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ARTICLE INFO ABSTRACT

Keywords: Zooplankton availability during spring and summer determines the growth and survival of first-feeding fish
Chl larvae, and thus impacts the recruitment to both fish prey species and commercial fish stocks. On the Faroe shelf,
Faroe shelf however, the relative importance of oceanic versus neritic zooplankton species has hitherto not been well un-

Spring derstood. In this study, spatio-temporal variability in zooplankton community structure and size spectra on the
;Zzizaiure Faroe shelf is investigated using observations from late April during the period 1997-2016. The main objective
Zooplangkton was to explore which environmental variables influence the zooplankton community structure in early spring.

The zooplankton community in the permanently well mixed central shelf inside the tidal front consists of a
mixture of neritic, cosmopolitan and oceanic species. In this region, redundancy analyses showed that chlor-
ophyll concentration had a positive effect on abundance of neritic copepods and meroplankton as well as all
zooplankton < 1.2 mm. The abundance variability of these species shows increased production around 2000
and 2008-2009. The highest zooplankton abundance, mainly consisting of Calanus finmarchicus, is however
observed off-shore from the tidal front, especially on the western side of the Faroe Plateau. A shift in C. fin-
marchicus phenology occurred around 2007, resulting in earlier reproduction of this species, and this variability
could not be explained by the employed regional environmental parameters. Our results indicate that the Faroe
shelf biological production is more dependent on the local primary production and neritic zooplankton species

than on the large oceanic C. finmarchicus stock.

1. Introduction

The Faroe shelf sustains several economically important fish stocks
including cod, haddock and saithe (ICES, 2016), which spawn during
spring (Steingrund et al., 2005). Earlier studies have revealed a close
relationship between primary production and fish recruitment and fish
growth (e.g. Eliasen et al., 2011; Gaard et al., 2002; Steingrund and
Gaard, 2005). Zooplankton is a critical trophic link between phyto-
plankton and fish prey species, commercial fish stocks and seabirds,
although details in such links are still poorly understood (Eliasen et al.,
2011). In this context it is important to better understand the variations
in zooplankton abundance and their associations with physical changes
in the marine environment. The Faroe Marine Research Institute's
monitoring programme on biological oceanography around the Faroe
Islands started in the 1990s with sampling stations covering the central
part of the shelf and to a lesser extent also the outer shelf waters. The
present study is based on material sampled during the last week of
April. This recurrent cruise has been placed at a critical time in spring
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(late pre-bloom and early bloom phase) enabling investigations on the
match-mismatch between the spring bloom development, subsequent
zooplankton reproduction and community development and occurrence
of first-feeding fish larvae.

In previous studies, the Faroe Plateau has been divided into ex-
clusive domains based on oceanography (e.g. Larsen et al., 2009, 2008)
and recently also on phytoplankton variability (Eliasen et al., 2017).
One main division is formed by the tidal front at the approximately
100-150 m bottom depth contour, which separates the permanently
well mixed central shelf (hereafter CS) from the surrounding seasonally
stratified outer shelf (Fig. 1) (Hansen et al., 2005; Larsen et al., 2009,
2008). Off the Faroe Plateau, the water in the upper layers (0-500 m) is
dominated by warm and saline pole ward flowing Atlantic water. In the
near-bottom layer, cold and less saline overflow water flows equator
wards from the depths of the Norwegian Sea through the Faroe-Shet-
land Channel and the Faroe Bank Channel into the North Atlantic Ocean
(Hansen and @sterhus, 2000). The temperature and salinity on the
Faroe Plateau is generally higher on the western side, and lower on the
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Fig. 1. Map of the North East Atlantic (left) and the Faroe shelf (right). The thick grey lines on the map of the Faroe Shelf shows the average position of the front and the area between the
grey dashed lines cover a depth interval equal to two standard deviations from the average front position (from Larsen et al., 2009). The well mixed area inside the shelf front is denoted
central shelf (CS). The black dots represent stations typically sampled on the standard cruise in late April. ‘O’ and ‘S’ denote fixed coastal stations on the shelf, while the area inside the
thick black line shows position of the outer western area (W) (see Section 2.3 for definition of areas). The grey lines represent 200, 500 and 1000 m bottom depth contours and 100, 150,

200 and 500 m bottom depth contours in the left and right panel, respectively.

eastern side. This is due to the influence of the relatively warm and
saline North Atlantic Current coming from the south-west. As this water
crosses the Iceland-Faroe Ridge in a clock-wise path around the Faroe
Plateau, it is cooled and freshened due to a combination of atmospheric
influence and admixture of colder and less saline water north of the
ridge (Larsen et al., 2012). Due to effective winter cooling in the
shallow waters and excess precipitation over land, the temperature and
salinity during spring in the CS are respectively ~1 °C and ~0.1 psu
lower than in the outer shelf waters (Larsen et al., 2009). The average
residence time of the CS water is estimated to be 1-2 months, but is
likely highly variable (Eliasen et al., 2016; Larsen et al., 2008;
Rasmussen et al., 2014). The separation of the CS from the outer shelf
supports separate planktonic species and interannual variation in phy-
toplankton abundances on the shelf have led to an exchange-hypoth-
esis, which suggests that variable cross-shelf exchange dilutes the
phytoplankton biomass inside the tidal front, and thus induces varia-
tions in the phytoplankton accumulation (Hansen et al., 2005; Eliasen
et al., 2005; Eliasen et al., 2016). This mechanism seems to explain
some of the variability in phytoplankton biomass prior to June (Eliasen
et al., 2016). The zooplankton community within the CS basically
consists of neritic species, although it is also influenced by variable
amounts of oceanic species (Gaard, 2003, 1999). Oceanographically, as
well as biologically, the waters in the CS and the outer shelf are
therefore quite different. The CS ecosystem is relatively spatially con-
fined making it well suited for ecological studies.

On the Faroe shelf the phytoplankton spring bloom usually occurs in
April-May, but it is highly variable, both in timing and in magnitude
(Debes et al., 2008b; Hansen et al., 2005). Inside the ~120 m bottom
depth contour, the zooplankton species composition in spring is a
mixture of neritic copepod species (mainly Temora longicornis and
Acartia sp.), meroplankton (e.g. cirripedia larvae, decapod larvae and
polychaete larvae), cosmopolitan zooplankton species (e.g. Pseudoca-
lanus sp., appendicularians and chaetognaths) and oceanic zooplankton
species, which are advected from the offshelf environment (Gaard,
1999). The biomass in the zooplankton community during spring and
early summer is usually dominated by the large, oceanic copepod Ca-
lanus finmarchicus (Debes et al., 2005; Gaard, 1999). The deep overflow
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transports large quantities of overwintering C. finmarchicus from the
deep Norwegian Sea (Gaard, 1999) through the Faroe Bank Channel
west of the Faroes (Heath and Jénasdottir, 1999). The northern Ir-
minger Sea and Iceland Basin are also centres of overwintering C. fin-
marchicus (Heath et al., 2000) from where individuals can be carried
toward the Faroes with the north eastward directed Atlantic inflow
branch (Hansen and @sterhus, 2000). Between late March and late April
the overwintered individuals migrate toward the surface (Gaard and
Hansen, 2000). Import of C. finmarchicus onto the Faroe shelf during
spring after the individuals have ascended to the upper layer requires
horizontal advection and thus, this transport will vary according to the
exchange rate. Investigations on the zooplankton abundance in the CS
have shown interannual variations, where the ecosystem shifts between
dominance of neritic zooplankton species some years (e.g. 1993-1995
and 2000) and horizontally advected oceanic species other years (e.g.
1996-1997) (Gaard, 2003, 1999).

In recent years recruitment to the Faroe cod and haddock stocks has
failed (ICES, 2016). This failure is partly a result of high fishing mor-
tality, but natural environmental variability also appears to be im-
portant (Steingrund and Gaard, 2005). The role of zooplankton in these
changes is stimulating this particular study as survival of first feeding
fish larvae during the early life phase is a well known bottleneck in fish
recruitment (Hjort, 1914). The larvae feed on zooplankton and phe-
nological synchronization between the larvae and zooplankton is a
prerequisite for larval survival (Cushing, 1990). The available studies of
the zooplankton community on the Faroe shelf in spring are one-two
decades old (Debes and Eliasen, 2006; Gaard, 2003, 1999). They
document large variations in the abundance and community structure
of the zooplankton, but the data on zooplankton only includes taxo-
nomic abundances, not sizes. With regards to feeding conditions of fish
larvae, taxonomic abundances are important, but equally or perhaps
more important is the size spectra of the zooplankton (Frank and
Leggett, 1986). Because the zooplankton assemblage in the CS is com-
posed of zooplankton from different geographical origins and with
different life strategies (Debes and Eliasen, 2006; Gaard, 1999), the
species may respond differently to changes in regional temperature and
food concentration, and their abundance may also change as a result of
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Table 1

Grouping of zooplankton taxa based on species traits along with their overall relative (%)
contribution to the group in numbers. Note: G, refers to the parental generation, while G;
refers to first generation individuals.

Group Taxa Contribution (%)

Copepod eggs
Copepod nauplii
C. finmarchicus CI-CIII

All species
All species
C. finmarchicus CI-CIII

(i.e. G; = recruits)
C. finmarchicus CIV-CVI C. finmarchicus CIV-
(i.e. Gy = overwintered CVI
individuals)
Other Appendicularia 10
Chaetognatha 1
Harpacticoida 45
Krill eggs 2
Krill nauplii 5
Oithona sp. 22
Pseudocalanus sp. 7
Pteropods 8
Neritic copepods Acartia sp. 67
Large T. longicornis 33
Meroplankton Cirripedia cyprids 4
Cirripedia nauplii 48
Decapod larvae 6

Fish eggs 1
Polychaete larvae

Unidentified eggs 36

mixing processes e.g. horizontal advection as well as the concentrations
of zooplankton in surrounding oceanic waters. The present study gives
the first presentation of a comprehensive spatio-temporal dataset of the
zooplankton community and size structure in the Faroe shelf area from
annual cruises in late April 1997-2016, and links the observed popu-
lation dynamics to relevant explanatory variables.

2. Materials and methods
2.1. Data collection

The data and sample sets were collected with R/V Magnus Heinason
on annual standard cruises during the last week of April on the Faroe
Plateau during the period 1997-2016 (except for 2002 when the cruise
was cancelled). Stations typically occupied on the cruise are shown in
Fig. 1, but the number of stations varies from year to year due to in-
clement weather some years. Sampling was carried out between 6:30
and 18:30 and thus should not be markedly affected by diel vertical
migration.

2.1.1. Hydrography

Temperature and salinity were measured with a Seabird Electronics
SBE911plus CTD (Conductivity, Temperature, Depth), equipped with a
rosette sampler. In situ fluorescence was measured with a fluorometer,
interfaced to the CTD. Fluorescence was calibrated from selected sam-
ples, which were analysed spectrophotometrically for chlorophyll a
(chl) (Parsons et al., 1984). Salinity samples (for calibration of the CTD)
were measured using an Autosal salinometer.

2.1.2. Zooplankton

Zooplankton samples were collected with a Bongo net (diameter
0.6 m) with a mesh size of 100 um. The net was lowered slowly down to
50 m depth and up again, while the ship was towing at a forward speed
of about 2.5 knots. Thus, the samples were collected in a V-shape in the
upper 50 m. No regards were taken of possible upper layer stratifica-
tion. The volume of the filtered water was measured with a Hydro-Bios
flowmeter mounted on the nets openings. The samples were preserved
in 4% formaldehyde.

In the laboratory, preserved zooplankton samples were purged of
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formaldehyde and sub sampled with a Motoda cylinder splitter.
Processing of the aliquots was done by automated analysis using the
Epson Perfection V700 Photo Scanner for image acquisition and the
Zoolmage software for analysing the images obtained. See Bachiller and
Fernandes (2011) and Grosjean and Denis (2007) for details on the
sample handling and image processing of the Zoolmage software. This
approach was chosen as it takes significantly less time than the tradi-
tional methodology (Bell and Hopcroft, 2008; Gislason and Silva,
2009).

Two training sets were built for the study area in order to identify
the zooplankton groups. The samples were sorted according to bottom
depths < 150 m (shallow) and =150 m (deep), respectively. The
150 m bottom depth contour is generally the outer boundary of the
shelf front (Larsen et al., 2009) which separates the oceanic ecosystem
from the shelf ecosystem (Gaard, 1999), and building two training sets
was necessary in order to maximise the recognition accuracy of zoo-
plankton in the oceanic ecosystem. A total of 18 classes (artefacts ex-
cluded) were found to properly represent the zooplankton community
in the shallow training set based on their occurrence and abundance. In
comparison, the training set representing the deep water samples only
included 11 classes as meroplanktonic species and neritic copepod
species were basically absent. The taxonomic classification was carried
out using the Random Forest algorithm (Breiman, 2001) as it scored the
highest in accuracy. The performance of the classifier was assessed by
calculating a 10-fold cross-validation matrix between the manual and
the automated classifications. The recognition accuracy was obtained to
94.8% and 91.1% for the deep and shallow classifier, respectively. Eggs
and large copepods had the lowest cross validation error estimation
(< 10%), while copepod nauplii and small to medium-sized copepods
had higher error estimation (10-20%). Small T. longicornis had very
high error estimation (43%) and they were therefore excluded from
further analyses regarding zooplankton taxa groups. The low recogni-
tion accuracy of small zooplankton is likely a result of the low resolu-
tion of the scanned images. Data for abundance of zooplankton taxa and
sizes (measured as equivalent circular diameter, ECD) were obtained
for each object identified in the digitised images. After the initial
classification zooplankton taxa were merged into species groups
(Table 1) based on ecological knowledge of the taxa (from Gaard, 1999)
supported by an Agglomerative Hierarchical Clustering (AHC) (Lance
and Williams, 1967) analysis performed on taxa abundances in all
samples (Fig. S1). Cosmopolitan holoplanktonic species (i.e. Oithona
sp., Pseudocalanus sp., Harpacticoida, Appendicularia and Pteropods)
and species with low abundances (i.e. Chaetognatha, Krill eggs and Krill
nauplii) were grouped as ‘Other”. Size estimates were furthermore
sorted into 0.4 mm size intervals and the abundance of each size group
for each sample was calculated.

2.2. Additional data

In addition, average temperature, salinity and chl from April 20th-
April 30th from coastal stations (Fig. 1) are presented together with the
cruise CTD data. Temperature was measured at coastal station O using
Aanderaa, Sensordata and recently Starmon temperature recorders,
while salinity samples were collected at station S and measured using
an Autosal salinometer (Larsen et al., 2008). At station S samples were
also collected for chl measurements, which were analysed spectro-
photometrically (Parsons et al., 1984).

Gridded near-surface satellite chl data from the GlobColour Project,
distributed by ACRI-ST (http://www.globcolour.info), were used as
phytoplankton indicator for the Faroe shelf area. Eight-days temporal
average, level 3, merged (SeaWIFS, MODIS, MERIS, VIIRS in varying
constellations), GSM-gridded (Maritorena et al., 2002) chl (CHL1) with
4-km grid resolution was downloaded for the period 1998-2016. Bloom
initiation was identified as the first day of the year when the chl con-
centration reached = 0.65 mg m™ >, Bloom initiation from coastal sta-
tion S was identified as the first day of the year when the chl
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concentration reached =1.05mgm™ 3, as the in-situ values are gen-
erally higher than the remote sensing values (Eliasen et al., 2017).

In the Faroe Plateau area temperature largely controls water density
(Larsen et al., 2009). Therefore, using atmospheric heat flux and tem-
perature difference between the CS and the outer shelf waters, the
average flux of energy through the tidal front in winter was estimated
and subsequently converted into an average horizontal exchange rate,
k, for the period 1992-2013 in Eliasen et al. (2016). This time series has
been updated according to the method described in Eliasen et al. (2016)
for 2014-2015. The estimated exchange rate, which can be interpreted
as a volume flux through the front, contains no spatial or seasonal
variation, but is an average representing the whole shelf during the
months January-April.

2.3. Data processing and analyses

In total, data from 897 CTD stations and 359 zooplankton stations
were analysed. However, the zooplankton observations are spatio-
temporally highly scattered (Fig. S2). The data from each of the annual
surveys were therefore first gridded onto a regular (0.25° lati-
tude X 0.5° longitude) grid using Objective mapping (Bohme and Send,
2005). Regions with sparse sampling, where the associated error map
exceeded a selected threshold, were trimmed off, and the resulting
spatial coverage is shown in Fig. S3. Gridded pixels with valid data
points in at least three years out of the time series (1997-2016) are
included in the temporal averages. In order to emphasise the spatial
zooplankton distribution, the annual maps have been normalised by the
spatial average over the survey domain. The data are presented as
averages over the observation period, while the individual surveys are
provided in the Supplementary Material (Fig. S2).

The sampling area was divided into two distinct oceanographic
zones following previous analyses (Eliasen et al., 2017; Larsen et al.,
2009) and the present spatial analysis of the zooplankton data (Fig. 5):

i. central shelf (CS): The position of the shelf front is not stationary
(Fig. 1). Thus, CS stations were here identified as stations inside the
130 m bottom depth contour where the temperature difference from
0 to 50 m was < 0.2 °C as this is presumed to be an indicator of the
characteristic well mixed CS water (Larsen et al., 2009).

ii. western area (W): An area on the outskirts of the western side of the
outer shelf was carefully constructed based on the oceanographic
and biological characteristics of the area and frequency of sampled
stations (see Fig. S2).

Bottom depth characteristics for the two areas are summarised in
Table 2.

For each station calibrated temperature and salinity values were
averaged over 0-50 m depth while chl was averaged over 6-50 m (as
the uppermost 5 m are usually affected by large signal-to-noise ratio),
so as to be comparable to the zooplankton results. CTD temperature
profiles from the two areas are shown in Fig. S4. The profiles verify the
homogeneity of the CS water, while profiles in the W area were more
heterogeneous showing occasional upper layer stratification. Sensitivity
analysis were performed on temperature and chl depth profiles. A
comparison between 0-20 m and 0-50 m averages in the two areas
showed very similar results (Fig. S5), and effects of possible upper layer
stratification were therefore ignored.

As the number and location of the sampling stations varied between

Table 2
Bottom depth (m) characteristics for the CS and W area, respectively.

Area Average depth Min. Max.
Cs 85 56 116
w 257 153 813
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years, the annual values (Figs. 3 and 4 and Figs. 6 and 7) are presented
as spatial averages over the two areas. Redundancy Analyses (RDAs)
were used to detect causality between environmental explanatory
variables and abundance of zooplankton groups. RDA is the direct ex-
tension of multiple regression to the modelling of multivariate response
data (Legendre and Legendre, 1998). RDAs were run on yearly
averages. Year was set as conditioning variable in order to remove any
effects that time may have had on the zooplankton abundances. Both
response and explanatory variables were centred and reduced before
the analysis. The statistical significance of correlations extracted from
the RDAs was estimated by Monte Carlo permutation tests (999 simu-
lations). Significance level was set at 0.05. Statistical analyses were
performed in XLstat and R.

3. Results
3.1. Validation of ZooImage

Zoolmage has been validated in a number of articles (e.g. Bell and
Hopcroft, 2008; Di Mauro et al., 2011; Gislason and Silva, 2009;
Irigoien et al., 2008; Lindgren et al., 2013; Vu et al., 2014), but the
ability of Zoolmage to correctly identify particles is directly related to
how well the training set represents and encompasses the zooplankton
present in the samples to be analysed (Culverhouse et al., 1994;
Embleton et al., 2003). Therefore, to access the performance of the
Zoolmage software, 22 randomly selected samples covering the whole
study area were also processed manually by traditional taxonomic
procedure and compared with that of Zoolmage (Fig. 2). Prior to the
analysis, abundances were log-transformed to satisfy tests for hetero-
scedasticity and normalcy. An inspection of the coefficients of de-
termination of the linear regression equations confirms the generally
good agreement between the two methodologies. However, in all
groups, except for C. finmarchicus copepodite stages CI-CIII, Zoolmage
had a tendency to overestimate the abundances (Fig. 2).This was
probably mainly due to the low image resolution and the large amount
of non-zooplankton particles (e.g. marine snow, litter, detritus, air
bubbles, phytoplankton) in the samples leading to misidentification
between non-zooplankton particles and actual zooplankton.

3.2. Hydrography

Upper layer (0-50 m) temperature and salinity variations for the
Faroe shelf area in late April are shown in Fig. 3. In the CS, tempera-
tures fluctuated between 6.1 °C and 7.9 °C. Average CTD values corre-
sponded well with measurements from the coastal stations (Fig. 3). In
the W area temperatures were higher, between 7.3°C and 9.1 °C
(Fig. 3a). The salinity variations resembled the temperature variations
with few exceptions (Fig. 3b).

3.3. Phytoplankton

In general, the phytoplankton biomass both in the CS and W area
during late April reflect a pre-bloom situation with low chl values
(average ~0.5 mg m~ ) (Fig. 4a). Chl was on average highest in the CS
with an inclination to the western side (Fig. 5h). Year 2000 stands out
as a year with very high chl in the CS (Fig. 4a). The chl concentrations
derived from the satellite were = 0.65 mg m~ > at the time of sampling
in year 2000 and (2008-2009) 2010 in the CS indicating that the onset
of the spring bloom had already occurred, whereas in the remaining
years the onset of the bloom had not occurred during the time of
sampling (Fig. 4b). In the W area bloom initiation was always post
sampling (Fig. 4b). The difference in average chl and bloom initiation
between the two areas was not statistically significant (p = 0.054 and
p = 0.056, respectively (two-samples t-test)).
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Fig. 2. Scatter plots of log-transformed abundance estimates based on manual classifi-
cations and automated ones using Zoolmage. Open circles indicate samples taken at
bottom depths < 150 m, while crosses indicate samples taken at bottom depths >

150 m. The continuous straight line represents best fits of the linear regressions, while
the dashed line is the 1:1 line. Proportion of variance explained () are given together
with their respective significance values (p-value).

3.4. Zooplankton horizontal distribution

The spatial segregation into CS and outer shelf/oceanic zooplankton
species is evident in the gridded climatological maps (Fig. 5a—g). Copepod
eggs showed two main abundance regions: one covering the W area,
shortly outside the shelf front i.e. the area with highest abundance of
overwintered C. finmarchicus and one in the northern CS area (Fig. 5a). It is
likely that the eggs in the W area mainly belong to C. finmarchicus while
the eggs in the CS belong to a mixture of various (most likely neritic)
species. The abundance of Copepod nauplii, C. finmarchicus and Other was
greatest in the W area (Fig. 5b—e), indicating that this may be the main
influx area of these assemblages in early spring. The groups Neritic co-
pepods and Meroplankton (i.e. larval stages of various benthic fauna) are
limited to the CS, in-shore of the tidal front (Fig. 5f-g).
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Temperature (°C)

Salinity
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Year

Fig. 3. Average (0-50 m) temperature (a) and salinity (b) from CTD stations in late April
1997-2016 in the CS and W area and contemporary values from coastal station O and S,
respectively. Vertical lines show spatial standard deviation. Standard deviation was not
computed for the time series from stations O and S.

3.5. Zooplankton interannual variability

Both in the CS and W area, the average abundances of zooplankton
fluctuated greatly between years (Fig. 6). However, the abundances in
the CS and W did not co-fluctuate. In the CS the highest values were
observed in 2000 and 2013 (Fig. 6a), whereas in the W area abundances
were greatest in 2007 and 2011 (Fig. 6b). The long-term average of the
total zooplankton abundance was ~2 times higher in the W area
(~10.000 individuals m ™~ 3) compared with the CS area (~5000 in-
dividuals m™ %) (Fig. 6). In both areas Copepod eggs and Copepod
nauplii were the groups with highest abundance on average (Fig. 6),
even though Zoolmage might have overestimated the abundance of
these two groups (Fig. 2a-b).

In the CS, approximately 40% of the C. finmarchicus individuals in
late April consisted of recruits (i.e. copepodite stages CI-CIII)
(Fig. 7a-b). The fraction of recruits varied between years, but no trend
is observed. In the W area, the fraction of recruits showed different and
larger fluctuations (Fig. 7c—d). During the beginning of the study period
(prior to 2007) overwintered Gq individuals in the W area were dom-
inating and young stages (G;) only represented ~20% of the popula-
tion. From 2007 and onwards the fraction of recruits fluctuated at a
higher level (Fig. 7d). The years 2013 and 2016 did, however, show
somewhat lower recruit fraction. The small amount of recruits present
in the W area in the early study period indicates that the onset of re-
production has started shortly before the sampling. However, the re-
duction in abundance of G individuals and simultaneous increase in
abundance of recruits in most years after 2007 indicates earlier onset of
reproduction in the W area (Fig. 7c—d).
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Fig. 4. (a) Average (6-50 m) chl from CTD stations in late April 1997-2016 in the CS and
W area and contemporary values from coastal station S. Vertical lines show spatial
standard deviation. Standard deviation was not computed for the time series from station
S. (b) Associated time-series of average day number of the bloom onset for each year
derived from satellite and from station S. The shading shows the approximate time of
sampling.

3.6. Size groups

In the CS, the smallest individuals in the zooplankton assemblage
were represented by Copepod eggs, while the largest individuals were
mostly constituted by C. finmarchicus CIV-CVI (Fig. 8a). Meroplankton
and Other varied significantly in size because of the diversity of species
in the zooplankton groupings (Fig. 8a). Copepod eggs, Copepod nauplii
and Meroplankton dominated in the size group < 0.4 mm re-
presenting ~80% of the zooplankton in that size group (Fig. 8b). Ap-
proximately 40% of the zooplankton in the size range 0.4-1.2 mm were
Meroplankton and Neritic copepods, while C. finmarchicus CIV-CVI re-
presented > 50% of the zooplankton abundance in the size groups >

1.2mm. C. finmarchicus CI-CIII were abundant in the size ranges
0.4-1.2 mm, but they occupied < 10% in these size groups. Zoo-
plankton grouped as Other were represented in all size groups and were
dominant in the size range 0.4-1.2 mm (Fig. 8b).

3.7. Environmental effects on zooplankton abundances

The potential influence of relevant environmental variables on
zooplankton abundances in the CS were examined using redundancy
analyses (Fig. 9). The first two axes of the RDA relating environmental
variables to abundances of zooplankton species groups accounted for
88% of variability, a significant relationship (p = 0.045) (Fig. 9a). The
RDA suggests a relationship between chl within the CS and abundance
of two zooplankton groups: Neritic copepods and Meroplankton, while
abundance of C. finmarchicus CIV-CVI appears to be related to tem-
perature. The first two axes of the RDA relating environmental variables
to abundances of zooplankton grouped by size accounted for 94% of
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Fig. 5. Average distributions (1997-2016) of zooplankton species groups and chl over the
uppermost 50 m. The data have been normalised (see Section 2.3) and are thus without
units. The white lines show the average position of the front and the position of the
western area, respectively. The grey lines represent 200, 500, 1000 and 1500 m bottom
depth contours.

variability (p = 0.028). Interestingly the zooplankton groups were or-
ganised in two separate clusters (ellipses on the RDA ordination for
clarity of presentation) (Fig. 9b). The cluster on the positive side of the
first axis contains all zooplankton < 1.2 mm, while the cluster on the
negative side of the first axis contains all zooplankton = 1.2 mm. Thus,
abundance of small zooplankton is clearly associated with chl within
the CS, while abundance of large zooplankton seems to be associated
with temperature.

Correlation analyses (data not shown) confirmed the significant
positive relationship between chl and abundance of Neritic copepods
(r =0.66, p < 0.01), Meroplankton (r = 0.92, p < 0.0001) and
abundance of zooplankton in the size group 0.4-0.8 mm (r = 0.81,
p < 0.0001). Correlation analysis also confirmed a weak positive
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Fig. 6. Average (0-50 m) abundance of zooplankton species groups in late April
1997-2016 in the (a) CS and (b) W area. The crosses signify years with no data.

relationship between temperature and abundance of zooplankton >
1.6 mm (r = 0.51, p = 0.032). In addition, correlation analysis in-
dicates a weak negative relationship between chl and the exchange rate
(k) (r = —0.50, p = 0.034).

Similar analyses were done for the W area, but none of the selected
environmental variables (i.e. temperature, salinity, chl and bloom in-
itiation day) tested significant. The results are provided in the
Supplementary Material (Fig. S7).

4. Discussion
4.1. Spatial differences in zooplankton abundances

The spatial distribution of the various plankton groups is divided in
two: - some cluster around the CS and some cluster at the W area and
the open ocean (Fig. 5). The spring bloom onset is on average earlier,
and the chl concentration in late April is thus higher, in the CS com-
pared with the W area (Fig. 4 and 5h). This is in agreement with pre-
vious findings (Eliasen et al., 2017; Gaard, 2000, 1996), and is most
likely because phytoplankton growth in the outer waters is dependent
on stratification, which usually has not set in or is only weak this early
in the season (Fig. S4).

The abundance of overwintered C. finmarchicus (CIV-CVI) was
clearly highest in the W area and in the adjacent open ocean (Figs. 5d
and 7). Most likely these individuals have recently ascended from
overwintering depths in the deep overflow water in the Faroe Bank
Channel (Gaard and Hansen, 2000), and potentially from the Iceland
Basin (Heath et al., 2000), and emerged in the upper layer in the
western shelf slope region. Similarly was the average abundance of
Copepod eggs and Copepod nauplii highest in the same region. These
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eggs and nauplii most likely belong to C. finmarchicus. In spite of the
fact that the fecundity of C. finmarchicus is largely dependent on food
availability, there is also reported a significant egg production prior to
the spring bloom, locally (Debes et al., 2008a; Gaard, 2000; Madsen
et al., 2008) as well as in other North Atlantic regions (e.g. Jonasdoéttir
et al., 2008; Niehoff and Runge, 2003). Richardson et al. (1999) and
Harris et al. (2000) hypothesised that internal lipid stores may partly
fuel egg production of C. finmarchicus females, during and shortly after
emerging from overwintering depths in early spring. This hypothesis is
supported further by studies done in the Faroe shelf area during early
spring that found relatively large amounts of wax ester lipid stores in
ascendant C. finmarchicus (Jonasdoéttir et al., 2008; Madsen et al.,
2008).

In contrast to C. finmarchicus, Neritic copepods (Acartia sp. and T.
longicornis) and also Meroplankton (larvae of benthic fauna) occurred
almost exclusively in the CS, and belong to local populations. However,
unlike C. finmarchicus, the neritic copepods do not have internal lipid
stores (Kattner et al., 1981), and thus reproduction is largely dependent
on concurrent food availability (Debes and Eliasen, 2006; Gaard, 1999).

By applying Objective Mapping we clearly illustrate how all the
following groups: C. finmarchicus, Copepod eggs, Copepod nauplii and
Other densely populate the oceanic waters west of the Faroe Plateau,
and how these groups apparently are advected into the W area where
they likely are being obstructed by the tidal front. This thus indicates
that most of the oceanic species observed in the CS are advected from
the W area (Fig. 5a-e), likely in localised inflow filaments (Hattin et al.,
2013).

4.2. Plankton interannual variability

The interannual variability in zooplankton abundance is large in
both areas (Fig. 6). Also, the chl concentrations and timing of spring
bloom initiation in the CS are highly variable (Fig. 4). The horizontal
exchange between the CS and outer shelf is suggested to affect the
timing of the spring bloom in the CS (Eliasen et al., 2016, 2005; Hansen
et al., 2005). This is supported by the RDAs, as the exchange rate vector
points in the opposite direction of chl (Fig. 9) thereby indicating a
negative relationship, which was confirmed by correlation analysis
(r = —0.50).

The correlation coefficient between chl and zooplankton abundance
differs much depending on the zooplankton group considered. In the
CS, the Neritic copepod abundance co-varied with the concurrent CS chl
concentration (r = 0.66), indicating a tight coupling between chl and
Neritic copepod abundance with high values around year 2000 and
2008-2009 (Fig. 10). As Acartia sp. on average occupies 2/3 and T.
longicornis 1/3 of the abundance in the Neritic copepod group (Table 1),
this relationship might be more valid for the former species. However,
overall these findings are in agreement with previous findings where
abundances of the main neritic copepod species i.e. Acartia sp. and T.
longicornis during spring appear to be positively linked to chl con-
centration (Gaard, 1999; Debes and Eliasen, 2006) even though the two
species respond somewhat differently to changes in chl (Debes and
Eliasen, 2006).

Also, abundance of Meroplankton was positively related with chl
(Fig. 9a), indicating that survival of meroplanktonic larvae is largely
influenced by the phytoplankton biomass, as well. Spawning itself is,
however, most likely unaffected by phytoplankton dynamics.

Interestingly, the RDA on abundance of zooplankton grouped by
sizes clearly implies that abundance of small zooplankton is largely
dependent on chl (Fig. 9b). These individuals obviously include Neritic
copepods and Meroplankton (Fig. 8). Connecting this finding to feeding
conditions of fish larvae, which depend on small-sized food items in
early spring, we therefore have reason to assume that variability in
phytoplankton biomass in spring mainly seems to stimulate abundance
of Neritic copepods and meroplanktonic larvae. On the other hand,
abundance of C. finmarchicus in spring appears to be inferred by
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advection of Gy individuals. However, once in the CS reproduction of C.
finmarchicus is associated with the local chl concentration (Debes et al.,
2008a; Gaard, 2000), and thus abundance of new generations is likely
associated with a combination of advection from outer shelf waters and
local reproduction of the species. This merits further research.

The Faroe shelf is devoid of C. finmarchicus during winter (Debes
and Eliasen, 2006; Gaard, 1999), and is therefore repopulated during
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spring from the overwintering populations. The interannual variability
in C. finmarchicus abundance in early spring is therefore expected to be
related to the variable oceanic abundance (Hattn et al., 2016) com-
bined with variable advection. However, the RDA did not detect a re-
lationship between the exchange rate (k) and abundance of C. fin-
marchicus in the CS (Fig. 9a). Comparing with nearby regions, the total
dry weight of zooplankton to the south Iceland shelf in May, which
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Fig. 8. (a) Box plot of zooplankton groups in the CS in late April 1997-2016 sorted by size. The line in the middle of the boxes represents the median, and the left and right ends of the box
are the 25% and 75% quartiles respectively. The left and right whiskers are constructed according to R's default box plot code (R Core Team, 2014). Outliers are not shown. An equivalent
box plot with outliers is provided in the Supplementary Material (Fig. S6). (b) Relative abundance of zooplankton species groups in each zooplankton size group in the CS. Note that G is

C. finmarchicus CIV-CVI and G; is C. finmarchicus CI-CIIL
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Fig. 10. Average (0-50 m) abundance of Neritic copepods and chl concentration in the CS
in late April 1997-2016.

mainly is represented by C. finmarchicus, exhibits strong interannual
variability in synchrony with the variability within the CS ecosystem
(e.g. high around 2000 and 2008-2009) (Hattn et al., 2016). Further-
more, these co-vary with the abundance of C. finmarchicus within the
subpolar gyre (Hattin et al., 2016) and the southern Norwegian Sea gyre
(Kristiansen et al., 2016; Hattn et al., 2015). Our observations of C.
finmarchicus variability on the Faroe Plateau in late April (Fig. 7) is,
however, different from the interannual C. finmarchicus abundance
variability within the gyres. A more detailed investigation of the actual
influxes of oceanic water and biological content to the Faroe Plateau is
therefore warranted.

The relationships discussed above are valid for spring zooplankton
abundances only. Potential niche effects such as grazing by zooplankton
on phytoplankton (Debes et al., 2005; Debes et al., 2008b; Eliasen et al.,
2005) or selective predation on the zooplankton (Gaard and Reinert,
2002; Gaard and Steingrund, 2001) and competition for resources in
general are likely more pronounced as the season advances.

4.3. Calanus finmarchicus phenology changes

The biological mechanisms controlling phenologic variability of
zooplankton include reproductive timing of the parent generation and
emergence from dormancy (Ji et al., 2010). The stage structure of C.
finmarchicus in the outer W area changed during the study period
(Fig. 7d) indicating variable times of moulting and spawning of this
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copepod. The spawning seems to have started earlier since around
2007, however in 2013 and 2016 it seems again to have started
somewhat late. Changes in phenology seem to be strongly related to
water masses and temperature (Ji et al., 2010; Mackas and Beaugrand,
2010). Clark et al. (2012) suggested that duration of dormancy is de-
termined by the rate of storage lipid utilisation, which is temperature
dependent and regulated by storage lipid composition (Pierson et al.,
2013). There was a sharp increase in temperature both in the CS and W
area in 2003 (Fig. 3a). However, the phenological shift in C. fin-
marchicus reproduction in the W area occurred four years later than the
shift in temperature (Fig. 3a), and multivariate statistics could not de-
tect a relationship between temperature or any of the other selected
environmental variables (i.e. chl, bloom initiation day and/or salinity)
and the observed changes in C. finmarchicus stage abundance (Fig. S7).
In addition, according to the temperature-dependent development rates
given by Miller and Tande (1993) and Campbell et al. (2001), a tem-
perature increase of 1 °C would only shorten the development time
from egg to CIII by ~4 days, which is not sufficient to explain the
phenological change observed in the Faroe shelf area. Thus, the phe-
nological shift can probably not be caused by faster developmental rates
due to temperature increase alone. According to Hansen et al. (2016)
the temperature in the cold deep overflow water in the Faroe Bank
Channel has increased by 0.1 °C and the majority of this increase oc-
curred in 2004-2005, which is only 1-2years before the increased
proportion of G; copepodites (CI-CIII) in late April. This water contains
overwintered C. finmarchicus and it may therefore be questioned whe-
ther the increase in overwintering temperature of C. finmarchicus may
have shortened the time length of diapause or earlier moulting and
gonad maturation. Recently, a similar phenological shift of C. fin-
marchicus has been reported north of the Faroe Islands in the south-
western Norwegian Sea (Kristiansen et al., 2016), and this shift was
proposed to be caused by a westward retraction of cold and low-saline
East Icelandic Water.

Changes in food supply may also alter the reproductive activity of
zooplankton. At the temperatures that are common in the Atlantic
waters in April (~8 °C) the C. finmarchicus CI-CIII copepodites, which
occurred in the Faroe shelf area, were spawned 3-5 weeks prior to
sampling (Campbell et al., 2001; Miller and Tande, 1993), i.e. second
half of March. At this time of year the chl concentrations usually are
below 0.3-0.4 mg m~ > and phytoplankton may therefore not be the
primary contributor to production of these individuals. However,
Backhaus et al. (1999) found that west of the Faroe Plateau, deep
winter convection sustains an overwintering diatom spore population,
which provides an inoculum for a spring bloom, and very small
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increases in phytoplankton biomass were found already during the pre-
bloom period (i.e. in March). Strong inter-annual variability in winter
convection depth could therefore impact the C. finmarchicus phenology
(Hatan et al.,, 2016) through variable deep food production and/or
through an interaction between the variable vertical convective motion
and the re-surfacing of these copepods (Backhaus et al., 2003).

With regard to the Faroe shelf area, it is conspicuous that the phe-
nology shift was not observed in the CS (Fig. 7). Three main reasons for
the discrepancy are suggested: 1) slower development of the population
in the colder CS water, 2) the variable advection and 3) the shift is
masked by the relatively high phytoplankton variability in the CS. Yet,
it is likely that the shift in the W area affects the abundance and stage
composition of C. finmarchicus in the CS in spring as well.

Interestingly, the Atlantic mackerel (Scomber scombrus) stock, which
mainly preys on C. finmarchicus (Prokopchuk and Sentyabov, 2006),
expanded and increased markedly in and north of the Faroe area
around the same time of the C. finmarchicus phenological change
(Nottestad et al., 2016).

5. Conclusions

We here show that variability in the abundance of Neritic copepods
and Meroplankton, and in all zooplankton types smaller than 1.2 mm
within the central Faroe shelf in spring, is considerably dependent on
the local chlorophyll concentration. The interannual variability of these
plankton types shows increased abundance around 2000 and
2008-2009. The abundance of overwintered Calanus finmarchicus,
Copepod eggs, Copepod nauplii and other is highest to the west of the
shelf, and these groups are therefore likely transported to the central
shelf area from the western oceanic waters. The abundance of these
groups in the central shelf area must thus depend on both the ocean-
shelf exchange rate and on the oceanic plankton concentrations. We
reveal changes in C. finmarchicus phenology in the outer western shelf
area, resulting in earlier onset of reproduction in late winter/early
spring after 2006 with few exceptions (i.e. in 2013 and 2016). The
variability in C. finmarchicus abundance cannot be explained by the
herein tested environmental explanatory variables, and the stock does
not reflect the characteristic ecosystem variability observed on the
Faroe shelf. Whether the C. finmarchicus change is related to an ob-
served temperature increase in overwintering water masses, convective
activity, changes in food supply or other processes needs to be in-
vestigated further.
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