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Although gelatinous zooplankton are an important component of marine ecosystems, gelatinous mesozooplankton that are <2 cm are un-
derrepresented in monitoring programmes. Here, the interannual variability of gelatinous mesozooplankton abundance and diversity was esti-
mated from 167 zooplankton net samples that were collected in the Celtic Sea during seven fisheries surveys between 2007 and 2019 and
analysed alongside environmental parameters. Compositional changes occurred interannually, including an overturn in the abundance ratio
of two siphonophores (Muggiaea atlantica and Agalma elegans). Analysis of annual mean gelatinous abundance revealed no linear trend over
time (Spearman, r ¼ �0.09, p¼ 0.287); however, the interannual abundance varied by a factor of 33 (minimum mean abundance in
2013¼ 7.36 6 4.86 individuals m�3; maximum in 2017¼ 244.82 6 84.59 individuals m�3). Holoplanktonic taxa dominated the abundance of
the gelatinous community (93.27%) and their abundance was negatively associated with summer sea surface temperature (represented by
the 16�C isotherm in July), and the Eastern Atlantic Pattern index 3 months prior (April). Our data suggest that gelatinous mesozooplankton
in the Celtic Sea may become less abundant with further ocean warming, and further highlight the need to monitor gelatinous mesozoo-
plankton with a high taxonomic resolution moving forward.
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Introduction
Shelf seas contain diverse and productive ecosystems (Lauria

et al., 2012) that have undergone profound changes in recent

times as a result of both natural and anthropogenic modes of cli-

mate variability (Southward et al., 1995; Beaugrand and Reid,

2003; Schmidt et al., 2020). Marine zooplankton are one of the

most sensitive taxa to changes in environmental conditions and

monitoring their long-term abundance and diversity has facili-

tated the detection of ecosystem-wide changes in several shelf

basins (Southward et al., 1995; Beaugrand et al., 2009; Conversi
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et al., 2010). The mechanisms that alter the interannual abun-

dance and composition of zooplankton in shelf seas are complex

and are possibly specific to each shelf region (Pershing et al.,

2010). These mechanisms can be an indirect consequence of

changes in local oceanographic conditions (Beare et al., 2000;

Ershova et al., 2015), the direct or indirect effects of hydrocli-

matic changes (Napp et al., 2002; Pitois and Fox, 2006; Bedford

et al., 2020), or due to a combination of those factors (Southward

et al., 1995). It is important to understand the mechanisms which

influence the long-term variability of zooplankton as they can

drive trends in the abundance of higher trophic organisms, in-

cluding commercially important fish (Beaugrand and Reid,

2003).

In the Northeast Atlantic, the second-largest shelf sea is the

Celtic Sea. This sea spans 500 km from the northwest coast of

France to the southern coast of Ireland, covering an area of

�130 000 km2. As this shelf sea sustains the second most produc-

tive fishery in the North West European Shelf in terms of com-

mercial fish landings (Pinnegar et al. 2002), the interannual

variability of many taxonomic groups has been monitored there

for several decades (Lauria et al., 2012). Monitoring has docu-

mented considerable changes in the abundance and composition

of phytoplankton (Schmidt et al., 2020), zooplankton (Beaugrand

et al., 2000; Giering et al., 2019), fish (Pinnegar et al., 2002), and

seabirds (Lauria et al., 2012) in the Celtic Sea, which may reflect

broad shifts in the entire shelf ecosystem. Despite this significant

body of research, some groups of taxa remain underrepresented

in monitoring programmes that cover this shelf sea, particularly

the gelatinous zooplankton community (Gibbons and

Richardson, 2009).

Since the 1990s, a surge of ecological research has revealed that

gelatinous zooplankton have a more nuanced role in marine food

webs as they provide regulating, provisioning, and supporting

services to ecosystems (Doyle et al., 2014). Large aggregations of

pelagic tunicates graze on a wide range of organisms from large

diatoms to particulate organic matter and microbes (Holland,

2016), while pelagic cnidarians and ctenophores mostly predate

upon zooplankton populations (Purcell, 1991; Sabatés et al.,

2010). When bloom conditions subside, large mortality events

known as “jellyfish falls” can occur, which represent an important

transport pathway of carbon from the pelagic zone to the benthos

(Lebrato et al., 2012). The use of various techniques (DNA analy-

sis, stable isotope analysis, stomach content analysis, and

Remotely Operated Vehicles) has revealed that gelatinous zoo-

plankton are also predated upon by a range of marine organisms

including other gelatinous zooplankton, crustaceans, cephalo-

pods, sea birds, turtles, and over 100 species of fish (Pauly et al.,

2009; Hays et al., 2018). Although we now know that gelatinous

zooplankton are a natural and important component of marine

ecosystems (Hays et al., 2018), there is still a lack of information

available for the abundance and diversity of gelatinous mesozoo-

plankton that are <2 cm in size (Gibbons and Richardson, 2009).

Zooplankton monitoring programmes that do include gelati-

nous mesozooplankton data often classify them into groups of

low taxonomic resolution (e.g. “coelenterate tissue”), as some

physical samplers can damage defining features of individuals.

Equally, a historical lack of research interest in gelatinous zoo-

plankton played a large role as well, even if gelatinous mesozoo-

plankton were present in good condition (Gibbons and

Richardson, 2009). The low taxonomic resolution for gelatinous

mesozooplankton in many of these data removes the ability to

observe changes in particular groups of taxa that differ in specific

biological traits (Southward et al., 1995). As a result, there are

limited studies that explain the interannual variability of gelati-

nous mesozooplankton abundance with a high taxonomic resolu-

tion (Southward et al., 1995; D’Ambrosio et al., 2016; Guerrero

et al., 2018). Even the most comprehensive zooplankton monitor-

ing survey in the North Atlantic (the Continuous Plankton

Recorder survey) is selective when capturing gelatinous zooplank-

ton (e.g. Pelagia noctiluca) (Baxter et al., 2010), so gelatinous zoo-

plankton data from the CPR survey should be supported by other

forms of information such as genomics (Licandro et al., 2015) or

additional quantitative sampling (Baxter et al., 2010).

Within this context of limited gelatinous mesozooplankton

time series, summer mesozooplankton net samples were collected

and analysed for the period 2007–2019 in the Celtic Sea region.

These data are compared to in situ and satellite-derived physical

parameters to determine the potential mechanisms that influence

the interannual variability of gelatinous mesozooplankton abun-

dance and diversity. The implications of any detected trends and

mechanisms for change are discussed in the context of the Celtic

Sea ecosystem.

Materials and methods
Zooplankton sample collection
All sampling was carried out in Irish and United Kingdom terri-

torial waters aboard the RV Celtic Explorer (Marine Institute of

Ireland). One hundred and sixty-seven zooplankton samples were

collected in the Celtic Sea region during seven fisheries surveys

over 13 years between 10 June and 27 July each year (mean sam-

pling date was 1 July, 23.85 samples were collected per survey on

average). As no single fisheries survey had an adequate temporal

coverage of sampling in the Celtic Sea, mesozooplankton samples

were collected from two fisheries surveys, the Irish Mackerel and

Horse Mackerel Egg Survey (Irish MEGS) and the Western

European Shelf Pelagic Acoustic Survey (WESPAS). The Irish

MEGS surveys collected zooplankton samples in 2007, 2010, and

2013 and WESPAS surveys collected zooplankton samples in

2016, 2017, 2018, and 2019 (Figure 1). The Irish MEGS surveys

used a Gulf VII sampler to sample zooplankton. This sampler had

a 0.2 m diameter aperture, with a 250mm mesh, and was towed

on a double-oblique (v-shaped) profile at an average speed of

�2 m s�1 to within 10 m from the bottom (ICES, 2019). Samples

were immediately preserved in 4% buffered formalin upon collec-

tion. Three hours after preservation, all fish eggs and larvae were

carefully removed from the samples, and the remainder of each

sample was placed in long-term storage [more information pro-

vided in ICES (2019)]. The WESPAS surveys used a ring net sam-

pler to sample zooplankton. This net had a 1 m diameter

aperture, a 200mm mesh, and was deployed vertically at an aver-

age speed of �0.5 m s�1 to within 10 m of the bottom (O’Donnell

et al., 2019). These samples were split using a 200 ml Folsom

plankton splitter. One half was preserved immediately in 4%

buffered formalin and stored (for the current study), while the

other half was used to estimate the total dry weight of each zoo-

plankton sample (presented in O’Donnell et al., 2019). It was re-

cently demonstrated that the Gulf VII net and the ring net

provide similar estimates of gelatinous mesozooplankton abun-

dance and diversity with exception that the Gulf VII underesti-

mated the abundance of Appendicularia by a factor of 9.7 (Long

et al., 2020). As such, the abundance of this taxonomic group was
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raised by this factor for samples which were collected by a Gulf

VII sampler (Irish MEGS surveys) in this study. Otherwise, the

difference in net type among the surveys was not considered as a

sampling bias for our analysis. A comprehensive description of

zooplankton sample collection is detailed in ICES (2019) for sur-

veys that used a Gulf VII sampler, and in O’Donnell et al. (2019)

for surveys that used a ring net. To further reduce station vari-

ability among survey years, stations with a bottom depth greater

than 200 m and stations that were outside the limits of the Celtic

Sea (48�N—52�N, 6�W—11�W) were removed from the analysis

(32 stations were removed, 136 were retained).

Zooplankton sample processing
Gelatinous zooplankton present in each zooplankton sample were

enumerated using a dark field microscope and were identified to

species level where possible (Mayer, 1912; Russell, 1953, 1970;

Totton, 1965; Bone, 1998; Mills, 1998; Conway, 2012; Conway,

2015). Species that are difficult to identify using microscopy were

identified to genus level (e.g. Obelia spp.). Doliolids were identi-

fied to order level (Doliolida) as the visual identification of

doliolid species requires counting muscle bands on individuals,

which was not feasible due to research time constraints. As many

appendicularian individuals were damaged and lacked character-

ising features, this group was identified to class level

(Appendicularia). Some other taxa were also identified to higher

taxonomic levels as they lacked characterising features, due to

damage incurred during sampling or preservation (e.g. unidenti-

fiable anthomedusae). If one or more taxa were highly abundant

in a sample (>100 individuals in 20 ml portion of a 200 ml sam-

ple), the sample was split up to four times (1/16th) using a

Figure 1. Spatial coverage of zooplankton net deployments and CTD deployments. 2007–2013¼Gulf VII net (Irish MEGS surveys). 2016–
2019¼ ring net (WESPAS surveys). Dashed contour ¼ 200 m (edge of continental shelf). The extent map illustrates the limits of the Celtic
Sea relative to the North Atlantic Ocean. The specific station information for each survey is presented in Supplementary File S1.
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200 ml Folsom Plankton Splitter (note: WESPAS samples were al-

ready split once during sample collection). The entirety of each

sample was analysed for gelatinous taxa that can be > or <2 cm

(e.g. Leuckartiara octona or Clytia hemisphaerica). Calycophoran

siphonophore abundances were estimated as the sum of anterior

nectophores present per taxon. Physonect siphonophore colony

abundances were estimated for each taxon using the equation

((X/a) þ Y), where X was the sum of nectophores in a sample, Y

was the sum of physonect larval colonies in a sample, and a was a

factor representing the average number of nectophores present

on an adult physonect colony of each taxon. This factor (a) was

obtained for each taxon from past studies of physonect morphol-

ogy in the North East Atlantic region (e.g. a ¼ 10 for Nanomia

bijuga; Totton, 1965; a ¼ 15 for Agalma elegans; Totton, 1965).

As most ctenophores are very fragile (Hosia et al., 2017) and

most scyphozoans are greater than 2 cm in size (Russell, 1970),

both of these groups were likely underrepresented in our samples

(as we used small meshed nets) and as a result data for cteno-

phores and scyphozoans were excluded from any quantitative

analyses.

Environmental data collection
Conductivity, Temperature and Depth (CTD) profiles were

recorded during (Irish MEGS) or directly before (WESPAS) each

zooplankton net haul (see Supplementary File S1 for full CTD de-

ployment details). CTD data were processed to calculate sea sur-

face temperature (SST; temperature at 5 m depth), thermocline

depth, Schmidt stability index (SSI), and the centre of buoyancy

of the water column at each station. The mean of these parame-

ters was calculated per survey and these were compared over

time. Computational analyses and visual outputs for CTD data

were carried out in R program version 3.4.3 (R Core Team, 2016)

using the “rLakeAnalyzer” (Winslow et al. 2019) and “oce” pack-

ages (Kelly et al., 2020), and the Sea-bird software. To better un-

derstand the evolution of SST approaching each survey period

over the Northwest European Shelf (NWES) region, Odyssea

reprocessed SST data were also obtained (Autret et al., 2019a, b).

These satellite-derived, level 4, gap-free SST data are available at

0.04� spatial resolution and daily temporal resolution and are

produced by the French Research Institute for Exploitation of the

Sea (IFREMER) within the GHRSST framework (Group for

High-Resolution Sea Surface Temperature). This product was

accessed through the Copernicus Marine Environment

Monitoring Service (http://marine.copernicus.eu). From this, SST

data (�C) were calculated for each zooplankton station on the

mean sampling day of the study (1 July, summer), the date

3 months before (1 April, spring), and the date 6 months before

(1 January, winter). To understand the interannual variability of

SST over the larger NWES region each summer, the mean latitude

of the 16�C isotherm was also calculated for this large region on 1

July for each survey year. All satellite-derived data were analysed

using ArcMap version 10.7.1 (2020). As long-term oscillations of

ocean-atmospheric systems can affect the interannual variability

of marine zooplankton populations (Eloire et al., 2010), monthly

mean data for the North Atlantic Oscillation and the Eastern

Atlantic Pattern (EAP) were obtained for the study period (2007–

2019) from the NOAA Climate Prediction Centre data repository

(https://www.climate.gov). Both the North Atlantic Oscillation

and the EAP are atmospheric pressure systems, which oscillate

latitudinally in the northern hemisphere over multidecadal time

scales and these indices are strongly linked to long-term trends in

SST and wind behaviour in the North East Atlantic (Cannaby and

Hüsrevo�glu, 2009).

Data analysis
For the five most abundant taxa in the zooplankton samples, tem-

poral trends in their relative contribution to total gelatinous mes-

ozooplankton abundance were examined. This allowed any

changes in gelatinous community composition to be detected.

Taxa abundance data were also converted into a Bray-Curtis dis-

similarity matrix (after it was subjected to Wisconsin double stan-

dardization to downweigh highly abundant taxa) and then

plotted using non-metric dimensional scaling (NMDS). This was

executed in R program version 3.4.3 (R Core Team, 2016) using

the package “vegan” (Oksanen et al., 2014). To gain an initial un-

derstanding of the interannual variability of gelatinous mesozoo-

plankton abundance, the combined mean abundance of all

gelatinous zooplankton taxa was calculated for each survey and

these were compared to temporal characteristics of the environ-

mental parameters. Additionally, gelatinous taxa abundance data

were grouped based on their life history (meroplanktonic taxa vs

holoplanktonic taxa) as taxa with different life histories can have

unique responses to environmental change (Bedford et al., 2020).

Possible associations between the different abundance groupings

and the environmental data were first estimated using pair-wise

Spearman’s rank correlations. To incorporate any random effects

of our sampling design while quantifying the relationship be-

tween gelatinous abundance and environmental parameters, gen-

eralized linear mixed models (GLMMs) were constructed for the

life history groups using the Laplace approximation method and

a log-link function. Fixed effects were selected using a backward

stepwise process, using the Akaike information criterion value to

compare the goodness of fit among models. These included CTD

parameters (centre of buoyancy, thermocline depth, SST), satel-

lite SST parameters (SST at 0, 3, and 6 months before sampling,

latitude of the 16�C isotherm in July), and hydroclimatic indices

(EAP and NAO at 0, 3, and 6 months before sampling). If any

fixed effects had a moderate-strong correlation (>0.5), the fixed

effect with the highest estimate was retained, and other correlated

effects were removed from the model. Response variables (holo-

planktonic abundance and meroplanktonic abundance) both fol-

lowed a gamma distribution. Fixed effects were rescaled to a

mean of 0 and a standard deviation of 1 prior to the model selec-

tion process as we encountered issues with model convergence.

The random effects that were explored for each model included

survey year (seven levels) and net type used (two levels). All sta-

tistical analyses for models were carried out in R program version

3.4.3 (R Core Team, 2016) using the package “lme4” (Bates et al.

2020) and data distribution was explored using the package

“fitdistrplus” (Delignette-Muller et al., 2019).

Results
Temporal trends in environmental conditions
Over the Northwest European Shelf, the mean latitude of the

16�C isotherm in July (from satellite SST data) followed a similar

trend to the mean SST for each survey (from CTD data), suggest-

ing a good agreement between the CTD and satellite data

(Figure 2). There was an incremental increase in mean SST and

mean latitude of the 16�C isotherm from 2007 to a maximum in

2013 (temperature ¼ 18.2�C, latitude ¼ 51.3�N) and a
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subsequent decrease from 2013 to a minimum mean in 2017

(temperature ¼ 14.7�C, latitude ¼ 49.9� N). The mean SST and

latitude of the 16�C isotherm increased slightly from 2017 to

2019.

Other physical parameters such as thermocline depth, centre

of buoyancy, and the SSI displayed different magnitudes of inter-

annual variability. Mean centre of buoyancy inversely agreed with

mean SST and the mean latitude of the 16�C isotherm over time

(see Figure 2). The mean SSI was typically low for each survey

(SSI <10 000) with exception to the 2013 survey, which had a

mean SSI almost ten times higher than any other survey

(95 525.4), suggesting there was particularly intense thermal strat-

ification that summer. The trend in mean thermocline depth was

different to the temporal trends of other physical parameters. The

minimum mean thermocline depth was recorded in 2007

(32.16 m), and the maximum mean thermocline depth was

recorded in 2017 (52.31 m). The mean thermocline depth during

the 2013 and 2017 surveys was similar, even though these two

surveys had the largest difference in mean SST.

Trends in diversity and community composition
A total of 33 gelatinous zooplankton taxa were identified in the

Celtic Sea over the 13-year study period, which included 20 hy-

dromedusae, 4 siphonophores, 2 scyphomedusae, 3 ctenophores

(2 lobate and 1 cydippid taxa), 2 salps, 1 doliolid, and 1 appendi-

cularian. Five additional taxa were unidentifiable as they were

damaged during sampling or preservation. Despite this large

overall diversity, the mean taxa richness of gelatinous zooplank-

ton in each sample was much lower (8.67 6 1.29; 6 represents

the 95% confidence interval of the mean for the remainder of the

text). Six of these taxa were considered rare as they were only pre-

sent in one sample of one survey and five of these were found in

2013. These were the hydromedusae, Bougainvillia pyramidata

(2013), Modeeria rotunda (2013), and Eutima gracilis (2018), the

siphonophore Apolemia uvaria (2013), the scyphomedusae

Cyanea lamarckii (2013), and the salp Soestia zonaria (2013).

Five taxa dominated the abundance of gelatinous taxa in sam-

ples from each survey, and their relative contributions to total ge-

latinous abundance varied over time (Figure 3). Appendicularia

was the most abundant taxon in five of the seven sample years

and its mean abundance varied considerably over time [mean

abundance; maximum in 2017¼ 111.43 6 34.65 individuals

(ind.) m�3, minimum ¼ 2.04 6 3.26 ind. m�3]. In samples of the

2007 and 2010 surveys, the calycophoran siphonophore Muggiaea

atlantica was the second most abundant gelatinous mesozoo-

plankton taxon, with a mean abundance of 43.63 6 14.85 ind.

m�3 in 2007 and 7.36 6 4.86 ind. m�3 in 2010. For the remainder

of the study, M. atlantica abundances were low (mean abundance

<0.5 ind. m�3). Mean abundance in 2013 was dominated by an

equal proportion of Aglantha digitale, Doliolida and

Appendicularia, although the total mean gelatinous abundance

was low this year (7.76 6 5.19 ind. m�3). Parallel to a reduction

in the relative contribution of M. atlantica to total gelatinous

abundance in samples from 2016 to 2019, there was a clear in-

crease in the relative contribution of the siphonophore A. elegans

in those years. A full list of the gelatinous taxa and their contribu-

tions to mean abundance each survey is provided in Table 1.

The temporal changes in community abundance and composi-

tion are further highlighted by plotting the taxa abundance ma-

trix (Bray-Curtis dissimilarity, Wisconsin standardization) using

NMDS and grouping the samples by survey (Figure 4). Samples

in the first two surveys (2007 and 2010) grouped together on the

NMDS plot, the last four surveys formed a second grouping

(2016, 2017, 2018, and 2019), while samples from 2013 plotted

away from all other samples in the study. The stress of the analy-

sis was moderate (0.24), which suggests weak clustering and con-

firms that subtle changes in community composition occurred

over time.

Trends in gelatinous abundance
There was no increase or decrease in total gelatinous mesozoo-

plankton abundance over the study period (Spearman, r ¼ �0.09,

p¼ 0.287). Total mean abundance varied considerably among the

surveys, by as much as a factor of 33 (Figure 5). Total mean abun-

dance decreased incrementally over the first three surveys of the

time series from 129.742 6 81.33 ind. m�3 in 2007 to 7.76 6 5.19

ind. m�3 in 2013. Total mean abundance was incrementally higher

over the next two surveys (2016 and 2017) reaching a maximum

mean abundance in 2017 samples (244.87 6 84.59 ind. m�3).

Figure 2. Mean values in the Celtic Sea per survey for (a) SST (�C)
from CTD sampling, (b) latitude of the 16�C isotherm across the
North West European Shelf in July (decimal degrees) from satellite
data, and (c) centre of buoyancy (m) analysed from CTD data. *Note
that the y-axis for (c) centre of buoyancy is inverted to highlight the
similar trend to (a) and (b). Error bars indicate the standard error of
the mean.
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There was a step decrease in total mean abundance in samples of

the last two surveys, returning to a relatively low mean abundance

of 31.92 6 16.29 ind. m�3 in 2019 samples.

When gelatinous taxa abundance data were grouped by life

history, trends in the abundance of holoplanktonic and mero-

planktonic gelatinous mesozooplankton in the Celtic Sea were

different over the study period. The temporal trend of holoplank-

tonic taxa abundance was similar to that of total gelatinous meso-

zooplankton abundance as holoplanktonic taxa contributed to

93.27% of total gelatinous mesozooplankton abundance on aver-

age in samples (see Figure 5). Mean meroplanktonic taxa abun-

dance remained below �3 ind. m�3 in samples of each survey

except for 2017 when mean meroplanktonic taxa abundance was

at its study maximum (28.91 6 21.55 ind. m�3). Meroplanktonic

taxa contributed to 6.73% of the total gelatinous mesozooplank-

ton abundance in samples on average.

Relations between abundance groups and environmental
data
The abundance of holoplanktonic and meroplanktonic gelati-

nous mesozooplankton had weak-moderate and significant

(p< 0.01) Spearman rank correlations with several physical

parameters over the study period. For holoplanktonic abun-

dance, these included the latitude of the 16�C isotherm in July

(q ¼ �0.40, p< 0.0001) and the EAP index during the sam-

pling period (q ¼ 0.227, p¼ 0.008). The latitude of the 16�C
isotherm in July (q ¼ � 0.31, p< 0.0001) and the NAO index

3 months before the sampling period (q ¼ 0.287, p< 0.001)

had weak but highly significant correlations with meroplank-

tonic abundance. When the abundance of all taxa are combined

(as total gelatinous abundance), the strength of the negative as-

sociation with the latitude of the 16�C isotherm in July is

slightly greater (q ¼ �0.41, p< 0.001). This is best illustrated

Figure 3. Top panel: High temporal variability in the relative contribution of the five most abundant gelatinous mesozooplankton species as
a percentage of total gelatinous mesozooplankton abundance for each survey. Black ¼ Other species, Grey ¼ Aglantha digitale, Blue ¼
Doliolida, Green ¼ Appendicularia, Yellow ¼ A. elegans, Red ¼ M. atlantica. Bottom panel: Mean abundance (ind. m�3) of the five most
abundant species each survey. Appendicularia was the most abundant species in five of the seven surveys. The relative abundance (and mean
abundance) of M. atlantica decreased considerably each year from 2007 to 2013 and is not visible in the last four sample years due to low
abundances. At the same time, the relative abundance of A. elegans and A. digitale was higher in the last four surveys.
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by mapping the spatial association between total gelatinous

abundance and the 16�C isotherm in July for each survey

(Figure 6). When the 16�C isotherm was further south (e.g.

during the summers of 2007 and 2017), total gelatinous abun-

dance was higher in the Celtic Sea, whilst total gelatinous abun-

dance was lower when the 16�C isotherm was further north

(e.g. during the summers of 2010 and 2013). Surveys 2016 and

2018 may represent intermediary years between high and low

abundance and a moderately positioned 16�C isotherm.

Mixed-effects modelling highlighted the linkages underpinning

the Spearman rank associations. It revealed that different physical

parameters affected the abundance of the two functional groups

of gelatinous mesozooplankton over time. The final model for

holoplanktonic abundance included station latitude, the latitude

of the 16�C isotherm in July and the EAP (East Atlantic Pattern)

index 3 months before sampling as fixed effects, and year as a ran-

dom effect. The random effect (year) explained 26.72% of

among-group variation on average (intercept ¼ 0.396, SD ¼

0.629). The variables with the largest effect on holoplanktonic

abundance were the latitude of the 16�C isotherm in July (esti-

mate ¼ �0.862, t130 ¼ �3.674, p¼ 0.001) and the EAP index 3

months before the sampling period (estimate ¼ 0.475, t130 ¼
2.034, p¼ 0.041) and these effects were both significant. Station

latitude had a small significant effect (0.229, t130 ¼ 2.148,

p¼ 0.081).

In the final model for meroplanktonic taxa abundance, the

random effect (year) explained 77.28% of among-group variation

(intercept ¼ 9.935, SD ¼ 3.152). The SST 3 months before sam-

pling was the parameter that had the largest effect on the variabil-

ity of meroplanktonic abundance (estimate ¼ �1.354, t129 ¼
�3.348, p< 0.001). Station latitude had a small significant effect

on meroplanktonic abundance (estimate ¼ �0.684, t129 ¼
�2.176, p¼ 0.029), which represented some spatial correlation

among surveys. The other fixed effect (NAO at time of sampling)

did not have a significant effect on meroplanktonic abundance

and the estimated effect was smaller than the other two variables

Table 1. Mean abundance (N m�3) each survey for gelatinous zooplankton taxa identified in the study, ranked by their overall mean
abundance over the study period (highest to lowest).

2007 2010 2013 2016 2017 2018 2019 Overall

Taxon N m�3 SD N m�3 SD N m�3 SD N m�3 SD N m�3 SD N m�3 SD N m�3 SD N m�3 SD

Appendicularia 73.7 146.2 41.0 66.9 2.0 5.5 32.8 40.7 111.4 90.1 76.0 72.1 18.2 36.9 55.0 80.9
Aglantha digitale 3.1 4.3 2.1 5.4 2.8 6.1 31.9 60.4 74.9 139.5 17.5 47.3 7.4 19.0 24.9 73.1
Doliolida 7.2 10.5 2.9 4.1 2.3 6.4 56.5 139.6 14.0 55.3 <0.1 0.1 0.3 1.0 13.4 64.5
Agalma elegans 0.9 0.9 <0.1 <0.1 <0.1 <0.1 9.6 13.2 15.2 19.4 8.4 26.3 1.9 1.8 6.5 15.8
Muggiaea atlantica 43.6 53.6 7.4 18.2 0.2 0.5 <0.1 0.1 0.3 1.0 0.1 0.3 0.1 0.2 5.1 21.2
Lizzia blondina – – – – – – – – 26.9 55.4 0.2 1.2 <0.1 0.1 5.1 26.1
Salpa fusiformis <0.1 <0.1 <0.1 <0.1 0.1 0.2 0.1 0.6 – – <0.1 0.1 3.1 9.8 0.6 4.3
Unidentifiable anthomedusae 0.3 0.4 <0.1 <0.1 0.2 0.5 2.5 4.8 0.6 1.9 <0.1 0.2 <0.1 0.1 0.6 2.3
Euphysa aurata 0.8 0.8 – – <0.1 <0.1 0.1 0.3 0.9 1.4 0.2 0.3 0.4 1.8 0.4 1.0
Pleurobrachia spp. <0.1 <0.1 <0.1 <0.1 <0.1 0.1 0.1 0.4 0.8 1.4 0.6 2.1 0.3 0.7 0.3 1.2
Unidentifiable Physonectidae <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.5 0.9 <0.1 <0.1 – – <0.1 <0.1 0.1 0.4
Nanomia bijuga <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 0.2 0.1 0.2 <0.1 <0.1 0.2 0.3 0.1 0.2
Unidentifiable leptomedusae <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.3s 0.1 0.2
Clytia hemisphaerica – – – – – – <0.1 0.1 0.1 0.3 <0.1 0.1 – – <0.1 0.1
Corymorpha nutans <0.1 <0.1 <0.1 <0.1 – – <0.1 <0.1 0.1 0.3 <0.1 0.1 <0.1 0.1 <0.1 0.1
Beroe spp. – – – – – – <0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.1 0.3 <0.1 0.1
Leuckartiara octona <0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 0.1 0.1 0.1 <0.1 <0.1 <0.1 0.1 <0.1 0.1
Unidentifiable ephyrae – – – – – – 0.1 0.3 – – – – – – <0.1 0.1
Laodicea undulata – – – – – – <0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.1 0.2 <0.1 0.1
Obelia spp. – – – – – – – – 0.1 0.1 <0.1 0.1 – – <0.1 0.1
Hydractinia borealis – – – – – – – – <0.1 0.1 – – <0.1 0.1 <0.1 0.1
Solmaris corona <0.1 0.2 – – <0.1 <0.1 – – – – – – – – <0.1 0.1
Ectopleura dumortierii <0.1 <0.1 – – – – – – <0.1 0.1 – – – – <0.1 <0.1
Bolinopsis infundibulum – – – – – – – – <0.1 <0.1 <0.1 0.1 – – <0.1 <0.1
Eutima gracilis – – – – – – – – – – <0.1 0.1 – – <0.1 0.1
Aequorea spp. – – – – – – – – <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Unidentifiable Diphyidae – – <0.1 <0.1 <0.1 <0.1 – – – – – – – – <0.1 <0.1
Soestia zonaria – – – – <0.1 0.1 – – – – – – – – <0.1 <0.1
Liriope tetraphylla – – – – <0.1 <0.1 – – <0.1 0.1 – – – – <0.1 <0.1
Coryne eximia – – – – <0.1 <0.1 – – <0.1 0.1 – – – – <0.1 <0.1
Amphinema rugosum – – – – <0.1 <0.1 – – <0.1 <0.1 – – <0.1 <0.1 <0.1 <0.1
Stauridiosarsia gemmifera <0.1 <0.1 – – – – – – – – – – – – <0.1 <0.1
Pelagia noctiluca – – – – – – <0.1 <0.1 <0.1 <0.1 – – – – <0.1 <0.1
Sarsia spp. – – – – <0.1 <0.1 – – – – – – – – <0.1 <0.1
Bougainvillia pyramidata – – – – <0.1 <0.1 – – – – – – – – <0.1 <0.1
Cyanea lamarckii – – – – <0.1 <0.1 – – – – – – – – <0.1 <0.1
Modeeria rotunda – – – – <0.1 <0.1 – – – – – – – – <0.1 <0.1
Apolemia uvaria – – – – <0.1 <0.1 – – – – – – – – <0.1 <0.1

SD, standard deviation of the mean.
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(�0.456, t129 ¼ �0.532, p¼ 0.594). It should be noted that net

type (ring net vs Gulf VII sampler) was queried as a random effect

in both sets of models and this variable did not explain any sub-

stantial random variation in the abundance of either groups of

taxa between survey years, which is supported by the work of

Long et al. (2020).

Discussion
Over the past century, there has been a considerable body of

work investigating the zooplankton dynamics of shelf seas in

the North East Atlantic (Hays et al., 2005). In contrast to the

extensive research of crustacean zooplankton in the Celtic Sea

(Fraser, 1955; Williams, 1985; Williams et al., 1994;

Beaugrand et al., 2000), the interannual variability of gelati-

nous mesozooplankton abundance and diversity is vastly un-

derrepresented in the literature (Gibbons and Richardson,

2009), despite their ecological and socio-economic impor-

tance (Doyle et al., 2014). In reply to several recent calls for

further monitoring of gelatinous zooplankton (Brodeur et al.,

2016; Aubert et al., 2018; Long et al., 2020), here we describe

trends in the abundance and diversity of gelatinous mesozoo-

plankton in the Celtic Sea.

One of the most important findings from this study was that

there was no significant increase or decrease in gelatinous abun-

dance over the study period (Spearman, r ¼ �0.09, p¼ 0.287;

Figure 5). In contrast, other research in the Celtic Sea and adja-

cent seas have reported an increase (Lynam et al., 2011) or a de-

crease (Bedford et al., 2020) in the abundance of certain

zooplankton taxa over several years. In the Irish Sea (adjacent to

our study region), Lynam et al. (2011) found that the abundance

of scyphozoan jellyfish increased over a 15-year period, and this

was linked to changes in climatic factors (SST, precipitation, and

the North Atlantic Oscillation Index) and the overexploitation of

certain commercial fish stocks such as Atlantic herring (Clupea

harengus). A more recent analysis of plankton in the Celtic and

North seas between 1956 and 2017 revealed that a decrease in the

abundance of large diatoms and non-gelatinous holoplankton

(mainly small copepods) and a concurrent increase in the abun-

dance of non-gelatinous meroplankton have occurred in accor-

dance with a gradual increase in mean SST (Bedford et al., 2020).

The trend of gelatinous mesozooplankton abundance in the

Celtic Sea is therefore atypical of what has been reported for other

Figure 4. NMDS plot of the gelatinous mesozooplankton species
abundance matrix (Bray–Curtis dissimilarity, Wisconsin
standardisation, stress ¼ 0.24) grouped by survey year. Ellipse ¼
extent of 1 standard deviation from the centroid of the stations of a
survey. The ellipses for 2007 (red) and 2010 (black) group close
together, as do the ellipses for 2016, 2017, 2018, and 2019 (blue,
cyan, purple, and yellow, respectively). The ellipse for 2013 (green) is
in isolation. Points are individual stations coloured based on survey
year.

Figure 5. Interannual variability of gelatinous mesozooplankton abundance of all species combined (dashed grey line), holoplanktonic
species abundance (red), and meroplanktonic species abundance (green). Holoplanktonic species abundance varied on a much larger
magnitude compared to that of meroplanktonic species. Holoplanktonic species contributed to 93.27% of total gelatinous abundance on
average over the study.
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taxa. Reasons for this may be the limited time series used in this

analysis (i.e. 7 data years collected over 13 years), which may not

be sufficient to detect broader trends in gelatinous zooplankton

abundance (Lavaniegos and Ohman, 2007). Furthermore, assess-

ing the interannual trends as a single unit (i.e. total gelatinous

abundance) may have masked distinct responses of certain gelati-

nous taxa due to differences in their biology.

While no linear trend was detected, it was noteworthy that the

mean abundance varied from year to year by as much as a factor

of 33 (mean gelatinous abundance: 7 ind. m�3 in 2013 vs. 245

ind. m�3 in 2017). This scale of variability in abundance is con-

siderable, given that in the Western English Channel (a coastal re-

gion southeast of the Celtic Sea), the mean abundance of all

zooplankton taxa varied each summer by a much smaller factor

of 4 between 1988 and 2007 (Eloire et al., 2010). Further south in

the NW Mediterranean Sea, Guerrero et al. (2018) showed that

the mean abundance of gelatinous zooplankton doubled from

7.23 ind. m�3 in June 1983, to 14.31 ind. m�3 in June 2018. The

Figure 6. Distribution of the 16�C isotherm in July (red line) for surface waters in the Celtic Sea and neighbouring waterbodies over the
study period. Black circles ¼ Total gelatinous mesozooplankton abundance (individuals m�3) per zooplankton sampling station. Total
abundance was higher during summers when the 16�C isotherm was further south (e.g. in summers 2007 or 2017). In years when the 16�C
isotherm was further north; total abundance was lower (e.g. in summers 2010 or 2013). Note: data for 2019 are not shown as the satellite
product this year is not yet calibrated with the rest of the SST time series.
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abundance of gelatinous mesozooplankton in our study varied on

a larger scale compared to the findings of Guerrero et al. (2018)

over a much shorter time frame (13 years). This may have been a

consequence of the intrinsically transitional nature of temperate

shelf seas, which are known to contain different proportions of

warm temperate and cold boreal taxa over decadal time scales in

response to changes in environmental conditions (Southward

et al., 1995; Hátún et al., 2009). The Celtic Sea may also support

higher abundances of gelatinous mesozooplankton as it is highly

productive (Schmidt et al., 2020), while the Mediterranean Sea is

typically oligotrophic (Conversi et al., 2010).

The gelatinous mesozooplankton community also experienced

compositional changes over time, especially among the five most

abundant taxa on average over the study (Figure 4). A gradual de-

crease in the relative abundance of the calycophoran siphono-

phore M. atlantica and an increase in the abundance of the

physonect siphonophore A. elegans may have had important eco-

logical impacts. For example, M. atlantica feed primarily on small

copepods, whereas A. elegans predate on larger zooplankton prey

such as shrimp and larval fish (Purcell, 1981). As such, the change

in abundance of these two siphonophore species represents an

overall increase in the trophic position of the gelatinous meso-

zooplankton community, which may have benefitted small cope-

pods (from decreased predation pressure) and reduced the

abundance of larger crustacean zooplankton or ichthyoplankton

in the Celtic Sea. Another important compositional change was

an increase in Aglantha digitale abundance in the latter half of the

study, which may have negatively affected certain copepod species

(Williams and Conway, 1981; Pagès et al., 1996). In Norwegian

fjords, adult A. digitale medusae can consume 8.7% of the daily

abundance of the copepod Temora longicornis (Pagès et al., 1996).

The increase in A. digitale abundance may have also benefitted

some commercial fish such as Atlantic mackerel (Scomber scomb-

rus), as they are known to feed on A. digitale both in situ (Lamb

et al., 2019) and in mesocosms (Runge et al., 1987). But perhaps

the most ecologically significant change was the abundance of

Appendicularia, which varied between 15 and 80% of total gelati-

nous abundance over time, in line with changes in the tempera-

ture regime. As filter feeders, appendicularians play a major role

in the biological pump by selectively capturing and consuming

particulate organic carbon (Katija et al., 2017) and they sequester

carbon by frequently shedding mucosal tests and producing faecal

pellets (Conley et al., 2018). Some larval flatfish also rely heavily

on the consumption of appendicularians for optimal develop-

ment (Last, 1978). Therefore, the high interannual variability of

appendicularian abundance detected in the Celtic Sea represents

substantial changes in the rate of carbon recycling in the epipe-

lagic zone, the rate of carbon transfer from the microbial loop to

the animal food chain, and the rate at which biogenic carbon is

sequestered (Holland, 2016). The negative relationship between

appendicularian abundance and SST detected in this study is also

evidence that appendicularians are a strong bioindicator of

changes in the thermal regime (i.e. the physical structure) of the

Celtic Sea. Analysing gelatinous mesozooplankton at a high taxo-

nomic resolution can therefore provide a valuable way of tracking

environmental changes in the Celtic Sea, and may offer an alter-

native perspective than crustacean centric methods.

By grouping the gelatinous taxa abundance data based on their

life history, we revealed that holoplanktonic and meroplanktonic

gelatinous taxa followed different trends in abundance over time

in response to different environmental factors. Mixed-effects

modelling indicated that the interannual variability of holoplank-

tonic gelatinous taxa abundance was largely influenced by the

combined effects of the spring EAP index and summer SST (rep-

resented by the latitude of the 16�C isotherm in July). This is sim-

ilar to findings from other shelf seas where zooplankton

communities have exhibited regionally specific responses to

changes in oceanographic conditions (SST, wind, and/or thermal

stratification) and natural oscillations of atmospheric pressure

systems (Beaugrand and Reid, 2003; Lavaniegos and Ohman,

2007; Eloire et al., 2010). In the NW Mediterranean Sea, Guerrero

et al. (2018) found that the gelatinous mesozooplankton commu-

nity there responded to a 30-year increase in summer SST, with a

pronounced increase in the abundance of two holoplanktonic

hydrozoans (Muggiaea kochii and Aglaura hemistoma). The holo-

planktonic gelatinous taxa in our study had a negative relation-

ship with summer SST (represented by the position of the 16�C
isotherm in July; Figure 6), possibly due to the higher proportion

of cold temperate gelatinous taxa in the Celtic Sea, which are in-

dicative of milder temperatures (Southward et al., 1995). The

EAP index documents the oscillatory movement of atmospheric

pressure centres between the central North Atlantic and the

Western European continent. Such changes in the atmosphere

can affect sea-level pressure, wind (Zubiate et al., 2017), and heat

exchange processes, which together influence the multi-decadal

variability of SST in the Celtic Sea (Cannaby and Hüsrevo�glu,

2009). The fact that the EAP index has displayed an increasingly

positive trend over the last 50 years with anthropogenically in-

duced climate change (Cannaby and Hüsrevo�glu, 2009) means

that Celtic Sea SST will likely increase in the future. A continued

increase in SST may favour lower abundances of holoplanktonic

gelatinous mesozooplankton through a direct physiological re-

sponse to temperature (i.e. cessation of growth or reduction of

gametogenesis; Beaugrand and Kirby 2018). Furthermore, an in-

crease in temperature could prolong seasonal periods of thermal

stratification, which may favour small-celled picophytoplankton

blooms (Schmidt et al. 2020) and smaller, less abundant crusta-

cean zooplankton (Beaugrand et al. 2009; Bedford et al. 2020).

This could reduce the availability of food for some gelatinous

mesozooplankton (especially those that are predators) and may

further reduce their abundance as a result. Prolonged periods of

thermal stratification could also incur phenological shifts in

plankton communities, which could cause mismatches among ge-

latinous zooplankton predators, other mesozooplankton, and

phytoplankton blooms (Southward et al. 1995; Edwards and

Richardson 2004; Boero et al. 2016).

The abundance of meroplanktonic gelatinous zooplankton

varied on a smaller scale and contributed to <7% of total gelati-

nous abundance on average. This is an important result, which

suggests that during the summer, the Celtic Sea does not support

high abundances of meroplanktonic gelatinous mesozooplankton

relative to that of holoplanktonic gelatinous mesozooplankton.

Naturally, meroplanktonic medusae are more abundant in coastal

waters compared to offshore shelf waters due to the increased

availability of food and suitable substrata for benthic life stages to

settle on in coastal waters (Russell, 1953; Hays et al., 2005). It is

possible that the physical structure of the Celtic Sea may also play

a role in preventing the advection of meroplanktonic medusae

further offshore. During the summer, the Celtic Sea becomes ver-

tically stratified due to solar heating, while coastal waters remain

mixed. The density gradient between these two water masses

forms a baroclinic coastal current that may act as physical barrier
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that could help retain meroplanktonic medusae in coastal waters,

or at least reduce their chances of being advected towards the

Celtic Sea to the south (Fernand et al., 2006; Haberlin et al.,

2019). However, it must also be noted that the annual occurrence

of the sexual free-living stage of most gelatinous meroplankton

(the medusa) is often short lived (weeks to a few months; Russell,

1953) and the seasonal timing of their peak abundance can vary

each year by several months (Russell, 1953; Edwards, 1965;

Schuchert, 2010). For the rest of the year, gelatinous meroplank-

ton populations are maintained as benthic life stages (hydroids),

which occupy a range of benthic substrata including bedrock,

sediment (Schuchert, 2010), or attached to other organisms (mol-

lusc shells; Edwards, 1965; marine sponges; Schuchert, 2019; kelp

fronds; Ronowicz et al., 2008). These additional factors may ex-

plain some of the variability of the meroplanktonic taxa abun-

dance data. Despite their low contribution to total abundance,

the interannual variability of meroplanktonic taxa abundance was

affected by a combination of parameters, including the SST in the

preceding spring (from satellite data; largest effect) and the lati-

tude of zooplankton stations each year (smallest effect). Changes

in SST in the preceding spring may have directly affected the

interannual abundance of meroplanktonic taxa as this coincides

with a seasonal event where medusae are produced asexually

from benthic hydroids (via lateral budding) and are released into

the plankton (Purcell et al., 2009). Although several young medu-

sae may bud from each hydroid for several months thereafter, a

change in spring temperature may affect the rate of lateral bud-

ding, the mortality rate of hydroids or the mortality rate of young

medusae (Lynam et al., 2011). The interannual variability of

spring SST could also indirectly affect the abundance of mero-

planktonic gelatinous taxa via the availability of food for young

medusae in the water column (i.e. phytoplankton and copepods)

and the availability of food for benthic hydroids as particulate or-

ganic matter transported from the epipelagic zone to depth

(Lynam et al., 2011; D’Ambrosio et al., 2016; Guerrero et al.,

2018).

Despite an attempt to ensure that zooplankton samples from

each survey represented a similar spatial extent of the Celtic Sea,

mixed-effects modelling indicated that the interannual variability

of station latitude was an additional source of variation in holo-

planktonic and meroplanktonic taxa abundance (detailed de-

scription of GLMM outputs in Results section). Mean station

latitude was slightly higher in 2013 compared to the survey mean

(2013¼ 49.986�N, overall mean station latitude ¼ 49.803�N), al-

though the difference in station latitude among surveys was not

significant (H¼ 1.098, df ¼ 6, p¼ 0.982). Nonetheless, any po-

tential variability caused by station latitude each year was incor-

porated into our mixed-effects models. The fact that sampling

date (day of year) reduced the goodness of fit of mixed-effects

models also suggested that differences in sampling dates among

sample years were not an important source of variability. It is also

likely that several biological interactions would have also played

distinct roles in modulating the variability of gelatinous mesozoo-

plankton abundance, which were not incorporated in the study.

Such interactions include the predation of or competition with

other zooplankton like copepods, the abundance of phytoplank-

ton, or the abundance of pelagic fish (Lynam et al., 2011). Future

incorporation of these additional biological data would provide a

more comprehensive description of the factors that affect the

abundance and diversity of gelatinous mesozooplankton.

To conclude, here we describe distinct interannual trends in

the abundance of different gelatinous mesozooplankton taxa that

may have had substantial ecological impacts on the Celtic Sea

ecosystem. If gelatinous mesozooplankton were monitored as a

broad taxonomic group, we would not have detected these dis-

tinct and important compositional changes. The detection of a

negative relationship between the abundance of holoplanktonic

gelatinous mesozooplankton and the thermal regime of the Celtic

Sea suggests that this particular taxonomic grouping may be a

useful bioindicator of structural changes in the Celtic Sea

(Southward et al., 1995). Given the projected increase in the aver-

age temperature of the Celtic Sea and intensification of vertical

stratification during the summer (Cannaby and Hüsrevo�glu,

2009; Schmidt et al., 2020), the abundance of holoplanktonic ge-

latinous mesozooplankton will likely decrease in the future.
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