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Abstract

Zooplankton on continental shelves representan important intermediary in the transfer of energy and
matter from phytoplankton to the wider ecosystem. Their taxonomic composition and trophic
interactions with phytoplankton vary in space and time, and interpreting the implications of this
constantly evolving landscape remains a major challenge. Here we combine plankton taxonomic data
with the analysis of biovolume spectra and stable isotopes to provide insights into the trophic
interactions that occur in a shelf sea ecosystem (Celtic Sea) across the spring-summer-autumn
transition. Biovolume spectra captured the seasonal development of the zooplankton community well,
both in terms of total biomass and trophic positioning, and matched trophic positions estimated by
stable isotope analysis. In early April, large microplankton (63-200 pum) occupied higher trophic
positions than mesozooplankton (>200 um), likely reflecting the predominance of nanoplankton (2-20
pum) that were not readily available to mesozooplankton grazers. Biomass and number of trophic
levelsiincreased during the spring bloom as elevated primary production allowed for a higher
abundance of predatory species. During July, the plankton assemblage occupied relatively high trophic
positions, indicating important links to the microbial loop and the recycling of organic matter. The
strong correlation between biomass and community trophic level across the study suggests that the
Celtic Sea is a relatively enclosed and predominantly energy-limited ecosystem. The progression of the
zooplankton biomass and community structure within the central shelf region was different to that at
the shelf-break, potentially reflecting increased predatory control of copepods by macrozooplankton
and pelagic fishes at the shelf break. We suggest that the combination of size spectra and stable
isotope techniques are highly complementary and useful for interpreting the seasonal progression of

trophic interactions in the plankton.
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1. Introduction

Shelf seas are important for ecology, fisheries and biogeochemistry (Sharples et al, this issue) and face
growing pressure from anthropogenicactivities as the world’s population increases (Levin et al,
2015); ~40% of the global population lives within 100 km of the coast and depends upon shelf sea
ecosystems for its wellbeing. The development and management of shelf sea ecosystems require a
holistic understanding of the factors that influence the community structures of the resident
organisms and the ecosystem functions (e.g. carbon export, nutrient regeneration, secondary
production etc.) and services (e.g. food production, climate regulation) that they provide. This broad-
scale understanding is increasingly explored and developed using ecosystem models (Hyder et al.,
2015), particularly at the shelf- (or larger) scale. Such models necessarily represent a compromise
between the complexity of natural ecosystems and the need for computational efficiency. Complex
communities of individual organisms are typically represented by classes that may be further refined

by terms such as size or trophic position.

Zooplankton act as vectors transferring energy from primary production to higher trophic levels, and
play a central role in the biogeochemical cycles of the ocean. On continental shelves, zooplankton play
a strong role in energy transfer to fish and carbon transfer to the benthos (Marquis et al,, 2011). To
properly represent the energy flows in marine ecosystems and develop management strategies, it is
therefore necessary to account for variability in zooplankton dynamics and population structure

(Friedland et al., 2012; Mitra et al., 2014). The critical role of zooplankton in the marine environment



requires models that accurately and sufficiently capture their dynamics (Everett et al., 2017), as the
parameterization of zooplankton in many ecosystem models is very sensitive (Carlotti and Poggiale,
2010; Edwards and Yool, 2000; Heneghan et al,, 2016). In many biogeochemical models, zooplankton
are represented by 1-3 groups (Everett et al., 2017), typically spanning organisms ranging in size from

small microzooplankton (>0.002 mm) to krill or jellyfish (>5,000 mm).

Part of the difficulty in parameterizing zooplankton undoubtedly arises from the complexity of their
communities. Zooplankton display enormous trophic plasticity that can change drastically over the
course of a year as the community composition shifts. The seasonal development of an individual
and/or a population is determined by a variety of external factors (e.g. nutrients, temperature,
predation) and is also strongly linked to intrinsic cycles, such as reproductive cycles with generation
times ranging from a few days to 1 year or more (Williams and Conway, 1982). Many zooplankton
species change diet preferences during different seasons or ontogenetic stages, or display prey-
switching behaviour (Sommer and Sommer, 2006; Stibor et al., 2004). Moreover, numerous species of
microzooplankton are mixotrophic (Caron, 2016). The seasonal succession of phytoplankton (O’Boyle
and Silke, 2010; Pingree et al., 1976) and the emergence of meroplanktonic species in shelf seas
(Williams and Collins, 1986) further complicate zooplankton community dynamics. Zooplankton
within a given size class or a broad group (e.g. microzooplankton vs. mesozooplankton) are thus
unlikely to behave consistently through time and space, and models need to be able to deal with such

plasticity.

Simple, static trophic positioning or broad grouping of zooplankton is thus difficult to apply, leading to
conceptual models that misrepresent food chain structure with the trophic connections between large
consumer species being much better understood and represented than those between e.g.
microplankton species (Boyce et al., 2015). Boyce et al. (2015) hence argue that size-spectrum based
modelling approaches are much more powerful in representing trophic connectivity and controls over

plankton dynamics.

1.1 Trophic positioning

The trophic structures of ecosystems have traditionally been assessed using detailed knowledge of
taxonomic composition and feeding strategies. However, detailed taxonomic analysis and
determination of feeding strategies in zooplankton communities are notoriously difficult and
laborious. Contemporary studies have therefore tended to adopt stable isotope (Minagawa and Wada,
1984) or size-based approaches (Basedow et al., 2010; Zhou, 2006) that are relatively quick and thus

more amenable to the application at larger spatial and temporal scales.



The isotopic composition of an organism gives an indication of the trophic position and the food
source: during feeding, animal body tissues become enriched in 15N relative to its diet (Minagawa and
Wada, 1984; Post, 2002a). Knowledge of the isotopic signature of the base of the food web (e.g.

phytoplankton) and zooplankton thus allows the calculation of trophic positions.

An alternative method uses biomass spectra. Biomass spectra relate the total biomass of organisms of
a certain size to its size class [Platt and Denman, 1977; Silvert and Platt, 1978]. Size is an appealing
trait to constrain ecosystem models because it is easily measured, scales with important processes like
metabolism (Gillooly et al., 2001; Woodward et al., 2005) and food selectivity (Burns; 1968; Visser and
Fiksen, 2013; Warren and Lawton, 1987), and constrains the role of organisms in the food web
(Andersen et al., 2016; Blanchard et al., 2017). Thus, a seemingly simple measure can provide a great
deal of information about the functioning of an organism and hence ecosystem dynamics if it is used
beyond the simple grouping of a community according to size-fractions. Size-spectra further allow the
calculation of trophic positions (Platt and Denman, 1977; Silvert and Platt, 1978). Empirical data have
shown that the majority of biomass in an ecosystem is usually within small organisms, and the relative
contribution to biomass decreases as an organism’s size increases. The slope of a biomass spectrum
can be interpreted with regard to respiration, growth, survival and mortality, and can give valuable
insights into trophic relationships without the need for detailed taxonomic studies [e.g. Platt and

Denman, 1977; Silvert and Platt, 1978; Zhou, 2006].

Biomass spectra and stable isotope analyses thus represent useful, integrative tools to assess the flows
of energy and matter within an ecosystem [Zhou, 2006]. Initial comparison between these two
independent methods suggest that they are in general agreement with each other (Basedow et al,,
2016; Tarling et al.; 2012), although biovolume spectrum analysis has been suggested to detect higher
levels of recycling than stable isotope analysis (e.g. in North Atlantic following the spring bloom)
(Basedow et al.,, 2016). Moreover, comparison of the shape of biomass spectra combined with

ecological data can give an insight into what controls ecosystem structure (Zhou et al,, 2015).

As part of the UK Shelf Sea Biogeochemistry (SSB) Research Programme, we collected zooplankton to
assess their abundance, biomass, taxonomic and elemental composition, and role in biogeochemical
cycling in the Celtic Sea. Here we investigate the taxonomic and trophic changes of mesozooplankton
communities at two contrasting sites in the Celtic Sea (mid-shelf and near the shelf break) along the
seasonal succession (November 2014, April 2015 and July 2015). We further compare the trophic
position estimates derived from two independent methods (bulk stable isotope measurements and

biovolume spectra).

2. Methods
2.1 Study site



Zooplankton were collected during four periods (5t - 12th August 2014, 10th — 29th November 2014,
3rd - 28th April 2015, and 13th - 31st July 2015) across the Celtic Sea (Southwest UK shelf Sea) aboard
RRS Discovery (cruises DY026, DY018, DY029 and DY033, respectively). We targeted three main
stations (Figure 1): the Shelf Edge site, which was located near the shelf break at the frequently
studied site ‘CS2’ (48°34 N, 9°30 W; ~200 m water depth), the Central Site, which was located in the
central Celtic Sea at a region with low fishing pressure and the SSB mooring (‘CCS’; 49°25 N, 8°35 W;
~150 m water depth), and - when possible - within the ‘Celtic Deep’ area nearer to the coast (~51°10
N, 6°20 W; ~100 m water depth) . Note, owing to our limited data from the Celtic Deep, biomass and

community composition are presented in the supplementary material only (Supplementary Figure 1).

2.2 Sample collection

Samples for zooplankton biomass and elemental composition were sampled using WP2-size net rings
fitted with two different mesh sizes (63 pm and 200 um). At each/process station, WP2 nets fitted with
non-filtering cod-ends and a closing mechanism were deployed during both daytime and night-time
sampling from above and below the thermocline, and, when present, across the deep chlorophyll
maximum (DCM; determined based on fluorescence). For the data analysis in this paper, we integrated
across the water column. Table 1 provides the sampling details including net depths. The thermocline
and DCM were determined from CTD casts immediately prior to the net deployments. The 63-um and
200-pum mesh nets were hauled at 0.2 m's-? and 0.5 m s-1, respectively. Collected zooplankton were
fractionated using screens: a 200-pm mesh was used for screening of the organisms sampled with the
63-um mesh net to retain the 63-200 um fraction hereafter defined as “microplankton” (uP). A 500-um
mesh was used for the 200-pum mesh catch to separate the fractions 200-500 um (defined here as

“small mesozooplankton” smZ) and >500 pm (“large mesozooplankton” ImZ) (



Table 2). Each size fraction was split using a Folsom splitter: half was preserved in 4% borax-buffered
formaldehyde for determination of community composition, dry weight (DWn) and organic carbon
(POC, 613C) and nitrogen (PON, 615N) content; the remainder was frozen at -80°C for later analysis if

desired.

2.3 Sample analysis, FlowCAM and ZooScan

Sub-samples (10-20 mL) of the pP samples were analysed using a FlowCAM VS-IVc (Fluid Imaging
Technologies Inc.) fitted with a 300-pum path length flow cell, and a 4x microscope objective. Images
were collected using auto-image mode at a rate of 6-12 frames per second. Image files were manually
classified to determine the abundance of protists and metazoa using Visual spreadsheet software

(Version 3.2.3).

SmZ and ImZ samples were split using a Folsom splitter until thealiquot contained ~1000 individuals
(on average two splits). Aliquots were processed with a ZooScan (Biotom, Hydroptic, France)
following the methods by Gorsky (2010). Briefly, the scanning area of the ZooScan was filled with
water, the scanning frame was inserted avoiding any bubbles being trapped under the frame, the
sample was carefully poured into the scanning frame, and all individuals separated using a fine
wooden pick. The sample was scanned at 2400 dpi resolution and captured using VueScan (version
8.3.23). A blank background image for background subtraction was taken before the first scan and

after every fourth scan thereafter.

Scanned images were processed using ZooProcess (version 7.19) and Plankton Identifier (version
1.3.4) as described by Gorsky (2010). Briefly, the software subtracts the proximate background image,
and extracts and measures all objects. A training set was then built by sorting 1587 vignettes into 33
categories (including categories for unwanted objects such as fibres and detritus) and used to predict
broadly the identity of the extracted objects. All predictions were manually validated and, if necessary,
corrected. Object size was converted from pixel to millimetre by assuming a ratio of 0.0106 mm/pixel

according to the scan resolution (Grosjean et al., 2004).

After scanning, individuals were recovered using a 50-um mesh dish, transferred into pre-weighed tin
cups (Elemental Microanalysis Ltd.), dried at 70°C for 24 h, and weighed twice (ME5 or AE163 &
AG135, Sartorius, Germany). Dried tin cups were re-weighed to obtain DWy,. The POC/PON
concentrations and stable isotope signatures (6, %o) of the samples were determined using a Flash EA

1112 Series Elemental Analyser connected via a Conflo III to a DeltaPLUs XP IRMS (Thermo Finnigan).

2.4 Body volume calculation



To generate biovolume spectra and convert to image-derived dry weight (DW,), we calculated the
diameter and body volume of individual organisms. To calculate organism dimensions, we chose an
area-based approach using the measured area of an individual as a starting point. It is important to
consider that when reporting ‘Area’, the ZooScan output includes holes in the object, whereas the
FlowCam output excludes any holes in the object. To directly compare the two approaches, we used
ZooScan'’s ‘Area_exc’ information, which excludes any holes, and Flowcam'’s ‘Area (ABD)’. The ‘area’is
thus the combined area of all the pixels that are deemed part of the individual. The area-based

diameter (ABD) is the diameter of the circle obtained by arranging these pixels in a solid circle.

We calculated the volume of an individual (Ving in mms3) with the following assumptions. (1) The body
area of an individual (Aina in mm2) can be arranged as a circle and the circle’s radius r calculated. (2)

The volume of an individual is equivalent to a sphere with radius r. It follows that

3
A d /2
Vind = 4/377.' ( Z_l ) Eq1

As only an aliquot of the net sample was imaged, we then calculated the total biovolume of this
individual ‘type’ in the net sample (BVype in mm3 sample-1) by taking into account the fraction of the

sample that was analysed (Fracspi: in sample-1):
BVtype = Eq. 2

All types were summed to give the biovolume of the community (BVomm in mm3 sample-1). BVomm was

later used for the biomass spectra.

2.5 Dry weight calculation
Dry weight based on the FlowCam and ZooScan images (DWx in mg ind-1) was calculated following the
regressions between body area of an individual (Aina in mmz2) and its DW (Lehette and Hernandez-

Leon, 2009):
DWy_ina = @ X Aima” X /1000 Eq.3

where a and b are the coefficients. We used a=43.38 and b=1.54 for most groups as determined for
‘general mesozooplankton’ (p<0.001, R2=0.95). Chaetognaths do not fit this regression line, and we
therefore used the coefficients a=23.45 and b=0.84 (p<0.001, R2=0.84) (Lehette and Hernandez-Leodn,
2009). Gelatinous zooplankton contain more water than crustacean zooplankton and their DW is

therefore likely overestimated using these regressions. We tested three methods to estimate



gelatinous DW from ZooScan images. (1) We used the coefficients determined for salps (a=4.03,
b=1.24, p<0.001, R2=0.90) (Lehette and Hernandez-Ledn, 2009) for all gelatinous zooplankton
(cnidarian, siphonophores, doliolids, salps and ctenophores), Luidia sarsi, polychaetes and pteropods.
(2) We applied the coefficients determined for siphonophores to these groups (a=43.17, b=1.02,
p<0.001, R2=0.92) (Lehette and Hernandez-Ledn, 2009). (3) We applied the coefficients for general
mesozooplankton (see above) and assumed gelatinous zooplankton to have only 22% of the dry
weight predicted for general zooplankton. The latter assumption was based on the observation that
crustaceans and jellies contain 18% and 4% DW (%wet weight), respectively (Kigrboe;2013). We
found that the first method produced the best agreement with measured DW, throughout all seasons
and particular for November, when gelatinous zooplankton were most abundant. For November, the
slopes of the linear regressions between ZooScan-based DW, and measured DW, at the Central Site
were 0.45 (p=0.03, R2=0.67), 0.27 (p=0.04, R2=0.60) and 0.25 (p=0.06, R2=0.54) for the three methods,
respectively. Overall, ZooScan-based DW, and measured DW, for all stations agreed well (DW,, =

0.89+0.04 DWy + 0.07+0.24; p<0.01, R2=0.92, n=46; Figure 2).

Integrated DW,a (DWa_inc in mg DW m-2) was calculated by summing all individuals (DW, in mg ind-1),

taking into account the fraction of the sample that was analysed and the area of the net (Ane: in m2):

2. DWy ing
FraCSplit X Anet

DWj ine = Eq. 4

2.6 Biovolume spectra

Biovolume spectra, which are analogous to biomass spectra, can be computed when information is
available about size (Basedow et al., 2010 and refs herein). We here computed biovolume spectra for
all water column samples (i.e. above + below the thermocline, and where applicable including the
DCM) by combining the data sets from the three size fractions (uP, smZ and ImZ). We created 100
biovolume size intervals (Aw in mm3) logarithmically spaced between Wi, = 10-4 mm3 and Wpax = 103
mm3 (equivalent to ESDs of 0.06 and 12.4 mm, respectively). All individual ‘types’ (BVyp. in mms3
sample-1; see section 2.4) were sorted into these size intervals according to the type’s volume (Vinq in
mm3). For example, a dinoflagellate with a Ving of 0.00011 mm3 (10-39) would be sorted into the first
size interval (Aw; with range 10-400 to 10-393). We included detritus, faecal pellets and eggs, as these
can be utilized within the food web. The normalized biovolume in each size interval (bawx in m-3) was

then calculated as:

Y. (BVyype in Aw. 1
bwa _ ( type x) v

Eq.5
AWX Anet X Zmax



where Awy is the width of a size interval in mm3 (i.e. upper boundary in mm3 minus lower boundary in
mm3), A, is the area of the net (in m2), and Zmax is the depth of the sampled water column (in m). The
biomass spectrum was computed by plotting all baw, against the midpoint of their respective intervals,
wy. In case of the first size interval (Aw; with range 10-490 to 10-393), w;= (10-400+10-393) /2. Finally,
linear regressions were fitted to the logio-logio transformed data to derive slopes and intercepts of the

biovolume spectra.

We calculated slopes and intercepts for uP, smZ, ImZ and the whole assemblage (UP +smZ + ImZ). The
size cut-off for these groups was based on the mesh sizes for fractionation (63, 200, 500 and 2000 pum).
These mesh sizes were treated as diameter and converted into volume following Eq. 1, giving 10-388,
10-2:38, 10-118 and 10062 mm3, respectively. Linear regressions were then fitted to the size ranges

according to



Table 2. For example, to derive slope and intercept for pP, we fitted a linear regression to the

biovolume spectrum between w, = 10-388 and w, = 10-238,

We further calculated the biovolume of the whole assemblage using the slope and intercept of the
entire biovolume spectra (10-4 to 103 mm3) and integrating underneath the line. The calculated
biovolume (BV) was strongly correlated with integrated biomass directly measured from the net
samples, with a regression equation of DW,, (in g DW m-2) = 0.32+0.02 BV (1000 mm3 m-2) + 1.57+0.32
(p<0.01; R2=0.82, n=43; Figure 2b).

2.7 Trophic position

Trophic position based on biovolume spectra (TPgvs) was calculated following Zhou (2006) as

1+ cAE

TPpys == cAE X m

Eq.6

where cAE is the community assimilation efficiency (with cAE = 0.7 (Zhou, 2006)) and m is the slope of
the biomass spectrum (note the logio-logio transformation). TPsys can be calculated for the entire
population or for individual size classes. A TP=1 represents primary producers, whereas TP=2 and
TP=3 represent approximately primary and secondary consumers, respectively. Higher TPs can either
suggest a higher proportion of carnivores or a higher level of recycling through the microbial loop
(Basedow et al,, 2016). To better constrain the uncertainties in this calculation, we explored the
sensitivity of calculated TP to variability in cAE. There is no direct measurement of cAE, but we can
assume that the average of assimilation efficiency of all plankton should be equivalent to the cAE
(Zhou, 2006). A wide range of assimilation efficiencies has been reported in the literature, ranging
from <0.10 to 0.96, though most reported values range from around 0.50-0.90 (Steinberg and Landry,
2017). We used this latter range and calculated TP for slopes ranging from -0.4 to -1.0 (our observed

range).

We further calculated TP based on isotopes of nitrogen (6§15N). One of the biggest difficulties of this
method is to identify an isotopic baseline (615N of primary producers). We used the isotopic
composition of particulate organic matter as a baseline. Samples for the analysis of particulate
nitrogen isotopes were collected from the upper 50 m of the water column (encompassing the surface
mixed layer depth; Poulton et al,, this issue). 21 L of unscreened seawater was filtered onto pre-
combusted (450°C) grade F glass fibre filters (Whatman GF/F, 25 mm diameter, nominal pore size
0.7um), and stored frozen at -80°C until analysis. The filters were freeze-dried and then pelletized
using tin capsules. Stable N isotope analysis was carried out using an Elemental Analyser (Costech
Instruments) interfaced with an IRMS (Thermo Finnigan). Isotope ratios are reported using delta

notation (8) with units per mil (%o) as above. Samples were calibrated using internationally



recognized standards, USGS40 (815N = -4.5%o (Qi et al,, 2003)), USGS41 (615N = +47.6%0 (Qi et al,,
2003)), IAEA-N-1 (815N = +0.4%o (Gonfiantini, 1978)), and IAEA-N-2 (815N = +20.3%o (Gonfiantini,
1978)). TP based on isotopes (TPiss) was then calculated as

15 _ £15 .
Tpiso — ) Nzoo 6 Nbaselme +15 Eq. 7
€

where 815N,4, and 815Npaseline are the isotopic composition (in %o) of the zooplankton (smZ or ImZ) and
the particulate organic matter, respectively. We assumed an enrichment per TP (€) of '3:4%. (Post,
2002a) and that particulate organic matter was a mix of detritus, phytoplankton, microzooplankton
and bacterioplankton, which in combination had a TPyaseline 0f 1.5 (Sommer;, 2004). As there was a
marked enrichment in 615N of the particulate matter (615Npon) throughout the year, we calculated TP
using a seasonally variable baseline based on measurements at the Central Site during our cruises (0.0,

1.0, 2.8 and 4.6%. for November, early April, late April and July, respectively).

We explore the limitations of both methods in the supplementary material (S.1). Overall, both trophic
indices are associated with large uncertainties and results should therefore be interpreted with
caution. Nevertheless, the two estimates (TPgys and TPiso) for ImZ agreed reasonably well (Figure 9), as

previously reported (Tarling et al., 2012; Basedow et al., 2016).

2.8 Statistics

Plankton assemblages were‘analysed using multivariate ordination from the vegan package in R
(Oksanen et al,, 2016; R Core Team, 2015). Plankton were grouped into 41 groups (Supplementary
Table 1). Bray-Curtis dissimilarities were calculated and visualised using non-metric multidimensional
scaling (NMDS) with the met aMDS function. The biomass data were square-root transformed and
submitted to Wisconsin double standardization to reduce the influence of groups with high biomass.
Two dimensions were calculated with acceptable stress (<0.2) (Legendre and Legendre, 1998). The
solution was centred, rotated to present the largest variance along the first dimension, and scaled so
that one unit corresponds to halving the similarity between two communities. For detailed

explanations of the function see the metaMDS help package (Oksanen et al., 2016).

Relationships between plankton community structure and environmental parameters (longitude, year
day, daytime, integrated Chlorophyll a (Chl), sea surface temperature and euphotic zone depth) were
tested using the envfit function, which estimates the correlation and direction of forcing of
environmental parameters within the NMDS state space. The significance of the correlation was

assessed using 999 random permutations of the environmental variables.



The differences between a priori groups (e.g. between sites and/or seasons) were tested using non-
parametric multivariate analysis of variance (PERMANOVA) (Anderson, 2001) using the adonis
function with 999 random permutations. Data were transformed as described above and dissimilarity
indices calculated using the vegdist function, which gives identical results to metaMDS but in a
different data format. As significant differences identified by PERMANOVA can be due to either
differences in location and/or differences in dispersion, we used the function betadisper, whichis
analogous to Levene’s test, and the ANOVA-like permutation function permutes (with 999 random

permutations) to test for differences in group homogeneities (Anderson et al., 2006).

The seasonal progression of TPyys and spectra-derived biovolume was determined using a smoothing
function (cyclic cubic regression splines) from the mgvc package (Wood, 2017). This fit was for

illustrative purposes only and, therefore, no further statistics were carried out.

3. Results

3.1 Overall deployments

A total of 246 net hauls were taken for biomass samples (Table 1), providing 44 vertical depth profiles.
Diel vertical migration was observed for most paired day-night hauls. For this study, we integrated
biomass across the water column, typically between 0-120 m at the Central Site and 0-150 m at the
Shelf Edge. The complete data set can be obtained from the British Oceanographic Data Centre

(doi:xxxx).

3.2 Microplankton (uP) biomass and community composition

We have no direct measurements of uP biomass but inferred their biomass from the FlowCam images.
The samples contained pP as well as detritus, faecal pellets and eggs. Overall, uP made up 60+14%
(0.01-0.11 g DW m-2) of the estimated total biomass in the sample with the remaining biomass (40+14
%) being associated with detritus, faecal pellets and eggs. Of this 60%, photosynthesizing pP (diatoms,
Trichodesmium, and prasinophytes) made up 23+14%. At the Central Site, their biomass was lowest in
August and November, and highest in April and July with up to 0.1 g DW m-2 (Figure 3a). This increase
was largely driven by Trichodesmium (Figure 3b). It is important to note that these values for
Trichodesmium are only semi-quantitative. Trichodesmium forms large colonies that are >200 pm in
diameter and are thus mechanically excluded from pP (63-200 pum fraction). Some of the individual
trichomes will however pass through the 200-pum mesh during fractionation and contribute to pP
biomass, which is what we report here. Trichodesmium biomass in the water column was likely
substantially higher than suggested in Figure 3, but the overall trend (i.e. increased abundance in

April) is likely representative.



Heterotrophic uP made up on average 77+14% of the pP biomass, with lowest values (~50%) in April
at the Central Site. Heterotrophic uP biomass ranged from ~0.02 g DW m-2 in November to ~0.10 g DW
m-2 in late April (Table 2; Figure 4). There was a strong degree of similarity in the relative composition
of the pP community at the Central Site and the Shelf Edge (Figure 4), with differences being mostly

driven by changes in the relative abundances of nauplii and dinoflagellates during Nov/Apr.

At the Central Site (Figure 4a), nauplii biomass was highest in July, with a median contribution to the
biomass of 47, 33, 61, 59 and 75% in August, November, early April, late April and July, respectively.
Copepodites contributed 20-49% (49, 29, 20, 28 and 27% for the five periods, respectively).
Dinoflagellates contributed most in November (median of 11%) and were less dominant in August,
early April, late April and July (3, 11, 4 and 3%, respectively). Tintinnids and polychaetes were present
all year round in this fraction. Tintinnids contributed moderately to large microzooplankton biomass
(<0.1, 4, 4, 3 and <0.1% in the five periods, respectively) but reached up to 10% of the biomass at
some of the stations. Polychaetes contributed always <2%. Ciliates in this size fraction were not
observed in July and August, and were only occasionally observed during the other periods with
always <2% of uP biomass. Radiolaria were observed occasionally in November, late April and July
(<0.1%) and small appendicularians occasionally in April (<3%). Other groups made up <3% of pP
biomass with the exception of the 12th November, where Oithona contributed 5% to puP biomass

(Figure 4a).

At the Shelf Edge (Figure 4b), nauplii biomass was highest in late April with >60% of pP biomass
(median 32, 36, 52, 62 and 52% of the biomass in August, November, early April, late April and July,
respectively). Copepodite contribution was relatively constant with 31-41% throughout the year (36,
39, 41, 31 and 32% for the five periods, respectively). Dinoflagellates contributed most in July (31% of
uP biomass) and-less in August, November, early and late April (19, 16, 5 and 6% respectively).
Appendicularians were present all year round with <2% of the biomass except for in November, where
they contributed up to 12% of pP biomass (median: 3%). All other groups were observed occasionally.
Tintinnid biomass was low (0, 3, <1 and 1% in August, November, April and July, respectively).
Polychaetes were not observed in early April, and made up <1% of the biomass during the remaining
periods. Ciliates were not observed in April, contributed <1% in November and July, but contributed
11% to pP biomass in August. Radiolaria were not observed in August and late April, with small
biomass during November and July (<1%), and occasionally with high biomass in early April (range: 0-

4%) (Figure 4b).

3.3 Mesozooplankton (smZ and ImZ) biomass and community composition
Median biomass of mesozooplankton (heterotrophs >200 pum) across all samples was 2.5 g DW m-2

(quartile range: 1.0 - 4.5 g DW m-2) with the lowest biomass in November and early April, and highest



biomass in late April and July (Table 2; Figure 5). Mesozooplankton biomass at the Central Site was
consistently higher than at the Shelf Break (Table 2). At the Central Site, total mesozooplankton
biomass was 1.5, 2.7, 5.5 and 7.2 g DW m-2 in November, early April, late April and July, respectively. At
the Shelf Break, the respective biomasses were 0.3, 1.0, 3.6 and 2.4 g DW m-2 (Table 2). At both sites,
ImZ biomass was consistently higher than smZ biomass (Table 2). The carbon-to-DW ratio for both

size fractions was relatively constant across all study periods (0.45 - 0.51 g C [g DW]-1; Table 4).

The community composition varied throughout the year. We here describe the overall community
composition of both size fractions combined; plots of biomass and community compeosition for the
individual fractions (smZ and ImZ) are provided in the supplementary material (Supplementary
Figures 2 and 3). Please note that all values are the median contribution to total DW, biomass based
on ZooScan. At the Central Site (Figure 5a), copepods made up the bulk of the biomass during early
April, late April and July (89%, 80% and 88%, respectively). In November, copepods still dominated
(68%) but the community was more diverse. Gelatinous zooplankton made up ~9 % of the biomass in
November, and were present only as low biomass throughout the rest of the year (<1%). Larvae of the
starfish Luidia sarsi were also prevalent during November and early April (2% and <1%, respectively),
but disappeared in July. Polychaetes were most common in November (2%), with little biomass in
April (<1%). They appeared again in July (<1%). Amphipods and chaetognaths were present all year
round (median of <1%), but contributed most to total biomass in July (2 and 6%, respectively).
Appendicularian biomass was low in November and early April (<1%), and peaked in late April (3%).
Euphausiids were around all year with relatively low biomass (<1%). We did not find any pteropods at

the Central Site.

At the Shelf Edge, the mesozooplankton community composition was very different compared to the
Central Site (Figure 5b). Gelatinous zooplankton dominated in November with up to 69% of the
biomass (median: 38%). Copepods were the second most prevalent group in November with up to
62% (median: 37%) of the biomass. Copepods made up the bulk of the biomass in April (median of 70
and 78% in early and late April, respectively). In July, they contributed 31-53% (median 43%).
Appendicularian biomass was low in November (<1%), but contributed 15, 9 and 10% in early April,
late April and July, respectively. In July, the Shelf Edge experienced a high biomass of pteropods, which
contributed 9% of the biomass. The larvae of the starfish L. sarsi was only observed once in November
(<1%). Polychaetes were present all year round, albeit with low biomass (<1%). Amphipods,
chaetognaths and euphausiids were present all year, with maximum contributions of 9, 9, and 16% of
the biomass, respectively. Median relative biomass for November, early April, late April and July
respectively were <1, <1, 3 and 1% for amphipods, 2, 2, <1 and 7% for chaetognaths, and <1, 2, 3 and

3% for euphausiids.



3.4 Environmental drivers of community composition

The NMDS shows clear clustering of the different sites and seasons (Figure 6). Plankton community
structures were significantly correlated with longitude, day of year, integrated Chl and sea surface
temperature (Table 4). Euphotic zone depth and time of day (i.e. night-time or daytime haul) did not
explain the community grouping (Table 4). Community compositions were significantly different at
different sites (p<0.001) and in different months (p<0.001). There was a weak interaction between the
two factors (p=0.08; Table 5). Pairwise a posteriori tests confirmed that differences were caused by

different centroids rather than different dispersion (Anderson, 2001).

3.5 Trophic structure

We determined trophic positioning using biovolume spectra and stable isotope analysis for individual
size classes (Figure 7). Biovolume spectra for uP and ImZ yielded good fits (R2>0.77), while fits to smZ
were poor (median R2 = 0.28). Moreover, smZ appeared to have a shallower biovolume spectrum slope
compared to the other size classes. This is in line with observations from a study that compared
biovolume spectra obtained from net samples analysed using ZooScan to those obtained using an in
situ Laser Optical Plankton Counter (Schultes and Lopes, 2009). The authors suggest that only
particles with a size of >450 um ESD are efficiently sampled by 200-pm mesh nets (see also Hopcroft
et al,, 2001), explaining a flattening of the slope for plankton <500 um. We therefore exclude smZ from
the biovolume spectra discussion. A further complication arises from the use of two methods
(FlowCam vs ZooScan). Direct comparison of the results from the two methods has therefore to be
viewed with caution. Nevertheless, we believe that data within each sampling method are robust, and

slopes (i.e. trophic position) for any given method can therefore be readily compared.

Our sensitivity analysis shows that uncertainty in community assimilation efficiency has a relatively
small effect on the trophic positions calculated from biovolume spectra. Trophic positions calculated
from steep slopes (<-0.7) are more robust than those calculated from shallower slopes (>-0.7)
Supplementary Figure 34). Across the tested range (slopes -1 to -0.4), the uncertainty was low at +0.3

TP (average difference between TP based on cAE=0.7 and cAE ranging between 0.4-0.9; see
Supplementary Material S.1).

Trophic positions estimated from biovolume spectra varied between size fractions and seasons
(Figure 8). At the Central Site, trophic positioning of the different size classes changed markedly
throughout the year: median trophic position of pP compared to ImZ was lower in November (2.3 vs
4.7, respectively), higher in early April (3.3 vs 2.4, respectively), and similar in late April (3.6 vs 4.3)
and July (2.8 vs 2.3, respectively). At the Shelf Edge, the trophic positions of the two size groups (uP vs
ImZ) were similar in November, late April and July (respectively 2.2 vs 2.2, 2.5 vs 2.6, and 2.4 vs 2.8).
However, in early April, the trophic position of pP was high with a median of 4.4, whereas the trophic

position of ImZ was low with a median of 1.8.



Estimates of trophic position based on stable isotope analysis (TPis,) of smZ ranged from 1.3 to 3.8
with lowest values in April and highest in November (Table 4). TPis, of ImZ was generally slightly
higher by 0.1-0.4 TPs compared to smZ (Table 4). Overall, TP;s, of ImZ agreed reasonably well with
trophic position derived from biovolume spectra, except for samples collected in late April (Figure 9).

See Supplementary Material S.1 for a detailed uncertainty analysis.

Changes in community trophic position and biomass appeared to follow the same seasonal trend
across the study sites (Figure 10a,b). Indeed, zooplankton biomass (expressed either as the intercept
of the biovolume spectra or as measured dry weight) was closely correlated to both slope and
community trophic position (Figure 10c,d). The slope m decreased steepness by 0.16 units per 10-fold
increase in biovolume (m=0.16 logio(BV in mm3) -1.16; p<0.01, R2=0.75, n=43). This translates to a

community trophic position increase of 1.1 TP per 10-fold increase in biovolume (Figure 10d).

4. Discussion

4.1 Seasonal community progression in the Celtic Sea

Our estimates of zooplankton biomass and composition matched previous records well: The long-term
monthly mean mesozooplankton biomass suggests higher biomass on the shelf than at the shelf break
(Batten et al., 1999; Joint et al,, 2001), which we also see in our observations (Figure 5; Table 2). Our
estimated biomass was approximately twice as high as the long-term monthly mean (Batten et al.,
1999; Joint et al., 2001) and higher than the biomass recorded between Mar 2014 and Mar 2015 at the
E1 monitoring site 40 km south of Plymouth (app. 0.1 - 1.3 g DW m-2) [Djeghri et al, this issue].
Biomass composition and its spatial variability in April were also similar between our study and

previous observations-across the Celtic Sea (Fileman et al., 2011).

Our observation of warm temperatures (13.7+£0.4°C) and high abundance of nauplii and copepodites in
November is consistent with the observation that autumn blooms have continued into December in
recent years (ICES, 2008)(Poulton et al., this issue; Hickman et al., this issue). The composition of the
mesozooplankton assemblage was much more diverse in November than during the other sampling
periods with a large proportion of non-crustacean zooplankton, such as the larvae of starfish Luidia
sarsia, salps (not quantitatively sampled due to very patchy abundance and inappropriate sampling
gear), cnidarian, ctenophores, and the polychaete Tomopteris. This dominance by large predatory
species supports the high trophic positions calculated from the biovolume spectra and isotopic
composition (TPgys and TPis, respectively), with TPgys and TPis, of ImZ being 4.5+1.1 and 3.8 £0.2,
respectively, at the Central Site (Table 4). These observations also agree well with long-term data from
the Continuous Plankton Recorder, which suggest that chaetognaths, Tomopteris and coelenteran

tissue (from ctenophores or cnidarians) persist in high abundance throughout the winter months



(Johns, 2006). The high abundance of higher trophic levels in November is likely part of the typical

prey-predator cycle in the Celtic Sea.

In early April, the microbial food web appeared to be well developed with long food chains leading to
uP, as indicated by their high TPgvs (3.3+0.3 and 4.4+0.4 at the Central Site and Shelf Edge,
respectively; Figure 8e,f, Supplementary Table 2). This matched the observation that the majority of
primary production was by nanoplankton (Hickman et al. this issue), which is often associated with
food chains dominated by small organisms and high recycling (Azam et al., 1983). Moreover, it has
been suggested that ecosystems based on smaller phytoplankton likely have longer food chains and

weak predator effects (Stibor et al., 2004).

Throughout April and July, we observed the typical increase in copepod biomass at both sites, which
corresponds with the seasonality based on historical observations from the Continuous Plankton
Recorder (Johns, 2006). Calanus helgolandicus has distinct peaks in abundance in the Celtic Sea region
in June and October; Para-Pseudocalanus species demonstrate a similar seasonal pattern with a strong
peak in May and a smaller secondary peak in the autumn months (Johns, 2006). These data (Johns,
2006) suggest that the population of calanoid copepods likely continues to increase after the spring
bloom in April, which is also consistent with our observations that high biomass levels were
maintained throughout July at both the Celtic Site and the Shelf Edge (Figure 1; Note that overall
biomass was lower at the Shelf Edge). Appendicularians, chaetognaths and euphausiids generally
appear in late April (Figure 5 and consistent with long-term data (Johns, 2006)), indicating a shift in
the community structure towards a more developed food web. This is consistent with our observation
of an increase of the trophic position (Figure 8). Overall, our data show that the zooplankton
communities at the Central Site and the Shelf Edge followed the expected pattern determined by long-
term data (Johns, 2006).

4.2 Environmental drivers of seasonal progression

The ordination analysis identified ‘seasonal ordination circles’ for both the Central Site and the Shelf
Edge (Figure 6). Seasonal ordination circles are a graphic representation of the community cycle
throughout the year, with distinct spring, autumn and winter communities. Distinct seasonal
ordination circles, similar to ours (Figure 6), have been observed for bacterial communities in the
Mediterranean Sea (Erwin et al., 2012), phytoplankton communities in a deep subalpine lake
(Salmaso, 1996), haptophytes in the Skagerrak (Egge et al., 2015), phytoplankton in the Western
English Channel (Widdicombe et al., 2010), as well as mesozooplankton communities in the
Mediterranean Sea (Cartes et al,, 2008), temperate waters (Bode and Alvarez-Ossorio, 2004), estuaries
and fjords (Marques et al., 2009) (Wells et al., in review). The seasonal ordination circles for the

Central Site and the Shelf Edge overlap for November, suggesting that the zooplankton communities



were similar at both sites during this period. Thereafter, the circles diverge, highlighting different

developments in the zooplankton communities at the two sites.

The ordination analysis suggests that the main environmental variables correlated with the seasonal
community development are day of year (axis 1), and integrated Chl and sea surface temperature (axis
2; Figure 6). Temperature and Chl appeared to have had opposing effects on community composition
according to the NMDS (Figure 6). A closer look at both variables showed that this was caused by
temperature and Chl being negatively correlated (Supplementary Figure 6). A similar negative
relationship has been previously observed for the northeast Atlantic Ocean, including stations close to
the Shelf Edge station (van de Poll et al., 2013). Indeed, our observed relationship (integrated Chl =
1603+90 * SST0.24+0.03) is remarkably similar to theirs (int Chl = 1920 *SST0.29) (van de Poll et al,,
2013). The inverse relationship was likely driven by phytoplankton growth, which starts early in April
when the water column starts stabilizing and the photoperiod becomes sufficiently long, resulting in
relatively high Chl values before the water warms up. Later in the season, around July when the water
reaches highest temperatures, low nutrient availability and top-down grazing keep phytoplankton

biomass low, leading to high temperature and low Chl values.

The fact that day of year was identified as a driver highlights intrinsic seasonality in zooplankton life
cycles. It also highlights that simple environmental parameters, such as temperature and Chl alone, are
not sufficient to describe complex plankton communities and their seasonal development. Longitude
(i.e. site) also emerged as a driver of community differences (Tables 5 and 6), suggesting that
differences in the communities at the two sites were partly caused by site-specific environmental

factors. These factors could be nutrient supply and/or predation pressure (see section 4.4).

4.3 Seasonal development of size spectra and trophic structure

All biovolume spectra in our study had slopes (-0.39 to -0.97, Supplementary Table 2) shallower than
the theoretical prediction of a steady state system (-1.22) (Platt and Denman, 1978) and observed
values for the North Atlantic near the Celtic Sea (-1.13 (San Martin et al., 2006)). Shallow slopes have
also’been observed, amongst others, in the Southwestern Atlantic Ocean (-0.2 to -0.9) (Thompson et
al.,, 2013), the South China Sea (-0.67 to -0.93) (Zhou et al., 2015) and the Bay of Biscay (-0.2 to -1.4)
(Vandromme et al., 2014). Comprehensive comparisons of slopes have been compiled by (Dai et al.,
2016; Sato et al,, 2015), with slopes ranging from -0.44 to -2.30. It is noteworthy that these studies use
arange of methods to estimate the spectra slopes (e.g. microscopy, the Laser Optical Plankton Counter,
ZooScan or FlowCam) and that absolute values for biovolume spectra slopes differ between methods.
For example, spectra obtained using ZooScan are shallower than those obtained using the LOPC

(Schultes and Lopes, 2009; Vandromme et al., 2014). As we applied the same methodology to all our



biomass spectra, comparison and interpretation of our slopes at different sites and seasons is robust

(Schultes and Lopes, 2009).

Seasonal changes in zooplankton size spectra have been observed in the Arctic and Antarctic shelves
(Zhou et al., 2009). We suggest that our observations of shallow slopes and overall low biomass in
November indicate an accumulation of biomass in the larger size classes, which were dominated by
gelatinous zooplankton and large predatory species (Figure 5 and Figure 7). Such accumulation may
be caused by the relatively high abundance of gelatinous zooplankton. In spring, steeper slopes
indicate a shift to a community dominated by herbivorous zooplankton that are supported by the
spring bloom (Figure 10a). Towards the end of the summer, flatter slopes and an increased number of
community trophic levels suggest either more recycling processes withinthe zooplankton community
and a greater reliance upon the microbial loop and/or a change in the prey-predator size ratio towards

more predators.

We also observed peaks and troughs in some of our biovolume spectra, which became more
pronounced in late April and July at the Central Site (Figure 7c, d). These anomalies may indicate
predator-prey interactions (Sprules and Goyke, 1994; Thiebaux and Dickie, 1993), non-steady state
conditions, cohort propagation (Edvardsen et al., 2002; Zhou, 2006), and/or a high abundance of a
particular species (Zhou et al., 2009). Zhou et al. (Zhou et al., 2009), for example, noted that the
dominance of Calanus finmarchicus on the Norwegian Shelf caused a distinct peak (‘local maxima’) at
1.5 mm3 (logioAw = 0.2). During our study, Calanus spp. became increasingly abundant throughout
April and dominated mesozooplankton biomass at the Central Site in late April and July (Figure 5 and
Supplementary Figure 3), when we observed clear peaks at 0-0.5 logi0Aw (Figure 7c, d). We thus
suggest that this particular peak is associated with the non-steady state of the Celtic Sea and caused by

an increase in Calanus biomass.

Overall, we observed a close coupling between biomass and trophic position: community trophic
position increased 1.1 TP per 10-fold increase in biovolume (Figure 10d). This figure is surprisingly
similar to the estimated community transfer efficiency of 10%, where - in an energy-limited system -
a 10-fold increase in biomass allows the development of one additional trophic level (Pauly and
Christensen, 1995; Pimm and Lawton, 1977). Alternatively, this relationship could also have been
caused by accumulating biomass through seasonal growth and feeding (energy being passed up food
web as the season progresses). A positive correlation between slopes and intercepts in zooplankton
(Figure 10c) was also observed across 25 lakes and the oligotrophic North Pacific (Sprules and
Munawar, 1986), globally across the tropical and subtropical ocean (Mompean et al., 2016) and

around Japan (Sato et al,, 2015). (Sprules and Munawar, 1986) showed that more productive systems,



indicated by higher concentrations of total phosphorus and/or Chl, allow increased production of

zooplankton biomass.

This trend is opposite to the observed negative correlation between slope (hence community trophic
position) and biomass across the Bay of Biscay (Vandromme et al., 2014). A similar negative
correlation was observed by (Marcolin et al., 2013) and (Dai et al., 2017). A possible explanation is that
(Vandromme et al.,, 2014) and (Marcolin et al., 2013) sampled over a much larger area from near coast
to the open ocean (>2000 m depth), whilst (Dai et al., 2017) sampled across the mesopelagic and
bathypelagic (0-3000 m depth). In addition, all three studies were carried out during only one season.
These studies hence investigated a range of ecosystems with very different physical challenges. It has
been shown that over a wide range of environments, resource availability alone does not determine
community trophic position, and other factors, such as disturbance and ecosystem size, play important
roles in determining the food-chain length (Briand and Cohen, 1987; Post, 2002b). In the case of shelf-
offshore transect (Marcolin et al., 2013; Vandromme et al., 2014), upwelling and increased turbulence
at the shelf break and off-shore areas (as well as the upper water column) might favour an ecosystem
based on fast-growing large diatom cells and a zooplankton community largely based on herbivory.
The resulting biomass spectrum would have a high intercept and a steep slope. In contrast, on the shelf
(or in the lower mesopelagic), the ecosystem is much more reliant on recycling processes and the
microbial loop, leading to overall lower biomass (low intercept) and higher trophic levels. A study that
samples over such contrasting environments would thus observe a negative relationship between

biomass and trophic levels.

We conclude that our strong correlation between biomass and community trophic level is due to us
sampling one relatively enclosed ecosystem throughout several seasons. Following the resource
availability hypothesis (Pauly and Christensen, 1995; Pimm and Lawton, 1977), the increased energy
input throughout April allowed the build-up of high biomass and overall more complex trophic
community structure, followed by increased internal recycling during July, which maintained the
trophic complexity (Hutchinson, 1959; Post, 2002b; Zhou, 2006). Overall, our biomass spectra suggest

that the Celtic Sea is a relatively closed system and likely resource-limited during July.

4.4 Trophic coupling

Throughout our study, ImZ occupied trophic positions (TPs) between 1.7 and 4.5 (Table 4), which was
similar to the trophic positions estimated for zooplankton across the North Atlantic in spring
(Basedow et al,, 2016). According to their study (Basedow et al., 2016), zooplankton between 600-
4000 um ESD occupied trophic positions between 2.1 and 5.8. Their and our trophic positions are
higher than those commonly assigned to zooplankton, which are typically between 2 (herbivory) and 3

(carnivory) (Gascuel et al,, 2011). Basedow et al. (2016) argued that high trophic positioning is,



however, in line with our growing understanding of the complexity of planktonic food webs, including
extensive recycling and linkages with the microbial loop (Azam et al., 1983; Mayor et al., 2014). For the
North Atlantic, large copepods of the genus Calanus may occupy a trophic level of 5 if they feed on
ciliates in a food web with particulate organic matter at the base and intense recycling by bacteria
(Basedow et al,, 2016). A similar conclusion can be drawn from the European Regional Seas Ecosystem
Model (ERSEM) when the carbon flow follows the pathway: particulate/dissolved organic matter (TP
1) - bacteria (TP 2) - heterotrophs (TP 3) - microzooplankton (TP 4) - mesozooplankton (TP'5).

A similarly complex food chain would also explain the unusual observation that pP occupied a higher
trophic level than ImZ during early April (Figure 8g,h). The phytoplankton community in the Celtic Sea
was dominated by nanoplankton (Tarran et al, this issue; Hickman et al,, this issue). It is thus
imaginable that uP fed on a mix of other smaller heterotrophic organisms, resulting in a trophic
position of ~3. As these organisms may have been too small to be captured efficiently by ImZ
(Berggreen et al,, 1988), ImZ feeding could have been limited to the less abundant larger
phytoplankton cells (>20 pm) and microzooplankton, resulting in an overall lower trophic level (~2.5).
Towards the end of April, smZ biomass increased (Supplementary Figure 2). Grazing experiments
performed as part of this research programme (Abdulhussain et al. this issue, Djeghri et al. this issue)
show that ImZ grazed in proportion to the available food, suggesting that their prey composition
changed. This is in agreement with the increased trophic position of ImZ towards the end of April

(compared to early April, Figure 8c,d; Table 4).

The Shelf Edge in July was characterized by a mesozooplankton community with much lower biomass
and much more diverse compared to the Central Site (Figure 5), which is counterintuitive considering
that the shelf break close to the Shelf Edge station is a productivity hotspot around July (Sharples et al.,
2009, 2007). Owing to a vertical supply of nitrate by tidal mixing (Sharples et al,, 2009, 2007), the
distinct nutrient mixing regime at the shelf break favours a phytoplankton community dominated by
large cells such as diatoms, which likely provide an important food source for large zooplankton
(Sharples et al.,, 2013). This productivity causes a high abundance of fishes here, making the shelf
break an important fishing ground (Sharples et al.,, 2013). We propose that the distinct zooplankton
spring and summer communities at the Central Site and the Shelf Edge could have been caused by a
combination of physical drivers (nutrient supply and lateral advection) [Palmer, et al. this issue] and
top-down control. The relatively low abundance of copepods at the Shelf Edge could have been caused
by strong top-down control by predatory macrozooplankton and pelagic fishes, as also indicated by

the drop off in the biovolume spectra (Figure 7f,g) (Gislason, 1998; Perry et al., 2010).

Overall, our data suggest that the composition and trophic position of different size classes vary

strongly over the year. Omnivorous feeding [Djhegri et al, this issue, Abdulhussain et al. this issue] and



complex food webs challenge the conventional interpretation and categorization of zooplankton solely
by size classes and functional types (Stowasser et al., 2012). Applying a single trophic
position/functional type to a certain size class has the potential to misrepresent the role of
zooplankton in the food web. A good example for this disparity is our data from April, during which
ImZ initially had a lower trophic position than uP, but changed to a higher trophic position towards the
end of the months owing to a shift in available prey type and community composition. Basic food-web
models that only include 2-3 types of zooplankton and focus on trophic interactions between species
or size classes (e.g. microzooplankton vs mesozooplankton) are therefore likely to miss important
flows of energy and matter through the ecosystem. Size-spectrum models provide an alternative as
they track production and energy flow without an explicit description of each zooplankton type (Lefort
etal,, 2015). Moreover, they allow the projection of higher trophic levels. Size-spectrum models are
therefore becoming increasingly popular and appear to be a promising tool for strategic management
(Guiet et al., 2016; Jennings and Brander, 2010). The results of this study support the use of size
spectra to infer trophic positions and their large potential for operational and monitoring studies,
though current uncertainties in estimated trophic positions highlight the need of intercalibration with

other methods such as taxonomy and stable isotopes.
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Figure 2 Relationship between ZooScan-based biomass and measured biomass.

Figure 3 Biomass and composition of autotrophic microplankton in the 63-200 pm fraction

Figure 4 Biomass and community composition of mixo- and heterotrophic microplankton in the 63-200 pm fraction

Figure 5 Biomass and community composition (based on abundance) of mesozooplankton
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Figure 9 Comparison between trophic position (TP) estimates based biovolume spectra analysis and stable isotope

analysis.

Figure 10 Trophic community structure.

SUPPLEMENTARY

Supplementary Figure 1. Biomass and community composition of mixo- and heterotrophic microplankton (63-200

pm) based on FlowCAM at the Celtic Deep.

Supplementary Figure 2. Biomass and community composition (based on abundance) of small mesozooplankton
(200-500 pm).

Supplementary Figure 3. Biomass and community composition (based on abundance) of large mesozooplankton
(>500 pm).

Supplementary Figure 4. Sensitivity analysis for calculation of trophic position based on biovolume spectra and an

assumed community assimilation efficiency of 0.7.

Supplementary Figure 5. Sensitivity analysis for calculation of trophic position based on isotopic values.



Supplementary Figure 6. Relationship between integrated Chlorophyll a and sea surface temperature

Supplementary Table 1. Plankton groups used for non-metric multidimensional scaling (NMDS).

Supplementary Table 2. Estimation of trophic position of zooplankton in the Celtic Sea.



TABLES

Table 1 Net deployment details.

Season Site Date First net opened? Depth horizon (in m)
Day Night Shallow DCMP Deep
Central Site  05/08/2014 | 13:41 21:29 0-30 30-120
Shelf Edge  07/08/2014 | 07:08 20:50 0-50 50-120
Aug Celtic Deep  09/08/2014 | 07:35 - 0-50 50-95
CelticDeep 11/08/2014 | 16:00 20:35 0-50 50-90
CelticDeep 12/08/2014 | 08:49 20:40 0-40 40-100
Central Site  10/11/2014 | 14:01 20:24 0-50 50-130
Central Site  12/11/2014 | 13:31 03:11 0-50 50-130
Nov Shelf Edge 17/11/2014 | 14:06 18:20 0-55 55-150
Shelf Edge  19/11/2014 | 15:37 06:06 0-55 55-150
Central Site  25/11/2014 | 14:02 20:55 0-60 60-130
Celtic Deep 28/11/2014 - 21:56 0-70 70-100
Central Site  04/04/2015 | 16:19 23:59 0-80 80-120
Central Site  05/04/2015 | 16:20 00:06+ 0-60 60-140
Shelf Edge* 08/04/2015 NA 22:20 0-120 120-200
Early Shelf Edge  09/04/2015 | 16:31 21:55 0-60 60-150
Apr Central Site  10/04/2015 NA 21:38 0-60 60-120
Central Site  11/04/2015 | 15:20 21:34 0-50 50-120
Central Site  15/04/2015 | 14:12 21:27 0-20 20-120
Central Site  16/04/2015 | 11:24 20:04 0-40 40-120
Central Site  20/04/2015 | 14:15 21:00 0-50 50-120
Central Site  21/04/2015 | 11:16 20:20 0-50 50-120
1];‘:: Shelf Edge  24/04/2015 | 14:19 NA 0-50 50-120
Central Site  25/04/2015 | 14:12 21:44 0-50 50-120
Central Site~ 28/04/2015 NA 00:17 0-50 50-120
Central Site  13/07/2015 | 13:40 23:50 0-60 60-120
Central Site ~ 14/07/2015 | 13:33 21:46 0-30 30-70 70-120
Shelf Edge  19/07/2015 | 12:11 22:00 0-10 10-60 60-150
Jul Shelf Edge  20/07/2015 | 12:11 22:08 0-10 10-60 60-150
Central Site  25/07/2015 | 12:43 NA 0-30 30-70 70-130
Central Site  29/07/2015 | 12:23 22:02 0-30 30-50 50-130
Central Site 30/07/2015 | 12:29 22:26 0-30 30-70 70-130

aDepth horizons were sampled using WP2-size net rings fitted with two different mesh sizes (63 pm and 200
um) and a closing mechanisms. For each day or night profile 4-6 nets were deployed. Only the time of the first
net opening is stated. Day and night time was determined based on the local photoperiod. » Deep Chlorophyll
Maximum was samples when present. + Sampled on the 06/04/2015; * Sampled at 48°25 N 9°53 W



Table 2 Size fractions.

Size
Sampling method Analysis Direct DW
Group fraction Preservation
(and mesh size) tool measurements
(um)
microplankton * uP 63-200 Net (63 pm) Formaldehyde | FlowCam No
small
smZ 200-500 Net (200 pm) Formaldehyde ZooScan Yes
mesozooplankton
large
ImZ >500 Net (200 pm) Formaldehyde ZooScan Yes
mesozooplankton

* Samples also contained detritus, faecal pellets and eggs. These are not considered uP.




Table 3 Zooplankton biomass (g DW m-2) through the seasons 2014 /2015. Early and late April

refer to before and after the 19 April 2015. Values are median (quartile range).

Central Site Nov Early Apr Late Apr Jul
63-200* 0.02 (0.02-0.03) 0.09 (0.08-0.11) 0.10 (0.07-0.13) 0.06 (0.03-0.08)
200-500 0.2 (0.2-0.3) 1.1 (0.5-1.3) 1.7 (1.1-2.1) 2.7 (1.6-5.7)
>500 1.2 (0.8-1.7) 1.5 (0.6-1.6) 3.7 (2.8-6.7) 4.4 (3.9-5.3)
Total biomass 1.5 (1.0-2.0) 2.7 (1.1-3.0) 5.5 (4.1-8.9) 7.2 (5.5-11.1)
Shelf Edge Nov Early Apr Late Apr Jul
63-200* 0.02 (0.01-0.03) 0.04 (0.04-0.07) 0.11 (N/A) 0.01 (0.01-0.02)
200-500 0.1 (0.1-0.1) 0.6 (0.4-0.8) 1.7 (N/A) 0.4 (0.3-0.4)
>500 0.2 (0.1-0.2) 0.4 (0.3-0.4) 1.8 (N/A) 2.0 (1.4-2.4)
Total biomass 0.3 (0.2-0.3) 1.0 (0.8-1.2) 3.6 (N/A) 2.4 (1.7-2.9)

*Biomass of zooplankton in the 63-200 pum fraction was estimated from FlowCam images.

Table 4 Carbon-to-dry weight ratios, isotopic signature and trophic positions for
mesozooplankton in the Celtic Sea in 2014 /2015. Early and late April refer to before and after
the 19 April 2015. Values are mean + SD.

Site Season Size class C:DW AL TP TP
(g:2) (%o0) (isotopic) | (biovolume spectra)
N 200-500< 1-0.43+0.06 | 7.1+£0.2 3.6 0.1
ov
>500 047+0.13 | 790.6 3.8+0.2 45+1.1
200-500 | 0.45%0.04 | 1.7+0.7 1.7+0.2
Early Apr
>500 049+0.02 | 23+1.2 1.9+0.3 24+04
Central Site
200-500 | 0.43+0.07 | 41+0.5 1.9+0.2
Late Apr
>500 0.51+0.03 | 3.6+0.5 1.7+0.1 41+0.8
- 200-500 | 0.46+0.05 [ 7.6+0.9 24+0.3
u
>500 049+0.02 | 78+1.1 25+0.3 24 +0.6
N 200-500 | 0.44+0.03 [ 59+0.5 3.2+0.2
ov
>500 0.38+0.08 | 6.5+0.7 3.4+0.2 2.2+0.3
200-500 | 0.45%0.02 [ 0.6+0.0 1.4+0.0
Early Apr
>500 0.48+0.02 | 2.0+0.3 1.8+0.1 1.9+0.3
Shelf Edge
200-500 | 0.45%0.06 | 2.0+ NA 1.3+ NA
Late Apr
>500 NA NA NA
| 200-500 | 0.46+0.04 | 7.6+0.3 24 +0.1
u
] >500 0.47+0.01 | 8404 2.6 +0.1 2.8+0.1




Table 5 Results of NMDS and environmental variable fitting. NMDS1 and NMDS2 give vector

directions. R? is the squared correlation coefficient. Significance levels (p-values)2 are based on

random permutations of the data. ‘Daytime’ was fitted as factor and has therefore no associated

vector.
NMDS 1 NMDS 2 R2 p

Longitude -0.60 0.80 0.37 0.001 ok
Day of year -0.99 -0.10 0.24 0.007 *x
Chla 0.34 -0.94 0.28 0.002 *x
SST 0.10 0.99 0.37 0.001 ik
Euphotic depth 0.88 -0.47 0.01 0.831 n.s.
Daytime 0.00 0.837 n.s.

a Statistical significance is indicated as * p<0.05, ** p<0.01, *** p<0.001, or not significant (n.s.).

Table 6 Non-parametric MANOVA for community compositions at two sites (Central Site and

Shelf Edge) during three months (November 2014, April 2015 and July 2015).

Df SumsOfSqs MeanSqs F R2 p
Site 1 1.06 1.06 7.00 0.13 0.001 ok
Month 1 0.96 0.96 6.34 0.12 0.001 ok
Site*Month 1 0.31 0.31 2.06 0.04 0.084
Residuals 37 5.62 0.15 0.71
Total 40 7.96 1

test for dispersion

Comparisonb p (p) Tukey test (p)
Central vs Shelf 0.001 ok 0.30 0.29
Apr vs Jul 0.001 ook 0.10 0.09
Apr vs Nov 0.001 ok 0.88 0.87
Jul vs'Nov 0.001 kK 0.22 0.22

a Statistical significance is indicated as * p<0.05, ** p<0.01 and *** p<0.001. Otherwise p is stated.

b Pair-wise a posteriori tests. As significant differences in non-parametric MANOVAS can be caused by differences

in dispersion, we tested for differences in dispersion and differences between mean distances (Tukey test).
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