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INTRODUCTION

Seasonal variability and location differences in the
abundance of high-latitude coastal marine zoo -
plankton can span several orders of magnitude (e.g.
Østvedt 1955, Eiane et al. 2002, Daase et al. 2007).
Such fluctuations likely reflect effects of variability
in the environment on the gain and loss processes
 acting in populations (Hirche et al. 2001, Hays et al.
2005, Willis et al. 2008, Skreslet et al. 2015). The
mechanisms linking environmental variability with
variability in zooplankton populations are only partly
understood (Arashkevich et al. 2002, Astthorsson &
Gislason 2003, Walkusz et al. 2009). This is unfortu-
nate as marine zooplankton provides important
trophic linking between the microalgae community
and higher trophic level animals, thereby propagat-
ing new biological production (Banse 1995, Falk-

Petersen et al. 2000), but likely also environmental
variability, to higher trophic levels (Richardson &
Schoeman 2004, Buttay et al. 2016, Suchy et al. 2016).

On the larger spatial scales (>103 km), characteris-
tic of oceanic ecosystems, variability in zooplankton
abundance appear largely driven by climate variabil-
ity (Fromentin & Planque 1996, Chiba & Saino 2003,
Beaugrand 2012). On mesoscale (<102 km), which is
more characteristic of many coastal ecosystems (Vilar
et al. 2003, Vogedes et al. 2014), the picture is less
clear. This is because mesoscale heterogeneity in
food supply (Young et al. 2009, Suchy et al. 2016) or
predation pressure (Bagøien et al. 2001, Eiane et al.
2002, Ohman & Hsieh 2008) generate variability in
zooplankton abundance, but zooplankton distribution
also depends on advection and bathymetry (Trem-
blay & Roff 1983, Daase & Eiane 2007, Walkusz et al.
2009). In coastal waters, mesoscale spatial hetero-
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geneity in the zooplankton often reflects topographic
steering of on-shelf and coastal current systems
(Daase & Eiane 2007, Munk et al. 2015, Skreslet et al.
2015). Thus, zooplankton aggregations can occur in
association with the complex hydrography typically
forming over shelf breaks (Barange 1994) and in
canyons (Macquart-Moulin & Patriti 1996), for exam-
ple as a combined effect of local upwelling and verti-
cal behaviour (Genin 2004). This suggests that spe-
cies-specific differences in habitat choice (Conover &
Huntley 1991, Bagøien et al. 2001) or diel and sea-
sonal vertical behaviour strategies (Bandara et al.
2018 and references therein) in concert with local
hydrographical variability may lead to differences
between zooplankton species in their tendency to
passively form aggregations.

Here we address the hypothesis that topographi-
cally driven hydrographical differences on the shelf
contribute to maintaining ecologically relevant meso -
scale structures (Genin 2004) by providing new infor-
mation on the seasonal variation in zooplankton on
the northern Norwegian shelf (see Fig. 1). This shelf
sustains high planktonic primary and secondary pro-
duction in spring and summer (Dalpadado 2006) and
is a major spawning and larval drift area for the mi-
grating Northeast Arctic cod stock (Ottersen et al.
2014). Although frequently studied during the spawn-
ing period in spring (e.g. Sundby 2000, Brander et al.
2001), there is little available information on the bio-
physical variability in this area at other times of the
year (Dalpadado 2006, Zhou et al. 2009). We study
 relevant variability by quantifying hydrography and
zooplankton abundance at several locations on the
shelf and at different times of year. By testing for re -
lationships between the seasonal zooplankton vari-
ability both with environmental variability occurring
over a year and between different locations with vary-
ing depth and surrounding bottom topography, we
identify to which extent variability in selected taxa or
groups of zooplankton varied primarily with the en -
vironmental changes occurring over a year or were
more location specific.

MATERIALS AND METHODS

Study area

We focused our study on the continental shelf
north of the Lofoten Islands, northern Norway (69° N;
14.5° E). Here the shelf is relatively narrow (ca.
25 km) and characterized by a complex topography
with several sub-surface canyons (Fig. 1). The circu-

lation system on this part of the shelf is dominated by
2 major northward-flowing currents, the North At -
lan tic Current (NAC) and the Norwegian Coastal
Current (NCC; Sætre 1999, Mitchelson-Jacob &
Sundby 2001). The NCC is a relatively low-salinity
current on the Norwegian shelf that enters the study
area from the south (Fig. 1). The more saline NAC
flows over the continental shelf slope, offshore of the
NCC (Gascard et al. 2004) and, through interaction
with the NCC, is believed to produce significant
fluxes of oceanic water masses and associated biota
onto the shelf in spring and summer (Slagstad &
Tande 2007, Samuelsen et al. 2009, Opdal & Vikebø
2016). The spatial and temporal variability in hydrog-
raphy and plankton in this area, therefore, may
partly reflect advection from both southern and off-
shore sources.

Field collections

We conducted field collections of hydrography and
plankton at 5 stations (Stns 1 to 5, Fig. 1), on 8 occa-
sions from September 2013 to August 2014 during
cruises with available local fishing vessels. Due to
weather conditions and time constraints, not all sta-
tions could be sampled on all dates (Table 1). At each
station, we profiled the water column hydro graphy
by a CTD fitted with a Turner design fluoro meter
(model SD204, SAIV Environmental Sensors & Sys-
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Fig. 1. Location of the field stations (Stns 1−5), as well as a
schematic representation of the dominant circulation system
based on modelled velocity fields from March to August
2014. More or less permanent features i.e. the North Atlantic
current (NAC) and the Norwegian Coastal Current (NCC)
are indicated by solid lines. More sporadic patterns are indi-

cated by dashed lines
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tems). Zooplankton was collected by vertical hauls
with a WP-2 plankton net (area = 0.25 m2, mesh size
= 180 µm, towing speed ca. 0.5 m s−1) from close to
bottom to the surface. At the near-shore and bank
sampling locations (Stns 1 and 2), the bottom depths
were ca. 30 and 75 m, respectively, and these stations
were sampled by one depth-integrating net haul.
Stns 3−5 were deeper and therefore net sampling
was conducted in several depth bins in these stations
(Table 1) by the use of a messenger-operated closing
device fitted to the net (Hydro-Bios). Zooplankton
samples were fixed in a borax-buffered 4% formal-
dehyde-in-seawater solution and brought to the lab
for counting. Samples were split 2 to 7 times with a
Motoda type box splitter (Motoda 1985) de pending
on zooplankton concentration, and all or ganisms in
one fraction were assigned to taxa or group and
counted (average individuals counted per sample =
384). Nauplii were not assigned to taxa but lumped
into one category. Abundance (ind. m−2) was esti-
mated assuming 100% filtering efficiency of the net.
During periods of high biomass of algae or other
organisms (e.g. gelatinous organisms), plankton nets
may clog and decrease in efficiency, thus our data
may reflect a lower estimate during such periods. In
the present study, we have focussed on the holo-
planktonic fraction of the zooplankton. A detailed
account of the meroplankton fraction of the zoo-
plankton community collected during this field in -
vestigation is provided by Silberberger et al. (2016).

Modelling of current system

To be able to better relate observations of zoo-
plankton community to the prevailing circulation sys-
tem in the study area, we simulated velocity fields in

March and August 2014 using the ocean modelling
system NorKyst-800 (Albretsen et al. 2011). NorKyst-
800 is based on the public domain Regional Ocean
Modeling System (ROMS), which is a 3D free-surface,
hydrostatic, primitive equation ocean model using ter-
rain-following s-coordinates in the vertical dimension
(Shchepetkin & McWilliams 2005, Haidvogel et al.
2008). We relied on a model setup based on a 50 m
resolution bathymetry provided by the Norwegian
Mapping Authority Hydrographic Service. Lateral
boundary conditions were taken from the Norwegian
Meteorological Institute’s (MET) Nordic4km model
while the atmospheric forcing was based on MET’s
weatherforecastmodelHIRLAM 10km(http:// thredds.
met.  no/ thredds/ fou-hi/  nordic 4km. html). Tidal forces
were modelled based on a global inverse barotropic
model of ocean tides (TPXO7.2, http:// volkov. oce.
orst.edu/tides/ TPXO7.2. html) and fresh water runoff
was implemented as modelled by the Norwegian Wa-
ter Resources and Energy Directorate (www.nve. no).
The Norkyst-800 model has been used with success
in other recent studies showing relatively good
agreement with field data (e.g. Myksvoll et al. 2014,
Skarðhamar et al. 2015). The model domain covered
the whole Norwegian Sea from 55.8° to 73.8° N and
−0.5° to 34.8° E, with 820 × 2420 horizontal grid cells,
each 800 × 800 m in size.

Data analysis

Differences in zooplankton abundance between the
5 sampling stations were quantified as averaged
abundances (ind. m−2) for each zooplankton group per
station. As an initial test of how zooplankton abun-
dance varied with bathymetry and season, we lumped
log-transformed abundance data for all taxa or groups
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Sampling date Vessel Stn 1 Stn 2 Stn 3 Stn 4 Stn 5
Near-shore Bank Shelf slope Outer trough Inner trough

0−33 m 0−75 m 0−50, 50−175, 175−330 m 0−50, 50−200 m 0−50, 50−270 m

10 Sep 2013 F/V ‘Brutus’ x x x
23 Oct 2013 F/V ‘Kloegga’ x x x x
22 Jan 2014 F/V ‘Kloegga’ x x x x x
1 Apr 2014 F/V ‘Mea’ x x x x
1 May 2014 F/V ‘Skårungen’ x x x x
20 May 2014 F/V ‘Mea’ x x xa x x
22 Jul 2014 F/V ‘Mea’ x x x x x
27 Aug 2014 F/V ‘Mea’ x x x x x
a0−50, 50−330 m. Sampling depths differ from those of other dates due to malfunctioning equipment

Table 1. Overview of sampling dates, stations (Stns 1−5) and depth intervals sampled in the present study (see Fig. 1 for 
geographic location of stations)
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into 2 levels of 1 factor related to bottom depth (‘shal-
low’ comprising Stns 1 and 2, and ‘deep’ comprising
Stns 3 to 5), and 3 levels of 1 factor reflecting seasonal-
ity in water column temperature and fluorescence
(autumn: September and October, 2013; winter: Janu-
ary and April, 2014; summer: May through August,
2014). We modelled abundance effects of either factor
in all taxa or groups by starting with 2-way ANOVA
models and selected minimal adequate models of the
aggregated relationships by including only significant
(p < 0.05) factors. We in spected residuals by standard
diagnostic plots and tested for normality by the
Shapiro-Wilk test. The F-test in ANOVA is relatively
robust to deviations from normality (e.g. Tiku 1971),
thus we accepted minor deviations from normality
(but never p < 0.01) as long as residuals were other-
wise reasonably well-be haved. However, we note
that as the number of samples here are quite low, re-
sults should be interpreted with care.

To further elaborate on the specific mechanisms
underlying the aggregated relationships, we tested
for differences between all stations using the Kruskal-
Wallis rank test, as station-specific abundance data
were generally not normally distributed. To account
for the variability in the different zooplankton groups
between sampling dates, we averaged abundances
(ind. m−2) across stations for each sampling date.
Abundance data were log (x +1) transformed to
homogenize variability and taking zero-values into
account, and averages were plotted against time and
visually inspected for seasonal maxima and minima.
To test for relationships between environmental vari-
ability and zooplankton abundance, we correlated
time and location-specific abundance estimates (ind.
m−2) of each zooplankton group or taxa against tem-
perature (°C), salinity, and fluorescence (a proxy for
algal biomass) in 0−50 m (0−30 m in Stn 1), day-of-
year number of sampling (a proxy for seasonality),
and bottom depth. As data were generally not nor-
mally distributed, we used the non-parametric Ken -
dall’s rank correlation (τ).

We quantified temporal variability in vertical habi-
tat use from the depth-stratified abundance esti-
mates obtained from the 3 deep stations (Stns 3−5) by
applying the vertical distribution index (V), defined
by Bandara et al. (2016) as

(1)

where N0−50 and N>50 are the average abundance in
the surface layer (0−50 m) and below 50 m, respec-
tively. V takes values from −1, when all organisms
are present below 50 m, to 1, when all organisms are

present in 0−50 m. Due to variable abundances and
many dates with low or no counts in several groups,
we limited this analysis to the 9 most abundant zoo-
plankton taxa or groups.

RESULTS

Hydrography

Near-shore (Stn 1), the relatively shallow water col-
umn remained mixed with salinity <34.5 and temper-
ature <10°C throughout most of the study period
(Fig. 2A). In summer 2014, a relatively weak stratifica-
tion established, and fluorescence levels increased
near-surface. On the bank (Stn 2), a thermohaline ver-
tical structure was retained throughout most of the
year but was weakened in late winter and early spring
(Fig. 2B). In autumn 2013 and summer 2014, surface
waters reached >10°C, and salinity >34.5. Fluores-
cence values were low in winter and peaked in surface
waters in late spring 2014. On the shelf slope (Stn 3),
relatively high salinity (>35.0) and temperatures
around 8°C dominated below 100 m throughout most
of the study period (Fig. 2C). In the trough stations
(Stns 4 and 5), deep-water salinity was somewhat
lower than on the slope. Both trough stations were
characterized by episodic drops in water-column
salinity (in July in Stn 4 and in late May in Stn 5;
Fig. 2D,E). Temperatures below ca. 100m were higher
in autumn 2013, but lower in the trough than on the
shelf slope during the remainder of the study period.
Near-surface temperature and salinity in all the
deeper stations (Stns 3−5) resembled that on the bank
(Stn 2), with more or less simultaneous surface fluo-
rescence peaks occurring in spring and summer 2014.

Modelled velocity fields indicated that currents
were generally stronger in spring (March) than in
summer (August, Fig. 3). The location of the NAC
along the continental slope was similar during the 2
seasons, but more on-shelf inflow occurred in March,
especially downstream of the sampling area (Fig. 3A).
The direction and strength of the main currents
remained relatively stable in spring but varied more
in summer, with relatively frequent changes in cur-
rent direction both onto and off the shelf that tended
to slow down the northward transport (Fig. 3B).

Abundance of dominant zooplankton

A total of 17 taxa or groups of zooplankton oc -
curred regularly in the samples (Fig. 4). In addition, a
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relatively small number (<1% of total
abundance) of specimens consisted of a
diverse assemblage of mostly unidentified
organisms. As the taxonomic affinity in
this group varied, we have only distin-
guished be tween the copepod (‘other
copepods’) and the non-copepod fractions
(‘other’) when reporting abundances.

The 5 most abundant zooplankton
groups accounted for >90% of total
numerical abundance (Table 2). These
groups were (average abundance, ind.
m−2) Calanus finmarchicus (103 108), Oi -
tho na similis (23 235), Limacina heli cina
(10 905), Microca lanus sp. (7458), and
nauplii (5429). In addition, Oikopleura
dioica, Me tridia longa, L. retroversa, and
Pseu docalanus sp. were relatively abun-
dant (average abundance >1000 ind. m−2,
Fig. 4). In combination, these 9 groups
accounted for 98.7% of the total counts
during this investigation.

Abundance estimates of the identified
groups or taxa varied relatively little
between individual stations, but some dif-
ferences were noticeable. Overall, the
abundance differed between stations in
M. longa, Microcalanus sp., Triconia bore-
alis, and chaetognaths (Kruskal-Wallis
rank tests, df = 4 ; Table 3). In these cases,
the averaged abundance was lower near
the coast (Stn 1), and, for T. borealis and
chaetognaths (mainly Sagitta elegans and
Eukrohnia hamata), on the bank (Stn 2),
as well.
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Fig. 2. Interpolated salinity, temperature, and fluorescence levels at (A−E)
the 5 sampling stations during the study period (September 2013−August
2014). Note that the number of sampling dates, indicated by v on top of 

salinity panels for each station, varied between stations

Fig. 3. Average circulation conditions based on modelled velocity field for (A) March and (B) August 2014. The arrows show 
the monthly mean direction of the current, and the color bar  indicates the monthly mean velocity
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Although not statistically significant, we also note
that abundances were also relatively low in Temora
longicornis in the near-shore station (Stn 1) and in
the inner trough (Stn 5), and that abundance of L.
helicina, Fritillaria borealis, and the ichtyoplankton
were low on the shelf slope (Stn 3). The abundance of
Acartia longiremis was lowest in the outer trough
(Stn 4). Similarly, the average concentrations of nau-
plii were relatively high on the bank (Stn 2) and in
the trough station (Stn 4), while chaetognaths were
relatively more abundant on the shelf slope and in
the trough.

Temporal variability in the abundance of the
dominant zooplankton

C. finmarchicus and the unidentified nauplii
peaked in abundance in early May 2014 (Fig. 4). Both

Limacina species and O. dioica were abundant in
September 2013 and in July and August 2014
(May−August for O. dioica), but were only encoun-
tered in low densities at other times. Abundance esti-
mates for Pseudocalanus sp., T. longicornis, and the
unidentified copepods decreased from the first sam-
pling in September 2013. Ichtyo plankton and F. bore-
alis were abundant in spring (April and May), but
otherwise contributed little to the total net caught
zooplankton. The abundances of Microcalanus sp.,
M. longa, O. similis, and total zooplankton, varied
relatively little be tween sampling dates (Fig. 4).

Vertical distribution in the deep stations

At the 3 deepest stations (Stns 3−5), >50% of cope-
podites of C. finmarchicus remained in the upper 50
m in September 2013 and from April−July in 2014
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Fig. 4. Temporal variability in log(x+1)-transformed abundance of the most common taxa and groups in the study area on 8
sampling dates from September 2013 to August 2014 (see Tables 1 & 2 for details). On each of the 8 sampling dates, abundance 

was averaged over all stations sampled. Bars denote ±1 SD
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(Fig. 5). Microcalanus sp., O. dioica,
and M. longa were mainly distributed
below 50 m through out the study
period, while Pseudocalanus sp.
remained dispersed throughout the
water column, and O. similis abun-
dance was highest in the upper 50 m.
For both Limacina spp., the data cov-
erage was poorer (i.e. abundances
were very low in winter and early
spring; Fig. 4). The available data
indicates that the bulk of both popula-
tions were present in the upper 50 m
in early autumn 2013, descended into
deeper waters in late autumn, and
were found closer to surface again
from late spring 2014 (Fig. 5 C,H). The
nauplii were also largely located close
to surface in autumn and summer but
deeper in winter and spring (Fig. 5E).

Environmental variability and
zooplankton abundance

Models of aggregated abundances
indi cated that 4 taxa were related to
the season factor and 3 taxa varied
with the depth factor (Table 3). C. fin -
mar chicus and total zooplankton
abundance varied significantly with
both factors. Significant interaction
effects between the 2 factors did not
occur in any of the taxa or groups.
Note that for M. longa and both
Limacina spp. residuals deviated
more from normality (Shapiro-Wilk
test: 0.05 > p > 0.01) than in the other
taxa or groups (p > 0.05). For 7 of the
identified zooplankton groups, abun-
dance correlated with temperature
(Table 2). For 5 of these (T. longicor-
nis, O. similis, both Li ma cina spp. and
F. borealis), the association was posi-
tive, while fish eggs and cod larvae
correlated inversely with tempera-
ture. T. borealis correlated with salin-
ity, while C. finmarchicus, O. similis,
and O. dioica correlated positively
with fluorescence. Abundance of T.
longicornis, O. similis, both Limacina
spp., O. dioica, and fish eggs corre-
lated with the day of year of sampling.
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Note, however, that temperature and day-of-year of
sampling were correlated (Ken dall’s τ = 0.76, p <
0.001, df = 33). Abundances of Microcalanus sp., M.
longa, T. borealis, and cha etognaths correlated posi-
tively with bottom depth (Table 2).

DISCUSSION

Our results suggest that variability in shelf zoo-
plankton abundance off the Lofoten islands tends to
reflect either time of sampling or location. Overall,
the effects of aggregated depth and season factors
(Table 3) were fewer, but appeared similar to that
indicated by correlations of non-aggregated data
(Table 2). This was mainly due to a number of effects
in taxa or groups for which deviations from normality
in residuals were very high (mainly caused by many
zero counts), and thus was not reported in Table 3.
However, the aggregated analysis points to possible
effects of both topography and seasonality in both
Calanus finmarchicus and in total zooplankton; this
effect was not indicated in the analysis based on non-
aggregated data, where there was a relationship
with fluorescence, only (Table 2).

In half of the zooplankton taxa or groups investi-
gated, abundance correlated with day-of-year and
seasonal environmental variability (water tempera-
ture or fluorescence), but did not vary systematically
between locations (Table 2). These taxa or groups
included several consumers on low trophic levels
such as copepods, pteropods, and larvaceans. The
relationships were always stronger (i.e. higher τ)
with either temperature or fluorescence, both sea-

82

–1

0

1
A C. finmarchicus B Microcalanus sp. C Pseudocalanus sp.

–1

0

1
D M. longa E O. similis F   Nauplii

Sampling date

–1

0

1
G L. helicina H L. retroversa

V

I O. dioica

1.9.13    1.1.14 3.5.14

                    Fig. 5. Variability in the vertical distribution index (V) of (A−I) the 9 most abundant zooplankton taxa or groups (see Table 2 for
full genus names) at the 3 deepest stations (Stns 3−5) during the investigation. V = 1 indicates the entire population was pres-
ent in the surface layer (0−50 m) and V = −1 indicates population is located below 50 m. Note that, due to low and variable 

              abundances, V could not be estimated for all groups on each sampling day

Taxon Season Depth

Calanus finmarchicus 19.6 (101.2)** 5.8 (15.1)*
Microcalanus sp. 13.2 (88.6)**
Metridia longa 18.7 (85.9)**
Limacina helicina 3.6 (101.1)*
L. retroversa 8.2 (171.1)**
Oikopleura dioica 25.6 (216.1)**

Total 25.8 (44.6)** 5.1 (4.4)*

Table 3. The relationships between abundance and lumped
categories of 2 independent variables, season: a 3-factor
variable of seasonally lumped data based on sampling
period: autumn = September and October in 2013, winter =
January and April in 2014, and summer = May through
August in 2014, and depth: a 2-factor lumped representation
of bottom depth where relatively shallow locations (≤75 m
bottom depth) are Stns 1 and 2, and deep locations (≥200 m)
are Stns 3−5). Models are either 1-way or 2-way ANOVA.
Reported values are F-values (sum of squares) with signifi-
cance level for each factor, depth (df = 1) and season (df = 2).
Only significant relationships with reasonably well-behaved 

residuals are shown: * = p < 0.05, ** = p < 0.01
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sonally varying in the study area (Fig. 2), than with
day of year. We interpret this as indicating that abun-
dance primarily reflected underlying physiological or
ecological responses to recurring patterns in envi-
ronmental variability. This was probably largely
mediated by numerical, behavioural, or life-history
responses to seasonality in food availability and pre-
dation risk (Herman 1983, Conover & Huntley, 1991,
Søreide et al. 2010, Varpe 2012). As most plankton
are short-lived, their abundances tend to respond
quickly to such environmental changes (Hays et al.
2005).

In four (20%) of the investigated groups or taxa,
abundance differed between sampling location, and
showed little signs of relationship with sampling
date. We interpret this as likely reflecting  taxa-
specific affinities for location, which is probably
related to preferences for relatively deep habitats as
suggested by the association between abundance
and bottom depth in these groups in the present
study (Table 2). These taxa (Metridia longa, Micro-
calanus sp., Triconia borealis, and the chaetognaths)
are typically characterized as either carnivores,
omni vores, or detritivores (e.g. Haq 1967, Kattner et
al. 2003, Michels & Schnack-Schiel 2005), that tend
to be distributed relatively deep in the water column
(Ashjian et al. 2003, Darnis & Fortier 2014). Thus,
their depth distribution likely limited dispersion onto
the shallow bank and into the shallow near-shore
waters. This view is supported by the mostly deep
vertical distribution of Microcalanus sp. and M. longa
in this study (Fig. 5), but could not be ascertained for
T. borealis and the chaetognaths due to low and vari-
able abundances in these taxa (Fig. 4). However, T.
borealis is mainly distributed below the halocline at
ca. 200 m (Darnis & Fortier 2014) and chaetognaths
tend to distribute relatively deep in the water column
(Grigor et al. 2014). Zooplankton with preferences for
deep habitats suggest a life-cycle where the trophic
position, and likely also the timing of reproduction,
are not closely linked to the near-surface and highly
seasonal primary productivity (Bandara et al. 2016).
This may explain the relatively low temporal abun-
dance variability of these taxa during the present
study (Fig. 4). Thus, abundance differences between
stations in these taxa were likely due to the limited
extent to which they occupied the surface layer and,
therefore, restricted transport into shallow areas on
the shelf.

The relationship between the aggregated abun-
dances of C. finmarchicus and bottom depth (Table 3)
reflected a negative effect in shallow stations (effect
± SE = −1.33 ± 0.55, p = 0.02) and is in line with rela-

tionships between C. finmarchicus and bathymetry
found elsewhere (Daase et al. 2007). For total zoo-
plankton, the effect of bottom depth (Table 3) was
probably caused by the relatively high contribution
from C. finmarchicus, the dominant species in this
investigation (Table 2). The minimal adequate
ANOVA model (not shown) for total zooplankton−
C. finmarchicus did not indicate depth as a signifi-
cant factor.

In the remaining taxa or groups, no association was
established with either bottom depth or season
(Tables 2 & 3). Pseudocalanus sp. abundance varied
relatively little throughout the study, both between
stations and over time (Table 2, Fig. 4), and it seemed
to be distributed throughout much of the water col-
umn (Fig. 5). Pseudocalanus is believed to remain
active throughout all seasons as they are not capable
of storing sufficient lipid reserves to successfully
hibernate (Lischka & Hagen 2007), but their trophic
affinity in winter remains unclear (Darnis & Fortier
2014). However, as several of these groups likely
contained multiple species with different phenology,
the lack of seasonality in abundance could be ex -
plained by different population dynamics of the con-
stituents dampening out signals for the entire group.

In Acartia. longiremis, abundance peaks in May to
July in the Baltic Sea (55° N; Schulz et al. 2012), in
August in the White Sea (66° N; Usov et al. 2013), and
in November in Svalbard coastal waters (79° N;
 Lischka & Hagen 2016). Differences in the timing of
the A. longiremis peak in these locations suggest that
this widely distributed neritic species adjusts its
 phenology to the prevailing local environmental con-
ditions (e.g. temperature, phytoplankton bloom,
predator field etc.). Thus our recorded A. longiremis
abundances may reflect a mixture of local and
advected populations in varying phases of its devel-
opment. This may have weakened any underlying
association with local environment or date of sampling.

The volume transport in the dominant current
 system of the study area tends to slow down and sta-
bilize in spring and summer, primarily due to season-
ality in wind regime and freshwater influence (Skag -
seth et al. 2011). Although inshore Ekman transport
in spring varies substantially between years, the
study area is mainly fed by waters originating from
coastal sources south of the study area and only to a
limited degree from the oceanic region (Espinasse et
al. 2017; Fig. 3). Thus, the fauna in the study area
may reflect influxes of biota advected from coastal
areas south of the study area in addition to more local
populations. The main hydrographic difference in
the study area was the presence of  relatively high
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saline waters, most likely of Atlantic origin, in the
deeper parts on the shelf break and on the 2 trough
stations (Fig. 2). Lower salinity waters prevailed near
the coast and on the bank. On at least 2 occasions (in
July in Stn 4, and in May in Stn 5), the shelf also
received pulses of relatively low-salinity water that
may have been associated with significant advection
of zooplankton from upstream shelf source popula-
tions. If such source populations were in different
phases of population development, this advection
could have contributed to dampening any local
abundance trend with season or space in our data set.

Our data derived from sampling with relatively
coarse-meshed plankton nets and because of limited
ship availability and unfavourable weather condi-
tions resulted in uneven timing of sampling events.
The relatively coarse nets used may have led to a
bias in abundance estimates of some of the smaller
taxa, and, most notably, may have led to an underes-
timation of abundance of their younger, and smaller,
developmental stages (e.g. Ashjian et al. 2003, Dar-
nis & Fortier 2014). Similarly, the uneven sampling
dates, and especially the gap of 2 months in our data
set in summer (Table 1), may have limited the possi-
bility of detecting relevant abundance variability in
some species. Zooplankton abundances recorded in
the present study, however, fall within the range of
what is reported from shelves and coastal areas else-
where (e.g. Walkusz et al. 2009, Dvoretsky & Dvoret-
sky 2015, Buttay et al. 2016, Stübner et al. 2016), thus
we are reasonably sure that our data are representa-
tive of the most common zooplankton groups on the
shelf.

In conclusion, our results shed some light on the
contextualization of shelf zooplankton, and thus com-
munity composition, in relation to spatial mesoscale
bathymetry and with seasonal environmental vari-
ability on the northern Norwegian shelf. This infor-
mation may prove useful in the design of field studies
and provide a base-line for validation of spatially re-
solved biological models (e.g. Espinasse et al. 2017).
We suggest the observed mesoscale patterns in abun-
dance of important zooplankton species mainly re-
flected general ecological differences in numerical
 responses to environmental swings and in vertical
habitat choice that seems to exist between the mainly
herbivorous and omnivorous or carnivorous species
(Bandara et al. 2016). For zooplankton that tend to
avoid surface waters, the bottom topography on the
shelf may effectively have limited their dispersion
into relatively shallow near-shore and bank waters.
Our results, therefore, support the view that in the
complex hydrography found on many shelves, zoo-

plankton vertical behaviour and bathymetry may con-
tribute significantly to sustain mesoscale community
variability (Barange 1994, Genin 2004), even in highly
advective scenarios as the one studied here.

These findings underline the spatiotemporal com-
plexity in the distribution of shelf zooplankton (Pinel-
Alloul 1995, Folt & Burns 1999). Such complexity is
likely ecologically important as it may carry over into
the organization of higher trophic levels (Buttay et
al. 2016, Suchy et al. 2016). Larval and juvenile cod,
for instance, are important components of the north-
ern Norwegian shelf ecosystem in early spring and
summer (Ottersen et al. 2014). They tend to distribute
in relation to spatial heterogeneity in the distribution
of their prey or that of favourable hydrography
(Skres let 1989, Helle & Pennington 1999). In our
study, a similar mechanism, presumably leading to
passive aggregations of zooplankton, possibly caused
by local up- or down-welling or the formation of
meso scale eddies, was reflected in the correlation be -
tween abundance and surface layer hydrography in
half of the taxonomic groups studied (Table 2). This
indicates that further studies of plankton ecology may
do well to incorporate the effects of spatial mesoscale
heterogeneity in studies of biodiversity, trophic inter-
actions, and secondary production on shelves and in
coastal waters with complex bathymetry.
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