass of B. cucumis in Lyngenfjord had been sustained
by feeding on blooms of B. infundibulum earlier in the season.
The fate of ctenophore populations during winter is scarcely
described in the literature and it is often believed that a
small number of individuals overwinter in the water column
in sheltered areas (Costello et al, 2006). Overwintering of
ctenophores in deeper layers, close to the bottom, has previously
been reported for B. ovata and Mertensia ovum in the Canadian
Arctic (Siferd and Conover, 1992), for B. cucumis in northern
Norway (Falkenhaug, 1996), and for Mnemiopsis leidyi in
Argentina (Costello and Mianzan, 2003). To remain in deeper
waters below sill level may be an overwintering strategy of
Beroe spp. in high latitudes. In Malangen fjord (northern
Norway), B. cucumis performed a seasonal vertical migration,
from distributions above 50 m in summer (May-July), to below
200 m from September to April (Falkenhaug, 1996). The observed
high abundance of B. cucumis in the deeper basins of the Lyngen
and Kveenangen fjords during late fall and early winter may thus
be explained by a combination of high local production in the
surface water during summer and a seasonal vertical migration
during autumn. This will lead to accumulations of B. cucumis
in the deeper basins where the advective losses are low. These
basins serve as overwintering refugia that seed population growth
during the following productive season (Costello et al., 2006).

The Siphonophore Nanomia

COI sequences from specimens in the fouling material provided
a match with N. cara sequences from GenBank. N. cara (sensu
Kirkpatrick and Pugh, 1984) is a boreal North Atlantic species
frequently observed in the north east Atlantic, northern North
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Sea, and Skagerrak, as well as in western Norwegian fjords
(Kirkpatrick and Pugh, 1984; Hosia and Bamstedt, 2008).

To our knowledge, this is the first report of a mass occurrence
of Nanomia sp. from Norwegian waters. However, information
from a retired local fisherman (Jarle Mollan [age 83], Skjervoy,
Troms, pers. comm.) suggests that at least one similar event
occurred during autumn/winter 1959/1960 in the current study
area. At that time, shrimp trawlers got their trawls severely
contaminated with a similar type of slime and had to cook the
trawl nets twice with the onboard shrimp cooker before a new
haul could be made. They were nevertheless still able to catch
shrimps, although a longer towing time was required. Mollan
also states that over the last 3-5 years, fishermen have observed
increased amounts of the “round marble-like” hydromedusae
(probably M. rotunda), and the “cucumber-like ctenophore”
(Beroe sp.).

Harmful blooms of N. cara have been previously reported
from the Gulf of Maine in 1975-1976 and 1992-1993 (Rogers,
1976a,b; Rogers et al., 1978; Mills, 1995). In the NE Atlantic,
abundant Nanomia sp. have been reported from Valencia
Harbour, Ireland, (as Cupulita sarsii) in 1897-1898 (Browne et al.,
1898), the Salcombe estuary, England, in 1929 (Berrill, 1930),
oft Plymouth, England, in 1930 (Russell, 1933) (as Stephanomia
bijuga), as well as from Bantry Bay, Ireland, in June 2014
(Haberlin et al., 2016).

Further south on the West-Norwegian coast, most fjords
appear to have year-round resident populations of Nanomia sp,
and it is also common in the coastal waters outside the fjords,
as well as further offshore in the North East Atlantic (Williams
and Conway, 1981; Hosia et al., 2008; Licandro et al.,, 2015) and
occurring all the way up to the Fram Strait (Hosia, unpublished
data). The species could therefore potentially be present in the
Lyngenfjord-Kveenangen area year-round. Particularly favorable
local environmental conditions, including higher prey availability
in the fjord basins compared to the shallower shelf areas
to the north, possibly in combination with restricted vertical
migration by the siphonophores, limited exchange of deep basin
waters during the period of the bloom, and the preference
of adult colonies to primarily reside in the deeper parts of
the fjord system, could have acted in concert and promoted
the accumulation and growth of colonies in the deep basins.
Additionally, shallow sills possibly prevented dispersal of these
organisms to the inner part of the fjord system. The observed
distribution pattern could be maintained by the prevailing
currents, which favor seaward transport in the surface layers and
possibly weak inflow at intermediate depths. The observations
of identical acoustic structures in the deep depression on the
northern shelf outside the fjord system (Figures 8B, 9C) could
be occurring in a similar way, by entrapment and enrichment
of colonies as these can vertically migrate to their preferred
deep-water habitat to either feed or seek shelter.

Although relatively ubiquitous in Norwegian coastal waters,
Nanomia is potentially underreported in plankton surveys, as
the colonies tend to break apart in plankton nets, hindering
identification and enumeration. Nanomia spp. may also be able
to avoid slow moving plankton nets to a degree (Warren et al.,
2001), with escape swimming speeds of up to ~60 mm-s~!

measured (Costello et al., 2015). Physonect colonies consist of
a long stem with a gas filled pneumatophore at its apex and
various specialized zooids arranged in a species-specific manner
along it. Fully grown N. cara colonies have been reported to reach
lengths in excess of 1 m (Rogers et al., 1978; Mapstone, 2009).
Due to their size and fragility, one would not normally expect
to catch identifiable colonies of Nanomia with fish trawls and it
was also clear from examination of the fouling material that the
colonies had lost most of their zooids. However, their long stems
had become entwined with the gear, resulting in the filamentous
fouling mass.

Information on the abundance of non-gelatinous zooplankton
during the observed mass occurrence of Nanomia is lacking
and it is not known what the siphonophores had been feeding
on. The zooplankton abundance in high latitudes follows a
strong seasonal pattern, with peak production restricted to a
relatively short summer season. The observed mass-occurrences
of Nanomia occurred after the main productive season when
zooplankton abundances are generally low in upper waters.
However, large abundances of dormant zooplankton are often
found below sill level in fjords during winter (Falkenhaug
et al, 1997a), and the deep basins of fjords have been found
to hold local populations of overwintering C. finmarchicus
(Bagoien et al, 2001). This is especially true in advective
fjords, where the zooplankton are supplied by advection
(Matthews and Heimdal, 1980; Falkenhaug et al., 1995). The
winter zooplankton community in north Norwegian fjords is
dominated by large copepods (Calanus finmarchicus, Metridia
longa, Euchaeta spp.), euphausiids, and pelagic decapods
(Pasiphaea multidentata) (Hopkins et al., 1984; Falkenhaug et al.,
1997a,b; Pedersen et al., 2015), which are all potential prey of
siphonophores.

Acoustics

While the extent of observed fouling suggested the presence
of extraordinary numbers of physonect siphonophores,
unfortunately no quantitative physical samples were available
for estimating abundances or distribution. However, physonect
colonies possess a gas-filled pneumatophore and it is considered
an important source of acoustic scattering (Barham, 1963, 1966;
Warren et al., 2001; Benfield et al., 2003; Trevorrow et al., 2005;
Lavery et al., 2007). Acoustic data supported the presence of high
abundances of physonect siphonophores and abundant agalmid
physonects were observed on video recordings made in the
area.

The extreme backscattering values, sa, recorded in various
part of the Lyngenfijord and Kvenangen during October
and November 2015 are comparable to the total integrated
backscatter of migrating herring observed south of the Lofoten
area (Zedel et al., 2003, their Figure 1). However, the frequency
response associated with these very dense registrations shows
a peak at 38kHz (>150m) and much lower response at both
18 and 120kHz. This is different from herring for which
the frequency response of typical schools peaks at 18kHz
and decreases with increasing frequency in the range 18-
200kHz (see Gorska et al., 2004; Korneliussen et al., 2009).
The nature of schooling herring (cf. Huse and Ona, 1996;
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Huse and Korneliussen, 2000; Zedel et al., 2003; Korneliussen
et al., 2009) is also quite different from what was observed
in Lyngen, and very few herring were caught in the trawls
in the Lyngenfjord and Kvanangen area during the present
investigation.

The type of registrations visualized by the echosounders,
diffuse but strong, and mostly concentrated below 150m
depth, was also unique. There was strong scattering at 38 kHz
close to the bottom during daytime, with indications of diel
vertical migration (DVM). The acoustic observations on 7
November 2015 were particularly strong, and evident also in
the epipelagic zone (Figure 10). These recordings were aquired
in the evening at ~18:55-19:18 local time, after the sunset at
14:07, suggesting that part of the Nanomia population migrated
to shallower depths in the evening. A month earlier, dense
registrations close to the bottom, lifting off the bottom and partly
penetrating shallower depths during night, were also observed,
although to a lesser degree. These observations suggest the
presence of a viable Nanomia population performing DVM.
Nanomia spp. are considered diel vertical migrators (Mackie,
1985; Robison et al., 1998; Hosia and Bamstedt, 2008), and
during the 1993 bloom in Wilkinson Basin, large numbers
of colonies were also observed occupying the lower half of
the water column by day and migrating toward the surface
and spreading over the entire water column by night (Mills,
1995).

The densest registrations during the current mass occurrence
were associated with the deepest part of the fjord basins
and shallow sills appeared to act as barriers to dispersal
(cf. Figure 9B). This fit well with what is known about the
vertical distribution of Nanomia from previous observations.
Aggregations of N. cara close to the bottom have been
observed in western Norwegian fjords (~600-700m deep),
as well as in the Gulf of Maine (Mills, 1995; Hosia and
Bémstedt, 2008). Fjord sills can promote the retention of
zooplankton in the fjord basins and in western Norwegian
fjords physonect siphonophores, most likely Nanomia,
have been observed to have the weighted mean depth of
their distributions below sill depth (Hosia and Bamstedt,
2008).

Size of Gas-Inclusions

There is in general sparse information available on the exact
size of Nanomia spp. pneumatophores. The few measurements
made during this study suggest a gas-inclusion ESR in the range
0.34-0.56 mm, the largest one being the pneumatophore that
was photographed within 3 weeks of collection on 23 October
2015 (Figure 5). However, since most of the material was stored
in formalin for a year prior to measurement and many of the
pneumatophores were at this point clearly deflated, we suspect
these measurements are in the lower range of the actual sizes
present in situ. The theoretical considerations based on the
full modal series solution (Anderson, 1950) and the hybrid
damped scattering models suggest that gas inclusion radius in
the range 0.45-0.55mm is in reasonable agreement with the
acoustic data recorded in situ. Most existing measurements of
pneumatophores have also been done ex situ after retrieval of

specimens. Barham (1963) reports on 50 pneumatophores of
Nanomia bijuga having an average ESR of ~0.56 mm [our own
computation based on numbers in Barham (1963)] after 3 weeks
of fixation in 10 % formalin. Warren et al. (2001) reported that
scattering levels of individual siphonophores measured at depth
were consistent with scattering “from a gas inclusion with a
diameter of about 1 mm” and measured similar pneumatophore
diameters from animals captured by net tows in the upper 20 m
of the water column (N < 5). These diameters are not given,
nor is it explicitly stated whether they were measured alive
directly upon retrieval, or after fixation and storage. Benfield et al.
(2003) measured the pneumatophores of physonect siphonula
larvae in situ using a Video Plankton Recorder (VPR), as
well as from preserved individuals caught with a MOCNESS
net sampling system (Wiebe et al, 1985). The diameter of
siphonula pneumatophores ranged from 0.1-0.4 mm, with the
MOCNESS collected individuals showing somewhat elevated
frequencies of smaller diameter gas-inclusions, probably due
to post-collection loss of gas (Benfield et al., 2003). [Note:
while (Benfield et al., 2003) suspected that the siphonulae they
imaged belonged to the genus Nanomia based on the presence
of adult N. cara in the waters of the Gulf of Maine during their
cruise, the preserved siphonula depicted in their Figure 2d is
an athorybia larva of Agalma sp.]. Notably, their data indicate
that the diameter of the gas-filled pneumatophores did not
appear to change much with depth in the upper 150m of
the water column. Siphonophores are believed to be able to
maintain the diameter of their pneumatophore by secreting or
absorbing carbon monoxide gas (Mackie et al., 1987), which
also seems to apply for the siphonula larvae (Benfield et al.,
2003). The pneumatophores in the genus Nanomia also possess
an apical pore through which carbon monoxide can be released
(Pickwell et al., 1964).

Densities and Vertical Distribution of

Nanomia Colonies

The estimated density of Nanomia colonies based on the acoustic
data in the current study (Figure 10 and map therein), was
~0.2 to 1.0 colonies-m~> at 25-265m depth, and up to ~18-
20 colonies-m~> in the deepest part of the water column at
~320m depth, slightly depending on the frequency used for
these computations. These numbers are comparable to previous
observations on Nanomia densities. November density of N.
bijuga in Glacier Bay, Knight Inlet, Canada was estimated
as 0.13 coloniess-m™> in a scattering layer around 30-65m
depth using a BIONESS net sampling system (Trevorrow et al.,
2005). An independent estimate based on an acoustic-statistical
technique dubbed “critical density analysis” gave a very similar
estimate of 0.14 coloniessm™>3 (Trevorrow et al., 2005). N.
bijuga abundances with a mean of ~0.05 coloniessm~> (up
to 1 colony-m™2) were estimated from ROV video recordings
made in Monterey Bay (Robison et al., 1998). However, these
densities are considerably lower than the 1-10 colonies-m~>
estimated acoustically for N. cara in the Gulf of Maine (Warren
et al., 2001; Benfield et al., 2003). Similarly, in the Gulf of
Maine, earlier submersible observations made during Nanomia
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blooms have suggested densities of 1-8 colonies-m~3, with
the densest concentrations often occurring between 3 and
45m above the bottom at 120-180m (Rogers et al., 1978).
Densities of 9.8 coloniessm~> based on net sampling were
recorded from Bantry Bay, Ireland, in June 2014 (Haberlin
et al, 2016). The highest reported densities come from the
Gulf of Maine in September 1993, where 50-100 colonies-m~>
were reported congregating in the 20 m above the bottom at
270 m (Mills, 1995). This kind of swarming may be behavioral,
resulting from siphonophores altering their swimming in
response to prey concentrations (pers. com. Biggs in Rogers,
1976a).

It is realized that differences in colony size may impact the
overall size distribution of pneumatophores and represent an
uncertainty regarding the density of colonies estimated from the
acoustic data during the current investigations. Backscattered
intensity also originates from organisms with gas-inclusions
that deviate somewhat from the expected size range 0.45-
0.55mm radius (cf. Barham, 1963; sections Acoustic Scattering
Models, Siphonophore Gas-Inclusion Target Strengths and
Abundance and Size of Gas-Inclusions), and even some smaller
gas-inclusions might be resonant in the shallower regions of
the water column (cf. Figures 12, 13). While no systematic
measurements on change in pneumatophore size during growth
and development exist, it is clear that there is an increase in
size from the rudimentary pneumatophore developed within
days of fertilization to the pneumatophores of mature colonies
and that pneumatophore size may continue to increase with
growth of the colony. We know very little about the reproductive
cycles of Nanomia in subarctic waters and how the population
developed more than a month into the bloom. While there is
no evidence that siphonula larvae were present in the Lyngen
area during the period covered by these investigations, the
GoPro video recordings suggest the presence of slightly variable
colony sizes. However, it is believed that siphonophores with
gas-inclusions < 0.30 mm radius were not abundant during
the latter part of the bloom, for which the above referred
densities were computed. It is noted that at maximum depth
of the GoPro recordings (265m, cf. Figure7), there were
maximally observed 1-3 colonies in the field of view of the
GoPro camera (distance between upper and lower CTD frame
equals 82.5cm). This would be close to an observed volume
of ~1 m?, if extended to three dimensions, hence very close
to the densities computed by the acoustic method at this
depth.

Mixed sizes of N. cara colonies ranging in length from 0.2 to
3.7 m were also observed in June 1976 in the Gulf of Maine, with
the largest colonies having over 200 feeding polyps (gastrozooids)
and 30-40 swimming bells (nectophores) (Rogers et al., 1978).
In high density locations, colonies of varying sizes were often
present, while in more peripheral low-density areas colonies
were generally smaller, 20 to 40cm in length (Rogers et al,
1978). The vertical distribution of the colonies also changed with
size, with smaller colonies found higher in the water column
than the larger ones. Benfield et al. (2003) also observed adult
colonies co-occurring with the siphonula larvae, but in much
lower densities.

Post-cruise Observations and Fate of the

Siphonophore Bloom

Considering the predatory impact of Beroe and Nanomia
on their respective prey, it is questionable whether the
populations would be able to maintain the high biomasses
observed over winter. While many jellies are resistant to
starvation and capable of shrinking during limited nutrition,
food limitation may be a factor contributing to the eventual
collapse of gelatinous zooplankton blooms (Pitt et al., 2014).
The gelatinous biomass may also end up consumed by pelagic
predators or, ultimately, benthic scavengers. Gelatinous carcasses
sinking to the seafloor may be rapidly eaten (Sweetman
et al, 2014) and can also contribute to increased oxygen
demand and altered nutrient dynamics in the sediment
(West et al., 2009).

Since numerous vigorously swimming colonies were observed
on the video recordings on 9 November, there is reason to believe
that the N. cara population was still alive toward the end of the
observation period. On the night between 26/27 November, at
the start of the polar night, RV Helmer Hanssen revisited the
area briefly. No quantitative acoustic data were recorded, but
some screen-dumps of the EK60/ER60 echosounder main screen
were obtained during a pass through the area, which occurred
around midnight (Figure 15). Very dense acoustic registrations
were observed close to the bottom and the strong acoustic
layer appeared limited to below 100 m depth, with very little
backscatter at shallower depths. This vertical distribution differs
from that observed 20 days earlier on 7 November, and suggests
less DVM activity by the siphonophore population.

The Lyngen area was visited again in December 2015 by
RV Johan Ruud undertaking shrimp trawl experiments, and
feedback from the cruise participants suggests there were less
jellies registered in the trawl samples and by the echosounder
compared to the situation in November. Nevertheless, some
fishermen in Lyngen continued to report on problems with red
slime on their fishing gear and that fish normally present had
not returned to the “contaminated” areas in January 2016. We
know of no further reports of the fouling slime from later in
2016 and no blooms were reported during autumn-winter of that
year.

Potential Consequences

Large accumulations of gelatinous zooplankton in the fjords may
have negative impacts on both fisheries and aquaculture, and the
mass occurrence of siphonophores did indeed have consequences
for local fishermen that depend on the local fjord stocks of fish
and shrimps. The heavy fouling of fishing gear, loss of fishing
opportunities, and possibly the avoidance of contaminated areas
by fish, all represent income loss. The 1975 N. cara bloom in the
Gulf of Maine was reported to foul fishing gear and even clog
trawl nets, with the estimated losses to the fishing industry as high
as $300 000 (Rogers, 1976a,b). While we are currently not aware
of Nanomia spp. having interfered with aquaculture in the sense
of having adverse effects or lead to increased mortality on farmed
fish, other siphonophores including Apolemia uvaria (Bamstedt
et al., 1998) and Muggiaea atlantica have been implicated in
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FIGURE 15 | Upper part: Pelagic 38 kHz screendump echogram (Simrad EK60/ERG0 system, www.simrad.com/ek60) from the outer part of Lyngen during midnight
26/27 November 2015 (23:15:58-23:28:30 UTC). Lower part: Bottom channel 38 kHz echogram, 0-20 m above the bottom.

killing farmed fish (Fossa et al., 2003) and causing considerable
economic losses, together with a number of other cnidarians
and even ctenophores (cf. Lucas et al., 2014; Halsband et al,
2017). Aquaculture activity, e.g. salmon farming, is increasing
in the north Norwegian fjords and several places there are also
important local fisheries for northern shrimp (Pandalus borealis),
cod (Gadus morhua, haddock (Melanogrammus aeglefinus), and
saithe (Pollachius virens) in the region.

In the Lyngenfjord-Kvanangen area a total of around 12
salmon production sites had live salmonids in their pens (ca.
26,000 tons), at the time of this bloom (Otto Andreassen, pers.
comm., Directorate of Fisheries, Norway). The majority of farms
were situated in the shallows between the island separating
Lyngenfjord and Kveenangen, or in shallow fringe areas away
from the basins where the density of siphonophores were
high. With the current estimates of siphonophore abundances,
particularly in the epipelagic zone, we can conclude that
the bloom reported here had little to no direct effect on

farmed fish in the region, but overlap between fish farms
and siphonophores might not have been high given how the
fish farms were located, and no farmed fish mortality due to
jellies has been reported. The anomalous conditions reported
here lasted for about 5 months and certainly resulted in
income loss for local communities along the fjords, although
we do not know if such losses have been quantified. It is
not inconceivable that abundant Nanomia spp. also could have
adverse effects on exposed wild fish, but we know of no such
reports yet.

It is also known that ctenophore blooms have caused losses to
aquaculture (reviewed in Lucas et al., 2014), but in these northern
Norwegian fjords we know of no reports of ctenophore blooms
that have caused problems for fish farms or commercial fishing
activity.

The combined predatory impact of large numbers of
gelatinous predators on the natural zooplankton community can
be considerable. The trophic impacts of Nanomia and Beroe are,
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however, likely to be rather different: While Nanomia spp. feed
primarily on crustacean zooplankton including copepods and
euphausiids (Purcell, 1981, 1997; Robison et al., 1998), Beroe spp.
are assumed to feed largely on other ctenophores (reviewed in
Purcell, 1991, 1997). Nanomia may thus be in direct competition
with fish for the food resources, while the presence of Beroe spp.
could theoretically even serve to reduce predation pressure on
crustacean zooplankton through trophic cascading.

Concluding Remarks

Most jellyfish blooms are ephemeral in nature. The rapid
population expansions leading to a bloom depend on a series
of advantageous events, of which food availability, successful
reproduction and high survival rate of the younger stages to adult
individuals or colonies are crucial. Environmental conditions
including ambient temperature, oxygen levels, and currents
are additional factors important in determining bloom success,
dispersal, and longevity. For the species with a benthic stage,
such as the observed M. rotunda, the conditions experienced by
the polyps or hydroids may be significant in determining the
magnitude of medusa production (Boero et al., 2008). The bloom
of the holopelagic physonect siphonophore Nanomia sp. reported
herein, appears to be of local origin. A local fisherman reported of
a very similar event that occurred ~60 years ago in the Lyngen-
Kvaenangen area, and there are also similar reports from other
parts of the Northern Atlantic (cf. Rogers, 1976a). The scarcity of
these reports suggests that such events may be rare, or are at least
rarely observed or reported on.

The current work demonstrates severe contamination of
various types of fishing gear, particularly by the siphonophores,
leading to greatly reduced fishing efficiency, but it is also possible
that wild fish migrated away from the areas with highest densities
of these organisms. Increased mortality of farmed fish in the
Lyngenfjord-Kveenangen area was not reported during the period
of these investigations. One reason could be low overlap between
farm locations and high density siphonophore areas, including
the tendency of the siphonophores to be particularly abundant in
the deeper part of the outer fjord basins.

In this investigation, the acoustics proved to be a valuable
technique to track the abundance and distribution of physonect
siphonophores, when these organisms were the dominant
scatterers in the water column. They are the only gelatinous
zooplankton species with a gas-inclusion that allows them to
stand out acoustically at the frequencies used in the current
work. For non-physonect siphonophores, hydromedusae,
scyphomedusae, and ctenophores, their acoustic backscattering
is much less efficient. The combination of different approaches
including genetics, trawling, traditional taxonomic analyses,
and fishers information on the species responsible for the
gelatinous blooms, enabled documentation of bloom timing and
duration, and possible over-wintering areas for ctenophores,
but particularly the physonect siphonophore N. cara in the
region.

As a precautionary approach, it is important to document
such bloom events and to monitor the frequencies of occurrence,
abundances and types of species involved and to determine
if the ambient environmental conditions during blooms

change over time. An improved understanding of potentially
harmful gelatinous zooplankton blooms and their effects on
local ecosystems is important for future management and
development of mitigation measures to minimize ecosystem,
aquaculture, and fisheries impact.
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