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ARTICLE INFO ABSTRACT

Keywords: Physical and topographic characteristics can structure pelagic habitats and affect the plankton community
Cape Verde Ocean Observatory composition. For example, oxygen minimum zones (OMZs) are expected to lead to a habitat compression for
Ctenophore species with a high oxygen demand, while upwelling of nutrient-rich deep water at seamounts can locally in-

Jellyfish . crease productivity, especially in oligotrophic oceanic waters. Here we investigate the response of the gelatinous
Oxygen minimum zone . . . is .

Pyrosome zooplankton (GZ) assemblage and biomass to differing oxygen conditions and to a seamount in the Eastern
Senghor Seamount Tropical North Atlantic (ETNA) around the Cape Verde archipelago. A total of 16 GZ taxa (>1100 specimens)
Length-weight regressions were found in the upper 1000 m with distinct species-specific differences, such as the absence of deep-living
Deoxygenation species Atolla wyvillei and Periphylla periphylla above the shallow seamount summit. Statistical analyses consid-
Global change ering the most prominent groups, present at all stations, namely Beroe spp., hydromedusae (including Zygocanna

vagans, Halicreas minimum, Colobonema sericeum, Solmissus spp.) and total GZ, showed a strong positive corre-
lation of abundance with temperature for all groups, whereas oxygen had a weak negative correlation only with
abundances of Beroe spp. and hydromedusae. To account for size differences between species, we established
length-weight regressions and investigated total GZ biomass changes in relation to physical (OMZ) and topo-
graphic characteristics. The highest GZ biomass was observed at depths of lowest oxygen concentrations and
deepest depth strata at the southeastern flank of the seamount and at two stations south of the Cape Verde ar-
chipelago. Our data suggest that, irrespective of their patchy distribution, GZ organisms are ubiquitous food web
members of the ETNA, and their habitat includes waters of low oxygen content.

1. Introduction 2018), and facilitators of vertical carbon export (e.g. Lebrato and Jones,
2009). Despite an increasing interest in gelatinous organisms in the

Gelatinous zooplankton (GZ) belong to taxonomically and ecologi- context of climate change, overfishing, and ecosystems alterations (as
cally different groups of plankton organisms that are characterised by a reviewed in Richardson et al., 2009), knowledge about their spatial
fragile, transparent body texture, and mostly low carbon content distribution pattern including meso- and bathypelagic depths remains
(Kigrboe, 2013). They have been documented as important grazers (e.g. limited (e.g. Robison, 2004), especially in relation to oxygen minimum
Décima et al., 2019), prey items (e.g. Diaz Briz et al., 2017; Ayala et al., zones (OMZs) in the open ocean (but see Hauss et al., 2016; Hoving
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et al., 2020). This knowledge gap is primarily due to sampling diffi-
culties using traditional nets and preservation problems of certain
groups such as ctenophores (van Walraven et al., 2013), highlighting the
importance of special handling procedures and live analyses of samples
(for methodology see e.g. Haraldsson et al., 2013).

OMZs are defined as persistent water layers with significantly
reduced oxygen concentration (see Diaz and Rosenberg, 2008), located,
e.g., in boundary upwelling areas such as in the eastern tropical North
and South Atlantic and Pacific Oceans (e.g. Karstensen et al., 2008). The
OMZs in the north-eastern tropical Atlantic are not as oxygen depleted as
compared to, for example, the Pacific, though their horizontal and
vertical extent is expected to increase with global climate change (e.g.
Karstensen et al., 2008). This is suggested to have large consequences for
high oxygen-demanding species (e.g. Stramma et al., 2008), due to a
habitat reduction. Naturally, OMZs occur in the open ocean at meso-
pelagic depths, particularly in areas of high surface productivity (e.g.
Karstensen et al., 2008). In open oceans, OMZs are persistent, while
productive coastal areas are characterised by seasonally occurring low
oxygen conditions or hypoxia (<2 mg 0y 17! ~ 62.5 pmol kg™1) (see
Diaz, 2001). For coastal areas, several GZ species have been documented
to show high tolerance towards low dissolved oxygen (DO) concentra-
tions (Kolesar et al., 2010; but see Lucic et al., 2019). Some scyphozoan
jellyfish have even been shown to tolerate short-term anoxic events,
where the DO concentration reaches zero (Thuesen et al., 2005). We
hypothesise that GZ in open oceans are also tolerant towards OMZs,
reflected in high abundances at low oxygenated water depths.

Apart from physical characteristics, topographic features can struc-
ture the composition, abundance and distribution of plankton commu-
nities. Seamounts, for example, interact with the surrounding flow
regime (e.g., Lavelle and Mohn, 2010), which may lead to local up-
welling and enhanced primary production in otherwise oligotrophic
oceans (e.g. Leitner et al., 2021), or to the advection and retention of
particles supporting biomass to different trophic levels (e.g. Morato
et al., 2008; Hirch et al., 2009). It can further be expected that
deep-living GZ species, such as the scyphozoan jellyfish Periphylla
periphylla will not be present above the shallow seamount topography.
While P. periphylla is a large jellyfish, hydromedusae are often charac-
terised by a small size. In order to account for the size differences be-
tween different GZ groups, we established length-weight regressions and
compiled conversion factors to allow for estimating the carbon content
of the most prominent groups and to calculate the total GZ biomass.
Especially with regard to the carbon content, GZ groups show a large
variability. While ctenophores have the lowest carbon content in rela-
tion to their wet weight (as reviewed in Kigrboe, 2013), scyphomedusae
are characterised by a very high variability in carbon content, spanning
a 2.5 orders of magnitude range in carbon weight relative to their wet
weight (see meta-analyses in McConville et al., 2017). This illustrates
that comparison of food web structure between regions needs to stan-
dardise abundance data into biomass (e.g. see Bar-On et al., 2018).

In this study, we quantitatively describe the gelatinous zooplankton
assemblage from surface to mesopelagic depths in the Eastern Tropical
North Atlantic in order to investigate if composition, abundances or
biomass can be related to either physical variables (e.g. temperature,
oxygen) or topographic characteristics (e.g. ssamount summit, flanks or
oceanic reference stations). Presented species- or group-specific length-
weight and biomass conversions further allow for direct comparison of
gelatinous zooplankton biomass across studies and allow for including
gelatinous zooplankton into future food web models of this region.

2. Materials and methods
2.1. Study area
Sampling was carried out in the Eastern Tropical North Atlantic

(ETNA) in the waters around the Cape Verde Islands between
18°05.00'N-12°00.00'N and 24°17.00'W-20°30.00'W in November and
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December 2015 (Fig. 1) onboard R/V Maria S. Merian (cruise MSM49).
This area has several seamounts, and one of them is the nearly conical-
shaped shallow Senghor Seamount, which rises from 3300 m up to a
small summit plateau c. 95 m below the surface (Denda and Christian-
sen, 2014). The water column in the surrounding area is characterised
by an intermediate (40-100 pmol kg 1) oxygen minimum zone (OMZ)
that is roughly located between 100 and 500 m depth (Fig. 2). Its in-
tensity varies, with the lowest oxygen concentrations (40-50 pmol kg™1)
observed southeast of Cape Verde (Brandt et al., 2015). Around the ar-
chipelago, several currents structure the pelagic realm: the North
Equatorial Current to the north, the North Equatorial Counter Current to
the south, and the Mauritanian Current to the east (Aristegui et al.,
2009). Nine stations were selected to cover a wide area of the Cape
Verdean waters, including i) the Senghor Seamount (grouped into
Summit station (d) and Seamount Flank stations (Cc): NW flank, SE
flank), ii) the open ocean OMZ in the southeast of the archipelago
(stations (b): CVS1, CVS2, CVSE), hereafter referred to as Oceanic
Reference South, and iii) open ocean reference stations with slightly
higher dissolved oxygen (DO) concentrations at depth, north of the
seamount, (stations (a): CVN, CVOO, Senghor Ref), hereafter referred to
as Oceanic Reference North (Figs. 1 and 2).

2.2. Environmental parameters

At all stations, vertical profiles of temperature (T, °C), salinity (S),
and DO concentration (pmol kg’l) were taken using a CTD sea bird (SBE
19 plus) equipped with an oxygen sensor (SBE 43) and 24 Niskin sam-
pling bottles. DO concentrations from the oxygen sensor were calibrated
against measurements of water samples taken at 16 distinct depths using
Winkler titration (Grasshoff, 1999). Data for the upper 1000 m are
presented.

2.3. Specimen collection and processing

Gelatinous meso- and macrozooplankton (GZ; size between 0.2 mm
and 20 cm; Sieburth et al., 1978) were sampled using i) a MOCNESS-1,
equipped with a flowmeter (mesh size 335 pm; 1 m? mouth opening; six
depth layers: 0-50; 50-100; 100-200; 200-400; 400-600; 600-1000 m;
with 88-2500 m? filtered per net), ii) a MOCNESS-10, equipped with a
flowmeter (mesh size 1.5 mm; 10 m? mouth opening; four depth layers:
0-100; 100-400; 400-600; 600-1000 m; with 1494-21053 m? filtered
per net) and iii) a WP3 net (non-filtering cod end, 1 mm mesh size, 1.1 m
diameter, deployed at irregular intervals, non-quantitative for qualita-
tive analyses only). Two MOCNESS-1 tows during day and two catches
during night, along with one MOCNESS-10 tow during day and night,
respectively, were conducted. Fewer samples were taken at Oceanic
Reference North stations (CVOO, CVN) and the Seamount Summit sta-
tion (Table 3). All nets were analysed for GZ organisms, while MOCNESS
nets were quantitatively analysed, WP3 nets were only qualitative. The
procedure for quantitative MOCNESS-1 and MOCNESS-10 analyses was
as follows: first, all samples were scanned for large organisms (diameter
>15 cm), which were measured and removed before the entire sample
was split into two halves by carefully shaking them 32 times in a
modified Folsom plankton splitter (McEwen et al., 1954). Second,
one-half of the split sample was immediately preserved in 4%
borax-buffered formaldehyde-seawater solution for later laboratory
analyses e.g. to establish GZ length-weight relationships and other
general zooplankton analyses. Third, the other half of the split sample
was directly analysed by identifying and sizing all GZ organisms on a
light table within 60 min following collection to estimate abundance and
sizes (see below). Gelatinous organisms were identified to the lowest
possible taxonomic level using published identification keys (e.g. Mills
and Haddock, 2007) and photographic identity confirmation by taxo-
nomic experts. Sizes were assessed on a light table in a transparent tray
using a calliper and measurements were rounded to the nearest mm. The
four most frequently occurring hydromedusae (Zygocanna vagans,
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Fig. 1. Cruise track and sampling stations at the oxygen minimum zone, Senghor Seamount, and the oceanic reference stations in Cape Verdean waters (Eastern
Tropical North Atlantic Ocean) in November and December 2015. Stations cluster as following — Oceanic Reference North (CVN, CVOO, Senghor Ref), Oceanic
Reference South (CVS1, CVS2, CVSE), Seamount Flanks (Senghor NW, Senghor SE), and Seamount Summit (Senghor Summit).

Solmissus spp., Colobonema sericeum, Halicreas minimum) were pooled for
the quantitative analyses, as they did not differ in their length-weight
relationships (see Fig. 3 legend and results). Pyrostremma agassizi was
the only quantified thaliacean present in large quantities. The sampling
procedure was unsuited for appendicularians, which were not included
in the analyses. Salps (i.e., Salpa fusiformis and Thetys vagina, based on
picture identifications) occurred only sporadically due to their highly
patchy distribution, and were therefore not included in the analyses.
Also, siphonophores were not included in the analyses due to the diffi-
culty to catch them intact. Count data from the live material analysed on
board (50% of the original sample) were used for statistical analyses,
accounting for water volume filtered and sub-sampling factor. Size
measurements from live material analysed on board were used to esti-
mate biomass of the GZ assemblage by applying our length-weight re-
gressions, as outlined in the next section.

2.4. Length-weight measurement and biomass conversions

Gelatinous macrozooplankton (GZ) organisms preserved in 4%
borax-buffered formaldehyd (half of the original sample, which was
immediately preserved on board) were used to establish length-weight
relationships (wet weight) for the most prominent groups (see Fig. 3).
Within six months after the cruise, eight GZ taxa were analysed in the
laboratory to establish length-weight relationships. First, samples were
rinsed with fresh seawater (at the corresponding sample salinity) to
remove surplus formalin before samples were transferred into sorting
solution until analysis (Tranter, 1962). Upon analysis, animals were
individually measured to the nearest mm with as little water as possible
on a Petri dish using a calliper (total length in case of ctenophores and
pyrosomes, diameter in case of medusae). Thereafter, animals were
washed with distilled water for 1-2 min on a sieve before removing
excess fluid with paper towels and wet weight (g) assessment using a
precision balance (Sartorius LA620P). Length-weight relationships were
established for the most prominent GZ groups encountered during the
cruise, namely the scyphozoan jellyfish species Atolla wyvillei, the

hydromedusae Zygocanna vagans, Solmissus spp., Colobonema sericeum,
Halicreas minimum, the ctenophores Beroe spp. and an undescribed
cydippid, as well as the pyrosome Pyrostremma agassizi (see Fig. 3 and
Tables 1 and 2). As length-weight regressions were assessed from
formalin-preserved material, while animals were sized alive on board
and used for quantitative analyses presented in this study, we conducted
a literature review to confirm that the slopes of the individual
length-weight regressions from preserved material did not significantly
differ from unpreserved material (Fig. 3D, Table 1). For all investigated
groups, we did not find a significant difference of individual slopes
(using a separate slopes model) comparing live with preserved material,
suggesting that preservation is a volumetric problem. Slope differences
between species or taxonomic groups are thus likely due to differences
related to their structure such as appendices (e.g. tentacles) and shapes
(e.g. barrel versus ball). Therefore, we could directly assess wet weight
from unpreserved sizes without approximation of shrinkage effects.
Sizes (mm) of all measured individuals on board were used to calculate
wet weights (g). We used literature conversion factors to estimate car-
bon content from wet weight directly (Table 2) following Kigrboe (2013)
and McConville et al. (2017). Note: Length-weight regression for hy-
dromedusae is presented as grouped hydromedusae due to the limited
sample size within the class Hydrozoa (Colobonema sericeum (n = 4),
Halicreas minimum (n = 7), Solmissus spp. (n = 8), Zygocanna vagans (n =
4)) and the confirmation that the individual slopes of the generated
length-weight regressions did not significantly differ (P > 0.3) (pooled
overall regression for hydromedusae see Table 1 and Fig. 3).

In rare cases where sizes were not assessed, average sizes of the same
species at the respective station were used as proxy for carbon content
estimations. For very rarely encountered species, where no length-
weight relationship was established, we used regressions of closely
related species. In detail, we used the here generated regressions for
A. wyvillei for other scyphomedusae (i.e. Periphylla periphylla), the
pooled hydromedusae regression for six unidentified hydromedusae (see
below), Liriope tetraphylla and Aegina spp. as well as the regression for
the ctenophore Beroe spp. for Hormiphora spp. and four unidentified
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Fig. 2. Hydrography with depth profiles of A: salinity, B: temperature-salinity, C: temperature (T, °C), and D: dissolved oxygen concentration (DO, pmol kg ') in the
upper 1000 m. Stations cluster as following a: Oceanic Reference North (CVN, CVOO, Senghor Ref), b: Oceanic Reference South (CVS1, CVS2, CVSE), c: Seamount

Flanks (Senghor NW, Senghor SE), and d: Seamount Summit (Senghor Summit).

ctenophores (see below). Two individuals of the ctenophore species
Ocyropsis crystallina, which were encountered at station CVOO between
100 and 200 m, were not included in biomass estimates due to lack of
size estimates. In total, four ctenophores (at station CVOO 0-50 m,
200-400 m, 600-1000 m and CVS2 600-1000 m) and six hydromedusae
(at station SNW 0-100 m, SE 50-100 m and 600-1000 m as well as three
at Seng Ref station at 200-400 m depth) have not been identified to
higher taxonomic level and are only included in total GZ biomass esti-
mates. Siphonophores were not included in total GZ biomass estimates
due to their fragility and difficulty to catch intact colonies, but were
present in 46 nets. Only one intact stem of Physophora hydrostatica was
sampled at station CVS1 (200-400 m).

2.5. Statistical analyses of abundance

To quantify how abundances varied with environment and gear, we
separately modelled counts of the two most abundant species groups in
the data set (i.e. Beroe spp. and grouped hydromedusae) and the total
count of all GZ species using generalised linear mixed models (GLMMs)
with the glmmTMB package in the R environment (Brooks et al., 2017; R
Core Team 2020). All models included a random effect of tow to account
for possible correlations among the multiple observations within each
tow as well as a random effect of station to account for possible differ-
ences among spatial locations that were not captured by the environ-
mental covariates. All models contained an offset of the log of the
volume of water filtered (m®) to control for differences in the filtered
water volume for the two gear types. This use of an offset in the models
produces estimates that can be interpreted in terms of counts per unit

volume. It is common in GLMs and GLMMs of count data to use the log of
sampling effort, sampling area, or sampling volume as an offset in a
model with a log-link because this has the desired mathematical result of
controlling for that nuisance variable, while allowing the count data to
be modelled as integers as they were observed (Hardin and Hilbe, 2007;
Bolker, 2015). We quantified the impact of median DO concentration
(umol Oy kg™1), median temperature (°C), and median salinity per depth
stratum, depth (m), time of the day (day versus night), and gear type
(MOCNESS-1 versus MOCNESS-10). Continuous variables were scaled to
have mean zero and unit variance in the whole data set so that estimated
coefficients from GLMMs could be compared within a model as well as
between different models (Schielzeth, 2010). Before plotting, estimated
regression coefficients from the GLMMs were converted to ratios for
easier interpretation. For example, the estimated regression model co-
efficient of Oxygen on Beroe spp. abundance was —0.52 and this can be
converted to exp(-0.52), which leads to a value of 0.59, meaning that
increasing oxygen by 1 standard deviation from the mean (while all
other continuous variables are at their means) will produce 59% of the
count expected when all continuous variables are at their means (see
electronic supplement for more detail). In preliminary analyses, we
found that models with a nbinom2 distribution frequently had conver-
gence problems both for the whole data set and for individual species
groups, so we used the nbinom1 distribution. The nbinom1 distribution
assumes that variance increases linearly with the mean, whereas nbi-
nom?2 assumes that variance increases quadratically with the mean
(Hardin and Hilbe, 2007). Both distributions allow for overdispersion.
We also checked that the distribution adequately handled zeros in the
count data using the DHARMa package (Hartig, 2020). Using this
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figure legend, the reader is referred to the Web version of this article.)

Table 1

Power regression parameters for length-weight relationships WW(g) = Y, x size (mm)® of 4% borax-buffered formaldehyde-preserved gelatinous zooplankton or-

ganisms from the Eastern Tropical North Atlantic Ocean (see Fig. 3).

Slope (b) SE Intercept (Yo) Size range (mm) R? F p
Hydromedusae, grouped 2.21 + 0.19 0.002 20-75 0.86 131 <0.0001
Atolla wyvillei 3.40 + 0.12 0.00003 9-84 0.94 822 <0.0001
Beroe spp. 2.30 + 0.17 0.001 35-300 0.91 179 <0.0001
Unid. cydippid ctenophore 1.35 + 0.32 0.021 17-42 0.56 18 0.001
Pyrostremma agassizi 1.79 + 0.06 0.006 3-25 0.90 912 <0.0001

Table 2

Conversion factors used to estimate carbon content (C) based on wet weight
(WW) measurements for relevant groups encountered in the Eastern Tropical
North Atlantic Ocean with number of conversion factors (n), average C % of WW
and standard deviation (SD) (compiled from McConville et al., 2017).

Taxon Class/Species n C % WW SD

Thaliacea Pyrosoma atlanticum 1 1.43

Hydrozoa 13 0.42 + 0.28
Narcomedusae 3 0.27 + 0.19
Leptothecatae 5 0.43 + 0.38
Trachymedusae 5 0.51 + 0.23

Scyphozoa Atolla wyvillei 1 0.77

Ctenophora Beroe spp. 3 0.20 + 0.04
Cydippida 5 0.42 + 0.32

package, the adequacy of the distribution in the fitted model is checked
by simulating data sets from the fitted model and comparing the number
of zeros and dispersion to those from the observed data (Hartig, 2020).

For each species group, we first fit a full model with all terms. Then,
we used Akaike Information Criterion corrected for small sample size
(AICc) to compare all sub-models (i.e. all possible subsets of the fixed
effects), where each sub-model contained the offset and random effects
described above (Whittingham et al., 2006). We did this using the
MuMin package in R because it allows the comparison of all sub-models
to be done in an automated way (Baron, 2019). The set of sub-models
contained models with terms dropped from the full model, which
effectively represent null hypotheses wherein the dropped covariate has
no relationship with abundance. We considered models with delta AICc
<7 to represent ecological plausible hypotheses (Burnham et al., 2011).
We examined estimated effects with confidence intervals in the full
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Average gelatinous macrozooplankton abundance (ind. 1000 m~3) of the upper 1000 m of the water column, caught in the Eastern Tropical North Atlantic around Cape
Verde archipelago during Nov/Dec 2015. Region, station name, number of MOCNESS-1/10 net tows (#) and bottom depths are indicated. Anthozoan larvae were only
caught at Oceanic Reference station CVS2, while the ctenophore Velamen parallelum has only been caught once with the WP3 net at Oceanic Reference South (CVSE)
station. Note: Zygocanna vagans, Halicreas minimum, Colobonema sericeum, Solmissus spp., are grouped as one size-weight relationship has been employed (see Table 1).

Station region Oceanic Reference North Summit Seamount Flanks Oceanic Reference South
Station name CVOO CVN Senghor Senghor S. Senghor Senghor SE CVSE CVs1 CVSs2
Ref NW
MOCNESS-1/-10 tow 4/1 1/1 4/2 4/0 4/2 4/2 4/2 4/2 4/2
(#)
Bottom depth (m) 3500 3400 3300 100 1000 1000 4200 4700 4900
Higher Species Abundance (ind. 1000 m™)
taxon
CTENOPHORA
Nuda  Beroe spp. 0.72 + 3.18 + 2.29+4.80 4.81 + 1.50 +2.85 1.65+3.81 0.85 + 0.80 + 1.78 0.70 +
2.64 4.65 8.16 2.28 1.96
Hormiphora spp. 0.13 + 0.00 + 0.00 £+ 0.00 2.90 + 0.11 + 0.63 0.03 £ 0.18 0.00 + 0.35 £+ 2.00 0.00 +
0.71 0.00 7.10 0.00 0.00
Tentaculata Ocyropsis crystallina 0.04 + 0.00 + 0.00 £+ 0.00 0.00 £ 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00 £ 0.00 0.00 £
0.22 0.00 0.00 0.00 0.00
Undescribed cydippid 0.26 + 0.00 + 0.06 £0.25  0.00 + 0.02 +£0.09  0.03 +0.10 0.52 + 1.68 + 3.23 0.19 +
0.81 0.00 0.00 1.24 0.73
CNIDARIA
Scyphozoa  Atolla wyvillei 0.01 + 0.46 + 039 +1.01 0.00 + 0.10 £ 0.27 0.10 + 0.29 0.16 + 0.17 + 0.44 0.12 +
0.05 1.12 0.00 0.42 0.49
Periphylla periphylla 0.00 + 0.30 + 0.02+0.12  0.00 + 0.02 +0.09  0.00 =+ 0.00 0.00 + 0.01 + 0.05 0.00 +
0.02 0.74 0.00 0.00 0.00
Hydrozoa  Aegina spp. 0.00 + 0.00 + 0.00+0.00 0.00 + 0.00 + 0.00  0.00 + 0.00 0.09 + 0.00 + 0.00 0.00 +
0.00 0.00 0.00 0.47 0.00
Liriope tetraphylla 0.00 + 0.00 + 0.00 £+ 0.00 0.00 + 0.00 + 0.00 0.13 £0.75 0.01 + 0.47 £+ 2.64 0.32 +
0.00 0.00 0.00 0.03 1.80
Physophora hydrostatica  0.00 + 0.00 + 0.00+£0.00 0.00 + 0.00 + 0.00  0.00 =+ 0.00 0.00 + 0.08 + 0.46 0.00 +
0.00 0.00 0.00 0.00 0.00
Grouped 241 + 0.96 + 0.68+1.71 1.52+ 0.15+0.53  1.83 + 5.28 243 + 3.38 + 8.37 2.05 +
Hydromedusae 9.97 2.35 3.73 4.90 4.21
TUNICATA
Thaliacea  Pyrostremma agassizi 1.48 £ 0.48 + 0.34+1.87 4.63+ 0.34 £1.58 1433 + 0.08 + 60.30 + 4.39 +
4.59 1.18 7.51 78.1 0.26 141.0 9.21

model because it was within 7 AICc units of the most parsimonious
model (Tables S1-S3) and it gives accurate 95% confidence intervals
(Dormann et al., 2018).

3. Results
3.1. Oceanographic conditions

Based on overall station characteristics (oxygen minima, topographic
features, location) the nine sampling stations could be grouped into
Oceanic Reference North (CVN, CVOO, Senghor Ref, with minimum
dissolved oxygen (DO) concentrations >50 pmol kg’l), Seamount
Summit (Senghor Seamount, DO concentrations >100 pmol kg™1),
Seamount Flanks (Senghor NW, Senghor SE, DO concentrations >50
pmol kg 1), and Oceanic Reference South (CVS1, CVS2, CVSE, with DO
concentrations >45 pmol kg’l) stations (Figs. 1 and 2). However, this
grouping was only used for gross comparison of biomasses between the
regions and not introduced into the statistical analyses (see section 3.4).
In general, the surface layer extended to about 50 m (Fig. 2), charac-
terised by a weak pycnocline. Surface temperatures ranged between
24.5 and 27.4 °C and rapidly decreased below 150 m with the minimum
temperature observed at the deepest sampling depth of 1000 m (range:
6.4-6.6 °C, Fig. 2). Overall, low DO concentrations were reached at
depths between 270 and 550 m. Oceanic Reference South stations
showed the lowest DO concentrations throughout the study area of >45
pmol kg1, also characterised by a shallower upper limit of the DO
minimum zone. In detail, for those stations DO minimum depth layers
extended over several hundred meters from 100 to 510 m for station
CVS1, from 70 to 420 m for station CVS2, and from 75 to 530 m for
station CVSE (Fig. 2).

3.2. Gelatinous zooplankton distribution pattern

We sampled >1100 specimens from at least 16 taxa using quantita-
tive MOCNESS tows in the upper 1000 m of the water column, though
most of those taxa were only infrequently encountered (Table 3). The
shallowest seamount station (i.e. summit) was characterised by a faunal
assemblage, which qualitatively differed from the set of species found at
the seamount flank and oceanic reference stations, especially by lacking
deep-living species such as the scyphomedusae Atolla wyvillei or
Periphylla periphylla. In contrast, the hydromedusae Zygocanna vagans,
Halicreas minimum, Colobonema sericeum, Solmissus spp., the ctenophore
Beroe spp. as well as an undescribed cydippid ctenophore occurred
region-wide (Table 3). Even though the tunicate Pyrostremma agassizi
was found at all nine stations, its abundance was one to two orders of
magnitude higher at the SE compared to the NW flank stations of the
seamount, irrespective of similar sampling effort. Abundances of
P. agassizi peaked at Oceanic Reference South station CVS1 (Table 3).

In addition to the qualitative description of the gelatinous
zooplankton (GZ) assemblage, we investigated specific distribution
patterns of key GZ groups in relation to physical and topographic
characteristics. To do so, we focussed our statistical analyses on the most
prominent groups, namely Beroe spp., grouped hydromedusae: Zygo-
canna vagans, Halicreas minimum, Colobonema sericeum, Solmissus spp. as
well as total GZ abundance. Statistical analyses were performed using
GLMMs, with AICc-based model selection. Our analyses confirmed that
in all cases (Beroe spp., grouped hydromedusae: Zygocanna vagans,
Halicreas minimum, Colobonema sericeum, Solmissus spp. and total GZ
abundance), the full model containing all covariates of interest had <7
delta AICc. Hence, our full model was selected, with all variables being
of plausible ecological importance, for explaining observed abundance
patterns (Tables S1-S3). Plots of estimated effects of oxygen,
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temperature, salinity, depth, time of the day and gear along with 95%
confidence intervals are shown in Fig. 4. Continuous variables were
scaled to have mean zero and unit variance in the whole data set, so that
estimates could directly be compared within a model as well as between
different models (Fig. 4), following Schielzeth (2010). The models show
a strong effect of gear for all three investigated groups, with regression
model coefficient estimates ranging between -0.9 and -1.7
(Tables S1-S3), meaning that, per unit volume, MOCNESS-10 gear re-
tains 19-40% of the number of specimens that MOCNESS-1 gear

Beroe spp.
0.59
Oxygen - ——
4.70
Temperature A
o 2.69
Salinity
6.97
Depth o —_—
) . 0.92
Time [Night] A ——
0.40
Gear [MOC10] 4 ——
0.01 0.1 1 10 100
Hydromedusae
0.53
Oxygen - ——
2.36
Temperature A
1.27
Salinity -
0.92
Depth o
0.72
Time [Night] 4 ——
0.19
Gear [MOC10] 1 ——
0.01 0.1 1 10 100
Total GZ
0.98
Oxygen 4 ——
Temperature A —292—
Salinity 4 —0336—
1.00
Depth A
Time [Night] ng
0.28
Gear [MOC10] q -
0.61 0?1 1I 1I0 1(I)O

Count ratios

Fig. 4. Estimates and 95% Wald confidence intervals for the effects of cova-
riates on abundance of Beroe spp. (upper panel), grouped hydromedusae
(middle panel), and total gelatinous zooplankton (GZ, lower panel). Estimated
regression coefficients from negative binominal GLMMs were converted to ra-
tios for easier interpretation. A count ratio below 1 indicates that abundance is
reduced by that covariate, whereas a count ratio above 1 leads to a higher
abundance. For example, increasing temperature by one standard deviation
would lead to 4.7 times the Beroe spp. count than at the mean temperature,
while increasing oxygen by one standard deviation would lead to 0.59 times the
Beroe spp. count than at the mean oxygen. Also, Beroe spp. counts in MOCNESS-
10 gear are 40% of what they would be from MOCNESS-1 gear. Fixed effects
were median dissolved oxygen conditions (Oxygen), median temperature
(Temperature), median salinity (Salinity), mean depth (Depth), night versus day
sampling (Time), and gear with MOCNESS-1 versus MOCNESS-10 (Gear).
Visualised following Liidecke (2021).

Marine Environmental Research 175 (2022) 105566

retained (Fig. 4). For all investigated groups, higher volume-specific
abundances were found in the MOCNESS-1 net. Hence, the larger
MOCNESS-10, which filtered one order of magnitude larger water vol-
umes, led to significantly lower GZ counts retained per volume filtered
(Fig. 4). Additionally, temperature showed a strong positive correlation
with all three groups, as coefficient estimates ranged between 0.9 and
1.6 (see Tables S1-3), while oxygen had a weak negative correlation
with Beroe spp. and grouped hydromedusae abundances (Fig. 4). We
observed a positive relationship between depth and Beroe spp. abun-
dances (Fig. 4).

3.3. Length-weight relationships

We established length-weight relationships for several gelatinous
zooplankton (GZ) groups, belonging to hydromedusae, scyphomedusae,
pyrosomes and two ctenophore groups (Table 2, Fig. 3). As relationships
were established from 4% borax-buffered formaldehyde-preserved ma-
terial, while animals were sized alive on board, we conducted a litera-
ture review and compared the slopes of length-weight regressions from
live and preserved material (see Fig. 3). We found that no significant
difference could be detected comparing slopes of preserved versus live
material for the individual groups. Therefore, scaling of size and wet
weight remains constant and can be expressed by a common slope,
irrespectively of preservation status. In detail, our analyses showed that
the slope did not differ significantly between preserved and live tissue of
i) grouped hydromedusae with the hydromedusa Aequorea aequorea
(Buecher et al., 2001) (P = 0.23), ii) scyphozoans A. wyvillei with Pelagia
noctiluca (Lilley et al., 2014) (P = 0.1), iii) the pyrosome Pyrostremma
agassizi with Pyrosoma atlanticum (Henschke et al., 2019) (P = 0.83), iv)
the ctenophore Beroe spp. with Beroe ovata (Svetlichny et al., 2004) (P =
0.65) and v) the undescribed cydippid with Mnemiopsis leidyi (Kremer
and Nixon, 1976) (P = 0.1). Pyrosome regression provided in Henschke
etal. (2019) of WW(g) =0.0013 TL(mm)2 + 0.0151 TL(mm) was used to
simulate data, which were then re-analysed, as size and weight is ex-
pected to follow a power relationship instead. The resulting regression
between wet weight (WW, g) and total length (mm) is: WW(g) = 0.003 x
TL (mm)*® (P < 0.0001) and corresponds well with re-analyses of
extracted data from their publication in the size range of 40-375 mm,
leading to the power regression coefficients: intercept (Yo) = 0.003,
slope (b) = 1.84 + 0.06 (R? = 0.86, P < 0.0001).

Slopes and intercepts of Trachymedusae, Leptothecata, and Narco-
medusae regressions did not differ significantly from each other (P >
0.3) and could therefore be expressed by one overall hydromedusae
regression (power function b = slope, Yo = intercept) with b =2.3, Yy =
~6.7, R* = 0.90, P < 0.0001.

3.4. Biomass distribution of gelatinous zooplankton

Highest gelatinous zooplankton (GZ) biomass of 141 mg C 1000 m 3
was encountered at Oceanic Reference South stations (28.2 mg C m_z) in
the low oxygen layer at 400-600 m depth and in surface waters of the
upper 100 m at Oceanic Reference North and South stations with an
average biomass of 14.8 mg C m 2 and 13.8 mg C m ™2, respectively.
Also, the depth layer of 600-1000 m at south eastern seamount flank
stations showed high average integrated total GZ biomass of 39 mg C
m 2or97.6 mg C 1000 m 3 (F ig. 5). For details, all biomass calculations
and values can be found in the Supplementary raw data sheet.

3.5. Rare gelatinous zooplankton species encounters

Several other GZ species have been collected infrequently either by
oblique MOCNESS-1 and MOCNESS-10 tows or qualitative vertical WP3
tows. Vertical WP3 tows usually sampled the upper 200 m with a lower
towing speed (0.2 m s Tversuslms ' ~2 kn), but only the fragile cestid
ctenophore Velamen parallelum (see Table 3 legend) was caught by the
WP3 net alone (n = 1). Also, the narcomedusae Aegina spp. was collected



F. Liiskow et al.

Marine Environmental Research 175 (2022) 105566

DO (umol kg™")

0 50 100 150 200 0O 50 100 150 200

0 50 100 150 200

0O 50 100 150 200 O 50 100 150 200

0 L 1 L 1 0
A — B 0 D E
200 1 . 3 - 200
- 25 - .
= 400 - : Seamount F F 400 £
£ Oceanic North Flank NW S(ggnm)'t Flank SE R <. <
m Q
[0 [
600 . - - 600
o 50 (a]
800 1 - - 800
75
1000 T — T T T T T 0 1 3 4 T T T T T T T T 1000

Biomass (mgC m2)

Fig. 5. Average total gelatinous zooplankton biomass (mg C m~2) per depth layer (grey bar), without considering siphonophores. Stations have been grouped into
regions as Oceanic Reference North, Seamount Flanks (north-west, NW and south-east, SE), Seamount Summit (bottom depth of c. 95 m), and Oceanic Reference
South stations. Dissolved oxygen (DO) profiles are indicated as average (black line) & SD (dark red) and oxygen minimum layer of 40-60 ymol O, kg™ indicated by
transparent red box. Note: Scale for Seamount Summit station differs (C). (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

only once in the Oceanic Reference South cluster by the MOCNESS-1.
Salps were sporadically encountered, especially at the Oceanic Refer-
ence South stations. The tentaculate ctenophore Hormiphora spp. was
collected with vertical and towed net types in low numbers throughout
the study area (Table 2). Another ctenophore, Ocyropsis crystallina, was
only observed at the Oceanic Reference North, while the limnomedusa
Liriope tetraphylla was collected both at the seamount and the Oceanic
Reference South stations. A single intact specimen of the siphonophore
Physophora hydrostatica as well as anthozoan larvae were encountered at
the Oceanic Reference South stations. As siphonophores are seldom
caught complete, they were not included in the analyses, but present in
all regions (41 observations).

4. Discussion
4.1. Oxygen and temperature relations with key GZ groups

Low oxygen concentrations can set limits to the distribution of high
oxygen demanding species such as fish (Stramma et al., 2008), while it
has been shown that most gelatinous zooplankton (GZ) organisms can
tolerate low oxygenated waters (Purcell et al., 2001; Breitburg et al.,
2003) and even survive short-term anoxia (Thuesen et al., 2005).
Investigating the GZ assemblages in the Eastern Tropical North Atlantic
(ETNA) during November-December 2015, we found that total GZ
abundance is not significantly correlated with oxygen concentration.
However, the pooled group of hydromedusae (i.e. Zygocanna vagans,
Halicreas minimum, Colobonema sericeum, and Solmissus spp.) and the
ctenophore Beroe spp. showed a weak negative correlation between
oxygen concentration and abundances. This lead to observed higher
densities of these groups at depths characterised by low dissolved oxy-
gen concentrations. Similar results were obtained by a towed video
system during the investigation, where some hydromedusae species, but
not Beroe spp., were found to be more common in oxygen minimum
zones (OMZs; Hoving et al., 2020). In agreement with our results, it has
been shown that 37% of the observed hydromedusae in Monterey Bay
occurred in oxygen minimum layers. This included species such as
H. minimum and Solmissus spp. (as reviewed in Purcell et al., 2001),
which were found to show higher abundances under low oxygen con-
ditions also in our study. In contrast to our observations, Hoving et al.
(2020) found that Beroe spp. was distributed in the lower oxycline, but
not the OMZ. This difference could be due to methodological differences
in pooling of sampling depths, which might have masked some effects.

The oxygen conditions observed in our investigation (>45 pmol kg™
are one order of magnitude higher compared to OMZs associated to
highly productive anticyclonic modewater eddies (ACME) in the same
area (>3.75 pmol kg’l, see Hauss et al., 2016). Within those eddies, GZ
have been found to reside within the OMZ core without showing signs of
diel vertical migration to higher oxygenated waters. Similarly, a global
GZ biomass analysis indicates that relatively high biomass is maintained
at low DO concentrations and hypoxic conditions, while overall GZ
biomass increases with rising DO concentrations (Lucas et al., 2014).
This suggests that GZ might be less severely affected by global deoxy-
genation due to climate change, as indicated for coastal waters, where
copepod and anchovy populations were reduced during deoxygenation
events, while GZ thrived (Slater et al., 2020).

In contrast to oxygen, we found a strong positive correlation of
abundance with temperature for all investigated groups, namely Beroe
spp. and the pooled hydromedusae (Zygocanna vagans, Halicreas mini-
mum, Colobonema sericeum, Solmissus spp.) as well as total GZ. This in-
dicates that higher GZ abundances are reached at higher temperatures.
Similarly, Lucas et al. (2014) found a positive correlation between
cnidarian biomass and temperature in the North Atlantic. Accordingly,
GZ are expected to be favoured under global warming (Richardson et al.,
2009), but the mechanistic understanding of the effects of temperatures
on GZ in open ocean ecosystems needs to be studied in dedicated ex-
periments. One mechanism might be faster growth and higher repro-
duction rates under warmer conditions, as shown for larvaceans (pelagic
tunicates), which reach a minimum generation time of 1 day in tropical
waters (Hopcroft and Roff, 1995).

4.2. Influence of sampling gear and volume filtered

Sampling gear type had a strong influence on all investigated
gelatinous zooplankton (GZ) group abundances, with the strongest sta-
tistical effect size for the hydromedusae Zygocanna vagans, Halicreas
minimum, Colobonema sericeum, Solmissus spp. Because the models
accounted for the effect of sampling gear, this should have no impact on
our statistical results for other covariates such as oxygen and tempera-
ture, unless there was an unobserved interaction between gear retention
rate and an environmental covariate. We found that the finer meshed net
(335 pm versus 1500 pm), after controlling for filtering one order of
magnitude less water, leads to higher volume-specific abundances.
Intuitively, one would expect that filtration of larger water volumes
would lead to the inclusion of rare taxa and more reliable count data.
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However, for gelatinous taxa, a trade-off between mesh size and filtered
water seem to exist in general. The filtration of large volumes along with
coarser meshed nets leads to damage of specimen during catch and even
loss through the mesh. This has been described for GZ by comparing
macrozooplankton trawls with Multinet tows, where the latter led to
abundances, two orders of magnitude higher compared to large, coarse
meshed trawls (Hosia et al., 2017). In our study, gear had a larger effect
on hydromedusae compared to Beroe spp. and total GZ, which may be
caused by their fragile structure (Remsen et al., 2004; Skjoldal et al.,
2013). Delicate ctenophores of the order Cestida were extremely rare
during the investigation and only caught once by a dedicated GZ vertical
WP3 net tow at the Oceanic Reference South station CVSE. As high-
lighted by Hosia et al. (2017), different net types and water volumes
should be combined for including rare and rigid GZ members such as
scyphozoans as well as fragile ctenophores. Finer meshed nets are
important to account for the small-sized hydromedusae.

4.3. Gelatinous zooplankton distribution pattern in relation to
topographic features and daytime

The seamount summit was characterised by a minimum water depth
of only c. 95 m, compared to the seamount flank stations above bottom
depths of 1000 m. In accordance, the deep-living jellyfish species
P. periphylla and A. wyvillei only occurred sporadically at the seamount
flanks (between 400 and 1000 m), but not at the shallow summit. It is
known that those species are sensitive to light and experiments have
documented lethal effects of light, e.g. on P. periphylla (Jarms et al.,
2002), which are in agreement with observed distribution pattern in this
study. We found that the biomass of Beroe spp. and the four grouped
hydromedusae were relatively low at the seamount summit compared to
relatively high values at the flanks (main peak between 200 and 400 m)
and Oceanic Reference North stations. Whether this is driven by a
general avoidance of the shallow summit region or predator-prey in-
teractions around the seamount needs further study. Further, we found
relatively high pyrosome abundances at the seamount summit, but
highest pyrosome densities were observed at the Oceanic Reference
South and southeastern Seamount Flank stations with 0.4-0.75 ind.
m . Those abundances compare well with maximum pyrosome abun-
dance of 0.8 ind. m~> reported from a highly productive eddy core in
Cape Verdean waters (Stenvers et al., 2021).

Some GZ groups are known to conduct extended diel vertical
migration (DVM), changing their depth distribution on a daily basis (as
reviewed in Graham et al., 2001). In our study, we found only a very
weak effect of daytime on hydromedusae abundances. Similar to our
results, Denda and Christiansen (2014) did not find clear day-night
differences of macrozooplankton in the same area, while Hoving et al.
(2020) found significant DVM only for siphonophores and Atolla spp. We
did not investigate siphonophores, due to the problem of quantitatively
collecting them with nets, while A. wyvillei densities were too low to
allow for statistical analyses. Overall, for pooled GZ counts, no DVM
patterns were detected, but clustering of different species might have
masked patterns of individual species.

4.4. Gelatinous zooplankton biomass distribution

Gelatinous zooplankton (GZ) span a large size and weight range (e.g.
McConville et al., 2017). In order to account for these differences, es-
timates of biomass are essential to allow for evaluating their ecological
role and for comparisons across ecosystems (e.g. see Bar-On et al.,
2018). For example, it has been shown that jellyfish and salps make up
40 + 34% of the combined mesozooplankton and fish biomass in surface
waters of the Arabian Sea during night time (Gjgsaeter, 1984). This in-
dicates that the GZ biomass contribution can be large. In order to assess
biomass, size as well as weights of organisms need to be assessed.
However, due to the fragile nature of most GZ groups and their prob-
lematic preservation (e.g. as outlined in van Walraven et al., 2013),
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reliable count and size data are often based on analyses of live material
right after catch (e.g. see Haraldsson et al., 2013), while weight as-
sessments and length-weight regressions are often conducted in the
laboratory from preserved material. As animals are known to shrink due
to preservation (e.g. Mutlu, 1996; Wetzel et al., 2005), shrinkage effects
need to be considered, but often differ between species and taxa (e.g.
Wetzel et al., 2005). In this study, we compared the slope of
length-weight regressions from live (literature) and preserved (this
study) material in order to circumvent uncertainty due to species- or
taxon-specific shrinkage effects, which have not been quantified. We
show that the species- or group-specific slopes of our investigated taxa
do not differ significantly. Therefore, live size measurements were used
to assess wet weights, which were then converted to carbon using
published conversion factors (following Kigrboe, 2013; McConville
et al., 2017). Note that wet weights are relatively more independent of
salinity compared to dry weight for GZ (Hirst and Lucas, 1998; Kigrboe
2013). Following this approach, we show that the GZ biomass is not
negligible, especially in the OMZ of Oceanic Reference South stations
(400-600 m) with 28.23 mg C m~2 (0.14 mg C m~3). Also, the depth
layer of 600-1000 m at the south-eastern Seamount Flank station
showed a high average integrated total GZ biomass of 39 mg C m ™2,
equivalent to 0.1 mg C m~. An investigation in the same area assessing
the macrozooplankton (0.4-20 mm) with Multinets found a median
biomass of 0.7-1 mg C m™° in the upper 100 m, with a peak biomass at
the OMZ with 1.5 mg C m~3 (Kiko et al., 2020). Hence, our peak average
biomass, representing only GZ (without siphonophores), amounted to
about 10% of the total macrozooplankton biomass reported by Kiko
et al. (2020), whereas our lowest average GZ biomass at the north-west
seamount flank station was only 0.02 mg G m™° or ca. 2% of the total
macrozooplankton biomass given by Kiko et al. (2020). In comparison,
the global geometric mean biomass of GZ has been estimated as 0.53 mg
C m~3, with averages of 0.17 and 1.6 mg C m° for the southern and
northern Atlantic, respectively (Lucas et al., 2014).

In conclusion, irrespective of relatively low abundances, GZ are
widespread in the Eastern Tropical North Atlantic around the Cape
Verdean archipelago and may represent a substantial biomass contri-
bution to the plankton community. While higher abundances of gelati-
nous zooplankton organisms investigated in this study strongly correlate
with warmer waters, low oxygen concentrations do not appear to
constrain their distribution.
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