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ABSTRACT: The spatial patterns in abundance and composition of benthic invertebrate larvae
(meroplankton), the correlation between these patterns and environmental variables (tempera-
ture, salinity and chl a) and the relative abundance of meroplankton in the mesozooplankton com-
munity were investigated in the sub-Arctic Porsangerfjord, Norway (70° N). Zooplankton samples
and CTD-profiles were collected at 17 stations along the fjord in April 2013. A total of 32 morpho-
logically different larval types belonging to 8 phyla were identified. Meroplankton were found at
all stations, and their community and abundance differed significantly along the fjord. Mero-
plankton abundance in the inner and outer parts of the fjord was low and was dominated by Gas-
tropoda and Echinodermata. The greatest numbers were recorded in shallow bays and the middle
part of the fjord where Cirripedia and Polychaeta were dominant. Meroplankton contributed sig-
nificantly to the mesozooplankton community in the bays (30 to 90 %) and mid-fjord (13 to 48 %)
areas. These changes in community structure were attributed to spatial gradients in environmen-
tal variables such as chl g, salinity and temperature. The different communities suggested a sea-
sonal succession in reproductive events from the fjord mouth toward the head. Considering that
spring is an important season for reproduction in pelagic organisms, meroplankton may play a
role in the pelagic ecosystem of high-latitude fjords as grazers and prey. Furthermore, the spatial
dynamics and reproductive timing of benthic and holoplanktonic organisms are sensitive to local
hydrographical features, illustrating their sensitivity to changing environments.

KEY WORDS: Benthic invertebrate larvae - Zooplankton - Advection - Distribution - High latitude -

Porsangerfjord

INTRODUCTION

Fjords and estuaries are complex coastal systems,
characterized by sharp gradients in environmental
variables such as temperature, salinity and primary
production. Typically, water masses at the mouths of
fjords are influenced by surrounding coastal waters
and become less saline and cooler toward the head
due to the influence of rivers, runoff from land, lim-
ited mixing and cool inland temperatures (Wass-
mann et al. 1996, Eilertsen & Skardhamar 2006).
Such gradients are often reflected in the spatial com-
munity structure, abundance and biomass of both

*Corresponding author: helena.k.michelsen@uit.no

planktonic and benthic organisms (Basedow et al.
2004, Meerhoff et al. 2014, Fuhrmann et al. 2015).
Furthermore, fjords located at high latitudes are
influenced by a strong seasonality in photoperiod,
temperature and spring bloom (Eilertsen et al. 1981,
Eilertsen & Skardhamar 2006, Eilertsen & Frantzen
2007), which in turn influence the lifecycles and de-
velopmental durations of organisms residing there.
Many benthic invertebrates have an indirect de-
velopment by producing pelagic larvae called mero-
plankton. Reproductive timing, output and develop-
mental duration of these invertebrates are finely
tuned to environmental variables to ensure that
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spawning and egg hatching occur during the optimal
time of highest fertilization success, larval survival
or when energy levels are high enough for further
adult survival (Thorson 1950, Mileikovsky 1971). Due
to the temporally and spatially variable nature of
environmental variables at high latitudes, benthic
invertebrates display a strong annual timing of these
lifecycle events (Kuklinski et al. 2013, Silberberger et
al. 2016, Stubner et al. 2016, Michelsen et al. 2017).
Reproduction at high latitudes occurs mainly in spring
and summer and often coincides with increasing
chlorophyll a (chl a) concentrations, warming tem-
peratures and increasing day length (Kwasniewski et
al. 2013, Silberberger et al. 2016, Stibner et al. 2016,
Michelsen et al. 2017). The exact timing of larval or
gamete release depends on the species and their bio-
geographical origin and may vary between taxa and
species as they respond differently to the environ-
mental variability experienced (Monro & Marshall
2015).

Some meroplankters feed during their planktonic
stage (i.e. planktotrophic), as herbivores, detritivores
or omnivores; others are non-feeding (i.e. lecitho-
trophic), nourishing themselves on yolk and lipids
derived from the parent (Mileikovsky 1971, Levin &
Bridges 1995). Planktotrophic larvae are primarily
spawned in connection with the onset and peak pri-
mary production period in spring and summer. In
temperate, sub-Arctic and Arctic coastal waters, ben-
thic invertebrate larvae are found in high numbers in
the water column during these seasons and often
dominate numerically in the zooplankton community
(Smidt 1979, Falk-Petersen 1982, Kuklinski et al.
2013, Stiibner et al. 2016). Thus, they may play an
important role in the pelagic ecosystem as grazers,
predators, prey and competitors.

The time spent by propagules in the water column
can last from hours to months before they settle on
the seafloor as juveniles (Thorson 1950). The dura-
tion a propagule stays in the water column varies
between species and taxa, often depending on the
environmental factors encountered. In fjord and
estuaries, the spatial composition, abundance and
biomass of meroplankton and holoplankton (perma-
nent members of the pelagic) are tightly coupled
with hydrodynamic features (Basedow et al. 2004).
Although meroplankton are capable of vertical
migration, their ability to determine their horizontal
distribution is limited (Shanks 1995). Their distribu-
tion depends on water currents in the area of release
and their behavioral traits. Consequently, larvae may
be either advected or retained close to the release
site. Recent evidence indicates that local retention

may be a common feature for many pelagic larvae
(Lamare & Barker 1999, Levin 2006). The spatial pat-
tern of meroplankton is also dependent on the local
species composition and abundance of reproducing
adults. Therefore, knowledge about pelagic life
stages is crucial in understanding the population
dynamics of benthic invertebrates and may be used
in developing optimal marine protected areas (Shanks
et al. 2003), understanding the spread of invasive
species (Neubert & Caswell 2000, Pedersen et al.
2006) and the potential poleward expansion of
benthic populations with warming sea temperatures
(Renaud et al. 2015).

The spatial patterns and dynamics of the whole
meroplankton community at high-latitude fjord and
estuarine sites have been the focus of historic studies
(e.g. Thorson 1936, Mileikovsky 1968, Andersen
1984). Recent studies investigating their spatial
structure at high latitudes have focused on the link
between hydrography and larval distribution in
fjords with high river discharges (Fetzer & Deubel
2006, Meerhoff et al. 2014), in coastal shelf areas
(Clough et al. 1997, Silberberger et al. 2016) and in
open water (Schliiter & Rachor 2001). To our knowl-
edge, no detailed spatial studies have focused on
meroplankton dynamics in high-latitude fjords or
estuaries with strong spatial gradients in environ-
mental variables during spring.

The sub-Arctic Porsangerfjord (northern Norway)
exhibits strong temporal and spatial variation in hy-
drography and hydrodynamics. There is a strong in-
fluence of warm coastal water at the mouth, while the
inner part of the fjord contains a semi-enclosed basin
with an Arctic environment and ecosystem. These
spatial gradients make the fjord an interesting case
study for understanding the spatial and temporal
dynamics of meroplankton at high latitudes. The
fjord supports high benthic production and biomass
(Fuhrmann et al. 2015) and the environmental vari-
ables have been shown to be important to both the
holoplanktonic and benthic adult community structure
within the fjord (Fuhrmann et al. 2015, Priou 2015).
Moreover, a recent study on the seasonal dynamics of
meroplankton at 2 stations within the fjord showed
that meroplankton dynamics in the water column fol-
lowed a strong seasonal trend, where spring and sum-
mer had the highest total abundance of meroplankton
as well as relative abundance of meroplankton in the
zooplankton community (Michelsen et al. 2017).

Because spring is an important spawning time for
benthic invertebrates, our main objectives were to
(1) investigate the spatial patterns in abundance and
composition of spring meroplankton within the fjord
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on a high spatial grid, (2) identify possible environ-
mental variables responsible for spatial patterns in
meroplankton and (3) investigate the relative abun-
dance of meroplankton in the mesozooplankton com-
munity within the fjord.

MATERIALS AND METHODS
Study area

Porsangerfjord is located in the northernmost part
of Norway (70.0 to 71.0°N, 25 to 26.5°E) adjacent to
the Barents Sea (Fig. 1). It is a broad fjord (15 to
20 km) with a length of 100 km and a mean depth of
200 m. There is limited freshwater runoff from land
and, based on bathymetry and water exchange, the
fjord is separated into 3 basins: Outer, Middle (Mid)
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Fig. 1. Location of stations sampled in April 2013 in Por-
sangerfjord, Norway. Stippled lines: fjord sills that delineate
each basin

and Inner (Svendsen 1991, Myksvoll et al. 2012,
Mankettikkara 2013). A shallow 60 m sill approxi-
mately 30 km from the head of the fjord delineates
the Inner basin, the Mid basin is separated from the
outer fjord by a deep sill at 180 m and a large island
(Tamseya), while the Outer basin is open to the coast
(Myksvoll et al. 2012). The Outer and Mid basins are
classified as semi-enclosed with frequent exchange
of deep water with the Norwegian Coastal Current
(NCC) and Atlantic water (Svendsen 1995, Wass-
mann et al. 1996, Eilertsen & Skardhamar 2006). The
Inner basin has little contact with the coast and is
characterized as Arctic. It contains a unique Arctic
community, is ice-covered in late winter and early
spring and temperatures reach as low as —-1.7°C
(Wassmann et al. 1996, Sunnset 2008). The circula-
tion patterns in the fjord are influenced by the pre-
vailing wind direction and strength, which are
strongest in mixed waters during winter and spring
(Svendsen 1991, 1995). The prevailing wind direction
during these seasons is northerly and southerly, re-
spectively (Wassmann et al. 1996). Southerly winds,
in combination with rotational effects, result in a
main circulation pattern within the fjord that forms a
strong outflowing current with winter cooled fjord-
waters along the eastern side and an incurrent of
warmer coastal waters along the western side
(Myksvoll et al. 2012). In the Outer basin, a large
eddy is often formed, mixing water from the NCC
and the cold water originating from within the fjord
(Pedersen et al. 2005, Myksvoll et al. 2012).

Plankton sampling and hydrography

The mesozooplankton community was sampled at
17 stations between 11 and 17 April 2013. Stations
were arranged in transects across the fjord: one tran-
sect located in the Outer basin (Stns 1a, 1b, 1c), 3
transects in the Mid basin (Stns 2a, 2b, 2¢, 3a, 3b, 3c,
4a, 4b), 2 stations in the Inner basin (Stns 5a, 5b), and
4 stations in bays (Stns B1, B2, B3, B4) along the
western side of the Mid basin (Fig. 1, Table S1 in the
Supplement at www.int-res.com/articles/suppl/b026
p185_supp.pdf). Each station was sampled using a
WP2 net with 180 pm mesh size (Hydrobios, Kiel;
0.57 m? mouth opening) and a filtering cod-end. The
net was towed vertically from approximately 5 m
above the seafloor to the sea surface at a speed of
0.5 m s7!. Between 1 and 3 hauls were taken at each
station, filtering a volume of 29 to 214 m® (Table S1).
Samples were fixed with 4 % buffered formaldehyde
in seawater.
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A CTD-profile of the water column (SBE9; Sea-Bird
Electronics) was taken at each station prior to plank-
ton sampling to record temperature, salinity and flu-
orescence. In situ fluorescence obtained by the CTD
profiles was calibrated to provide an approximate
chl a concentration. Water samples for determination
of chl a concentration were collected at Bay Stns B1,
B2, B3 and B4 (Fig. 1, Table S1). Water was collected
at 0, 10, 20, 30, 40 and 60 m and followed procedures
described in Michelsen et al. (2017). In contour maps,
temperature and salinity at the surface and seafloor
together with the depth-integrated chl a concentra-
tion at each station were interpolated and smoothed
using data interpolate variational analysis (DIVA)
gridding to extrapolate missing data points across
the whole fjord using Ocean Data View software
(Schlitzer 2012).

Zooplankton enumeration and identification

Zooplankton samples with a high concentration of
organisms were split in 1/2 to 1/8 using a Folsom-
splitter prior to dilution. The samples were diluted to
a volume of between 200 and 2000 ml. Before sub-
sampling, organisms larger than 5 mm (macrozoo-
plankton) were removed and counted. Subsample
aliquots of 3 to 5 ml from a randomized sample were
extracted using a Finnpipette with the tip cut at 4 mm
diameter. The main planktonic components (mero-
plankton and holoplankton) were identified and
counted. Randomized subsample aliquots were
extracted until approximately 300 individuals of
each zooplankton component were counted using
a stereomicroscope (Leica MZ16) equipped with a
calibrated micrometer (see Michelsen et al. 2017 for
details). Meroplankton were identified to the lowest
level possible using available identification keys.
When identified larvae belonging to a given genus is
composed of one species they are abbreviated with
sp. whilst a genus comprised of several species is ab-
breviated as spp. Unidentifiable larvae were pooled
according to their respective higher taxon or develop-
mental type (e.g. Gastropoda veliger, trochophore).
Holoplankton were counted as a whole and not iden-
tified to a lower taxonomic level.

Data analysis
Abundance is presented as ind. m~3, based on the

assumption of 100% filtering efficiency. The non-
parametric Kruskal-Wallis analysis (K-W) was used

to test the similarity between several groups of sam-
ples (e.g. basins), followed by a Dunn test to assess
similarity between each group. Meroplankton abun-
dance was fourth-root transformed prior to multi-
variate statistics in order to reduce the influence of
highly abundant taxa and to distinguish subtle differ-
ences in community composition. The Bray-Curtis
dissimilarity coefficients were calculated for mero-
plankton to assess differences in meroplanktonic
abundance and composition between stations. An
average hierarchical linkage dendrogram was pro-
duced using the calculated Bray-Curtis matrix and
cut at significant clusters, to indicate similar commu-
nities in meroplankton structure. To assess whether
the clusters in the dendrogram were supported by
the dataset, p-values for each cluster were calculated
through a multi-scale bootstrap re-sampling proce-
dure using 9999 re-samplings. In order to reveal
which meroplanktonic taxa were responsible for the
dissimilarity in the Bray-Curtis matrix and the de-
fined geographical areas in the fjord, SIMPER analy-
sis was performed on fourth-root transformed data.
The cut-off for low contribution species was fixed at
75%. A multivariate non-parametric permutation
ANOVA (PERMANOVA) was used to test the differ-
ence in taxonomic assemblage of meroplankton
between the defined geographical areas (Anderson
2001). Calculation of the pseudo-F and p-values was
based on 9999 permutations using the Bray-Curtis
matrix. To assess the correlation and relationship be-
tween meroplankton distribution patterns and envi-
ronmental variables at the different stations, a con-
strained canonical correspondence analysis (CCA)
was performed. A forward selection method using
permutation tests was performed on all environmen-
tal variables recorded (mean seafloor temperature
and salinity, mean surface temperature and salinity,
depth at station and mean surface chl a) to select the
variables which significantly explained the variance
in the meroplankton data. The most significant vari-
able was included in each selection round until none
added significant explanation to the variation in the
meroplankton data (9999 permutations, p < 0.05).
Only significant environmental variables were in-
cluded in the CCA ordination plots. The significance
of environmental variables and the chosen axis was
assessed using an ANOVA permutation test with
9999 permutations. Species and stations were con-
strained onto a chi-squared matrix based on 2 envi-
ronmental variables. Only taxa contributing to >1 %
of the results are presented in the CCA ordination
with full names. All null hypotheses in the study
were rejected at p < 0.05. The multi-scale bootstrap
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re-sampling, PERMANOVA, SIMPER and CCA ana-
lysis were performed using R software, version 2.14.2
(R Development Core Team 2012), and the ‘vegan'
(Oksanen 2015) and ‘pvclust’ (Suzuki & Shimodaira
2015) libraries.

RESULTS
Environmental gradients along the fjord

There were differences in water mass properties
between the 3 basins. The Outer basin had warmer
and more saline water at both the surface (3°C and
34.3) and seafloor (5.5°C and 34.8), where the sea-
floor was characteristic of the NCC (2 to 5°C and
salinity >34.9) (Fig. 2a—d). Chl a concentrations were
low in this basin, at 33 to 36 mg chl a m~? (Fig. 2e).

The Mid basin including the Bays displayed a
strong gradient, with temperature and salinity de-
creasing from the mouth to the head of the fjord. The

a) Surface temperature ('C)
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b) Seafloor temperature (‘'C)

surface temperature and salinity at Stns 2a-c was
similar to transect la—-c (Figs. 1 & 2a,c), while the
seafloor temperature and salinity decreased from 6 to
2°C and from 35 to 34.2, respectively (Fig. 2b,d). The
deep sill separating the Outer basin from the Mid
basin appeared to be a transition point between these
2 seafloor water masses. Both surface and seafloor
temperature decreased to 2°C at Stns 3a—c and to 1°C
at Stns 4a—b. Similarly, the salinity decreased to 34.1
at Stns 4a-b. Chl a concentration in the Mid basin
displayed a cross-fjord gradient, with the highest con-
centrations recorded in the Bays and along the west-
ern side of the fjord. The highest surface concentra-
tions and highest overall level of chl a was recorded at
Stns B1 and B3 with 60 to 65 mg chl am™ (Fig. 2e).

The Inner basin was cold and less saline compared
to the other 2 basins. The water column temperature
was 0 and —-1°C at Stns 5a and 5b, respectively, while
the salinity was 34 at Stn 5a and 33.8 at Stn 5b
(Fig. 2a,c). The chl a concentration was similar to the
Outer basin at 30 to 32 mg chl a m~2 (Fig. 2e).

e) Depth-integrated chlorophyll a (mg chl a m?)
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Fig. 2. Horizontal distribution of (a) surface
temperature, (b) seafloor temperature, (c) sur-
face salinity, (d) seafloor salinity and (e) sur-
face chl a during April 2013 in Porsangerfjord.
33.8 Sampling stations are marked with a black
dot (see Fig. 1 for station names)
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Table 1. Composition and mean (+SD) abundance of meroplankton at the 4 geographical
areas in Porsangerfjord. Data are based on n = 3 samples in the Outer basin, 2 samples in
the Inner basin, 6 samples in the Mid basin and 4 samples in the Bays. Standard de-
viation is not included when larvae were found in only 1 sample; (-) indicates 0 ind. m~3

Meroplankton were present at
all stations, and cluster analysis
based on the Bray-Curtis dissimilar-
ity matrix showed 3 significantly dif-

Taxa —— Abundance (ind. m™) ferent clusters of stations (Fig. 3).
Outer basin Inner basin Mid basin ~ Bays The Bay stations made up the first
cluster (bootstrap resampling, p =
Arthropoda 0.02), Mid basin stations the second
Paralithodes camtschaticus zoea - - 0.05+0.02 3=x5 e )
Hyas spp. zoea - - 0.04 £0.02 0.2£0.1 cluster (bootstrap resampling, p =
Pagurus pubescens zoea - 0.06 0.1+0.07 1.3+0.2 0.02) and the Inner and Outer basin
Pagurus bernhardus zoea - - 0.2 0.03 stations in the third cluster (boot-
Cirripedia early naupliar stage - 0.04 13+9 43 + 60 li — 0.05). Th
Balanus crenatus (later 1.2+14 2+1 22+13 175+ 153 strap resampling, p = 0.05). There
naupliar stage) were 2 exceptions to this trend:
Balanus spp. (later naupliar stage) 5+4 5+0.3 125 +98 981 + 873 Stn 2b grouped with the Inner/
Cirripede cypris 0.1 - - - Outer basin cluster while Stn 2a
Annelida ; ;
Polychaete unidentified - 0.04 1 - grouped with the Bay stations.
Polychaete trochophore 0.1 - 0.5 3 The total abundance of mero-
Polychaete metatrochophore - - 0.84 31 plankton differed significantly be-
Laonice cirrata metatrochophore 4+3 35+21 24 +20 176 + 82 tween the 3 basins (K-W, p = 0.005).
Dipolydora sp. metatrochophore 02+0.03 004+13 126+13 48=x16 The Inner/Outer basins had a siqnif-
Scolelepis sp. metatrochophore 0.2 0.15 027+0.1 1+04 . g
Owenia sp. metatrochophore _ _ 0.15 _ icantly lower abundance than both
Pectinaria sp. metatrochophore - - 0.5+0.5 44 +47 the Bay stations and the Mid basin
Echinodermata (K-W Dunn's, p =0.02 and p = 0.03,
Plute.us 1j1n1dent1f1ed 1.1+1.5 - 1.3+1.6 3+2 respectively). The Bay stations did
Ophiuroidea pluteus 5+7 - 1711 2 t siomifi tlv differ f the Mid
Ophiothrix pluteus 1.5+0.3 - 0.2£0.2 - not signilicantly catier from the Vil
Echinoidea pluteus 0.1 +0.09 - 44+52 - basin (K-W Dunn's, p = 0.9). The
Aster@odea pipinr_mria 0.07 - - - Outer and Inner basins contained
Asteriodea juvenile - 02 - - the lowest abundance of meroplank-
12;’1011:1“““(1 y 0.3 02 823 b1 1024 ton, ranging from 5 to 100 ind. m™
astropod veliger 3=x0. + + + . . .
Nudibranch veliger 1£0.2 5+2 2:1 145 (Fig. 4a, Table 1). The Mid basin
Velutina sp. veliger 0.06 = 0.08 0.04 0.1+0.09 1 contained higher abundances (101
Unidentified to 1001 ind. m™), increasing in num-
Trochophore 0.03 2=+1 0.5+£0.5 376 bers from Stns 2a—c to 4a-b (Flg 4a)
Chordata The Bay stations contained the high-
Ascidiacea tadpole larvae 0.02 - 0-2 - est abundances (1001 to 3000 ind.
Sipuncula m~), with the highest abundance
Sipuncula - 0.04 - - . 3
(3037 ind. m™) recorded at Stn B3.
Nemertea . .
Pillidium 0.03 _ _ _ The community structure was sig-
Cnidaria nificantly different between the Bay
Cerianthus sp. - 0.04 0.1 - stations, Mid basin and Inner/Outer
Total 21+ 11 58+23 203+ 1221573 + 1159 basin (PERMANOVA, R* = 0.5, p =
0.005). SIMPER analysis identified
the greatest dissimilarity in composi-
Meroplankton community composition and tion to be between the Bays and the Inner/Outer
distribution basins (average dissimilarity 62 %), followed by the

Inner/Outer basins versus the Mid basin (average dis-

A total of 32 morphologically different larval types similarity 47 %) and the Bays versus Mid basin (aver-
were identified, belonging to 23 taxa within 8 phyla age dissimilarity 42 %) (Table 2). Furthermore, SIM-
(Table 1). Of these, 6 taxa belonged to Arthropoda, 5 PER analysis determined that the main organisms

to Annelida, 4 to Echinodermata, 3 to Mollusca and a responsible for this difference in community structure
single taxon each to Chordata, Nemertea, Cnidaria and between these areas were primarily the cirripeds Bal-
Sipuncula. Cirripedia was the dominant and most pre- anus spp. and B. crenatus, the polychaete Laonice

valent meroplanktonic taxon within the fjord (Table 1). cirrata and unidentified trochophores (Table 2).
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Fig. 3. Bray-Curtis cluster analysis based on fourth-root
transformed meroplankton abundance data from April 2013
at all sampled stations in Porsangerfjord. Three significant
clusters of stations were indicated: Bays (Stns B1 to B4 and
2a), Mid basin (Stns 2c, 3a—c, 4a and 4b), and Inner/Outer
basins (la—c, 2b, 5a and 5b). Significant p-values for each
cluster, calculated by multi-scale bootstrap resampling, are
indicated above the nodes

The composition and relative abundance of the
main meroplanktonic taxa varied between basins
and stations (Fig. 4b). The 2 Inner basin stations dif-
fered, with Stn 5a dominated by polychaetes and
Stn 5b by Gastropoda. The Outer basin had a more
varied community consisting of Echinodermata, Poly-
chaeta and Cirripedia. The Mid basin and Bay sta-
tions were dominated by Cirripedia followed by

Polychaeta. Dominant cirripede nauplii were Bal-
anus spp. (a combination of B. balanus and Semibal-
anus balanoides), B. crenatus and unidentified first
stage nauplii (Table 1). They represented between 40
and 91 % of the community in the Mid basin and Bays
(Fig. 3b). Polychaetes were the second most preva-
lent taxon and was represented by a high number of
taxa, with L. cirrata, Dipolydora sp. and Pectinaria sp.
dominating (Table 1). They represented between 11
and 72% of the community in the fjord and con-
tributed the most at Stns 5a and B2 (primarily L. cir-
rata). Gastropoda were present at all stations but
contributed less overall (0.7 to 54 %) and were repre-
sented by unidentified prosobranch veligers and
nudibranch veligers. They contributed significantly
at Stns 5b (54 %) and 1b (28 %). Echinoderms were
found at a majority of stations and contributed highly
in the Outer basin, particularly at Stn la (44 %).
Pluteus larvae of ophiuroid and echinoid origin were
the most prevalent within this taxon. However, both
of these taxa were completely lacking in the Inner
basin. The category '‘Other organisms' did not con-
tribute much in relative abundances within the fjord;
their greatest contribution was found at Stn B2 (pri-
marily unidentified trochophores). Although present
in low numbers, decapod zoeae were found at all
stations within the Mid basin and Bays. Of these,
Paralithodes camtschaticus, Hyas sp. and Pagurus
pubescens were the most prevalent (Table 1).

71°NA

70.2°N+

25°F 26°E 25°F 26°E ‘
g aZ7v 27V
a b
Zy
(a3 Q
L] L]

T o .
v .c ’ ,‘1‘ J
’ )
8 - A 87 i
v 4 L, S
4 =1 4
g’/“'p. 5 - < 10ind.Am'3 . g!av‘p 4
o e 11-100ind. m e 0 B
v ® 101-1000ind. i® N
) y K ; .
2 @ 1001 -3000ind. m 4‘,
.>3000ind.m'3 : i

o
ey )

@ Cirripedia
Polychaeta

@ Echinodermata
Gastropoda
Other organisms|

Holoplankton

Fig. 4. (a) Total abundance of meroplankton, (b) relative abundance and composition of meroplankton and (c) relative
abundance of meroplankton and holoplankton in Porsangerfjord, April 2013
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Table 2. SIMPER results performed on fourth-root trans-
formed meroplankton abundance (ind. m~%). Av.Diss. = aver-
age dissimilarity, Av.Contr. = average contribution to the
overall dissimilarity between geographical areas; Cum.Contr.
= ordered cumulative contribution to the difference between
geographical areas. Only taxa contributing up to 75 % of the
cumulative contribution are presented

Av.Contr. Cum.Contr.
(%) (%)
Mid basin vs. Bays (Av.Diss: 42 %)
Balanus spp. 4.6 11
Trochophore 3.8 20
Balanus crenatus 3.5 28.4
Pectinaria sp. 3.3 36.3
Laonice cirrata 3.2 43.9
Dipolydora sp. 2.9 50.8
Cirripedia early nauplii 2.7 57.2
Nudibranch veliger 1.8 61.6
Pluteus unidentified 1.8 65.9
Paralithodes camtschaticus 1.8 70.1
Outer/Inner basin vs. Bays (Av.Diss: 62 %)
Balanus spp. 10.4 16.8
Balanus crenatus 54 25.6
Laonice cirrata 54 34.3
Trochophore 4.5 41.5
Cirripedia early nauplii 4.4 48.6
Pectinaria sp. 4.3 55.6
Dipolydora sp. 3.3 60.9
Paralithodes camtschaticus 3.0 65.7
Pluteus unidentified 2.3 69.4
Outer/Inner basin vs. Mid basin (Av.Diss: 47 %)
Balanus spp. 7.6 16.2
Cirripedia early nauplii 5.3 27.5
Balanus crenatus 3.5 35.0
Ophiuroidea pluteus 2.6 40.6
Laonice cirrata 2.6 46.2
Echinoidea pluteus 2.5 51.6
Dipolydora sp. 2.3 56.4
Pluteus unidentified 1.9 60.3
Trochophore 1.8 64.1
Ophiophrix pluteus 1.7 67.7

The proportion of meroplankton in the total zoo-
plankton abundance was low in the Inner and Outer
basins; they represented between 0.5 and 2% of the
zooplankton community in the Inner basin and be-
tween 3 and 25 % in the Outer basin (Fig. 4c). In the
Mid basin, where the total abundance of meroplank-
ton was higher, meroplankton represented between
13 and 48 % of the zooplankton community. The Bay
stations had the highest relative abundance of mero-
plankton, representing between 30 and 90 % of the
community.

Meroplankton communities related to
environmental factors

Forward-selection on environmental variables
identified seafloor salinity and chl a as significant

keys to explaining meroplankton distributions (p <
0.05) (see Table S2 in the Supplement at www.int-
res.com/articles/suppl/b026p185_supp.pdf). However,
note that in the first selection round it appeared that
seafloor temperature was a covariate to seafloor
salinity and may be of importance in the observed
spatial differences (Table S2). The resulting ordina-
tion axes explained 21.8% of total variance in the
meroplankton dataset and significantly explained
the variance (ANOVA, p <0.05) (Table 3). Axis I sig-
nificantly explained the variance in the dataset
(Table 3) and accounted for 15 % of the total variance
and 69 % of the explainable variation. Axis Il was not
significant (Table 3; only explaining 7 % of the total
variance and 31% of the explainable variance). To-
gether, the 2 environmental variables significantly
explained the total variance (ANOVA, F=1.9, p =
0.002). In the CCA ordination plot (Fig. 5a), stations
clustered in a similar fashion to the Bray-Curtis clus-
ters, indicating strong groups. The Outer basin stations
correlated with waters of higher sea floor salinity
(Fig. 5). The Inner basin stations grouped according
to cold and low saline water masses and low chl a. A
majority of the Mid basin transects were associated
with high similarity and intermediate water masses.
There was a slight tendency for Bay stations to be
associated with higher chl g, indicating higher phyto-
plankton concentration at these stations.

Cirripede cypris, pilidium, asteroid bipinnaria and
ophiothrix pluteus larvae were associated with higher
seafloor salinities, characteristic of Stns 1a, 1b and 1c
(Fig. 5b). Juvenile asterioids, Sipuncula, Cerianthus
sp. and unidentified early polychaete larvae were
associated with the low salinity water masses at
Stns 5a and 5b. A majority of taxa were placed in the
center of the plot as they were found in a majority of
samples. There was a strong link between total
abundance of meroplankton (isolines in Fig. 5b) and
chl a concentration; the highest meroplankton abun-
dances correlated positively with the highest chl a
concentrations. Late stage polychaetes and Balanus
spp. were associated with water masses with high
chl a (Fig. 5).

DISCUSSION
Meroplankton abundance and composition
The composition and abundance of meroplankton
in Porsangerfjord during April 2013 showed signifi-

cant differences between basins and regions within
the fjord (Outer/Inner basin, Mid basin and Bays).
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The overall meroplanktonic composition contained
prominent members characteristic of late winter and
spring in high-latitude fjord and coastal areas, sug-
gesting that spring spawning had initiated within the
fjord (Falk-Petersen 1982, Kuklinski et al. 2013, Sil-
berberger et al. 2016, Stiibner et al. 2016, Michelsen
et al. 2017). The 3 dominant taxa (Cirripedia, Poly-
chaeta and Echinodermata) contain late winter and
spring spawning representatives, capable of produc-
ing large amounts of propagules (Young et al. 2002).

Cirripede nauplii, the dominant component in the
meroplanktonic community, ranged from 2 to 2700
ind. m™ (see Table S3 in the Supplement at www.
int-res.com/articles/suppl/b026p185_supp.pdf). This
is lower than the density of 4000 ind. m~ found in the
sub-Arctic Balsfjord, Norway (Falk-Petersen 1982).
Moreover, Kwasniewski et al. (2013) found the abun-
dance of nauplii to vary between 16 and 15222 ind.
m~ during a 4 mo spring study in the high-Arctic
Kongsfjord, Svalbard. In contrast, Stibner et al.
(2016) found peak densities in the range of 25000 to
30000 ind. m~® in May using a WP2 equipped with a
63 pm mesh net in the high-Arctic Adventfjord, Sval-
bard. The use of a coarser mesh size in our study may
have under-sampled cirripede nauplii and other
small sized organisms such as trochophores, bivalve
veligers and bryozoan cyphonautes. Riccardi (2010)
reported an abundance loss of 30 % for small bivalves
and polychaetes when comparing 200 pm mesh sam-

Table 3. ANOVA test for the significance of environmental
variables in the canonical correspondence analysis (CCA)
(Fig. 5). *p <0.05; **p < 0.01; ***p <0.001

Variable F P

All variables 2.0 0.002**
Seafloor salinity 2.2 0.001 ***
Chl a 1.5 0.04 *
Axis 1 2.7 0.001***
Axis 2 1.2 0.2

ples with 80 pm samples. Despite such sampling
artefacts, the first 2 studies used a comparable mesh
size to our study and thus variation in nauplii abun-
dance may reflect regional differences in abundance
of benthic adults, reproductive output, timing and
the dynamic spatial distribution displayed by pelagic
organisms.

The spatial dynamics of meroplankton are subject
to advection from (Mileikovsky 1968) and retention
in the area of release (Wing et al. 1998, Lamare &
Barker 1999). Because the present study merely pro-
vided a snapshot of the spatial patterns in mero-
plankton community and abundance and did not
look at the vertical distribution of larvae nor the
hydrodynamics within Porsangerfjord, it is difficult
to say from where the larvae originate. However, a

a) fc b) % 0%
1 BChl a LN a
. 2b 2a . Cirripedia cypris . Poly. met.
. Salinity seafloor 3 Salinity seafloor  Pueus w deht
g B2 Opiophrixpluteus; ,,3alanus spp.
e g t -Asteriodear bipin:—s ¥ Pagurs-pub-———
< 4P il S Dudnidas
8 1b AN N
o - 3c
=1 d Polychaete unident.
Cerianthus sp.
=5}
Sipuncula
-3+ 5a Asteriodea juvenile
5b
T T T T T T T T T T T
-4 -3 -2 -1 0 1 -4 -3 -2 - 0 1 2

CCA1(15.8%)

CCA 1(15.8%)

Fig. 5. Canonical correspondence analysis (CCA) on fourth-root transformed compositional data constrained by environmen-
tal variables. (a) Ordination plot with stations and (b) ordination plot with species and isolines (brown diagonal lines) display-
ing total abundance of meroplankton. The eigenvalues in percentage are given for dimensions I and II with a total of 25 % of
the variance in the dataset explained. Taxa representing >1 % of the variation are presented with full names; the remaining
with an open circle. Poly. met. = Polychaete metatrochophore. Numbers and letters refer to station names; see Fig. 1 for locations
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number of modeling studies have focused on the
hydrodynamic patterns within the fjord (Svendsen
1991, Pedersen et al. 2005, Stramska et al. 2016) and
modeled the drift of crab zoea (Pedersen et al. 2006)
and fish eggs in surface waters (Myksvoll et al. 2012).
This body of work may aid in explaining some of the
spatial patterns observed. In a high-resolution simu-
lation of cod eggs drifting in the upper 1 m of Por-
sangerfjord, Myksvoll et al. (2012) identified the fjord
sills as physical barriers restricting eggs originating
in the Mid basin from entering neighboring basins.
Such barriers may be one cause for the different
meroplankton compositions in the 3 basins, separat-
ing the communities to some extent. The Outer basin
is characterized by a mixture of water masses (NCC
and fjord water) and experiences a high level of
advection out to the coast (Pedersen et al. 2005). It is
possible that larvae residing in this basin are a mix-
ture of larvae originating from the NCC and from
within the fjord and that they experience rapid flush-
ing to the coast, leading to a mixed community and
low abundance. Due to the strong outflow current of
surface water along the eastern shore (Hegseth et al.
1995, Pedersen et al. 2005), the high relative abun-
dance of late staged cirripede nauplii and cyprids at
the eastern station of the Outer basin (Stn 1c) may
originate from within the fjord. The many small
eddies and gyres characterizing the Mid basin con-
tributes to mixing and distributing larvae released
in the basin (Svendsen 1991, Pedersen et al. 2006,
Myksvoll et al. 2012), resulting in the homogenous
composition of meroplankton across transects. Myks-
voll et al. (2012) also modeled the trajectories of eggs
released from Bay Stns B2 and B3 and found that
eggs released at Stn B2 were rapidly distributed in
the Mid basin, while eggs from Stn B3 were retained
within the Bay. The high concentration of mero-
plankton at Stn B3 may therefore be caused by a
higher retention rate of larvae residing in the upper
water column.

Depending on the level of larval transport within
the fjord, the spatial abundance and composition of
meroplankton can reflect the local distribution and
composition of parental populations. Although we did
not examine the benthic community, a recent paper
on benthic production within Porsangerfjord found
no significant difference in benthic adult abundance
between the 3 basins (Fuhrmann et al. 2015). More-
over, they found that Polychaeta are the most preva-
lent and abundant macrobenthic organisms, and
adult representatives of the identified larvae reside
on soft-bottom localities within all 3 basins (e.g.
Spionidae, Oweniidae and Pectinariidae in Fuhr-

mann et al. 2015). Similarly, gastropods are found in
all basins but at lower densities (Fuhrmann et al.
2015). These findings correspond well with the
homogenous distribution of larvae belonging to both
taxa in this study. Adult cirripedes are located prima-
rily on hard bottom in the littoral and sublittoral zone
(T. Pedersen pers. obs.), which may result in the
highest concentration of nauplii being found at the
Bay stations due to similar environmental variables.
The shallow depth and closer proximity to shore
decreases the distance between spawning adults and
the pelagic, resulting in a regular supply of propag-
ules to the water column at these stations. Finally,
adult echinoderms are found within the whole fjord,
but their highest densities and biomass have been
located in the Outer and Inner basin, where ophi-
uroids dominate in the former and the mud star Cten-
odiscus crispatus in the latter (Fuhrmann et al. 2015,
L. L. Jergensen pers. comm.). Thus, the higher pres-
ence of Ophiuroidea and ophiothrix plutei in the
Outer basin may correspond with adult distribution
within the fjord.

Although the highest total abundance and relative
abundance of meroplankton in the zooplankton are
found in the Bays, their relative abundance was high
at many Mid basin stations (up to 47 %) despite
deeper depths and greater distance from shore. It is
common for meroplankton abundance and relative
contribution to the mesozooplankton community to
be high within fjords, estuaries and bays (Fetzer et al.
2003, Stiibner et al. 2016, Michelsen et al. 2017) and
may be attributed to fine-scale distributions of eddies
and retention properties acting on both meroplank-
tonic and holoplanktonic organisms. Furthermore,
studies on the seasonal dynamics of zooplankton
have shown a periodic (Smidt 1979, Questel et al.
2013, Michelsen et al. 2017) or even a continuous
(Stibner et al. 2016) dominance of meroplankton
through spring and summer at high latitudes. Thus,
despite the variable nature of meroplankton abun-
dance, distribution and seasonality in fjords, they can
contribute highly to the zooplankton community and
may thereby play a role as phytoplankton grazers
and prey.

Meroplankton succession along the environmental
gradient

The strongly seasonal environment within Por-
sangerfjord has been found to result in a significant
change in the composition of meroplanktonic taxa
present in the water column through the vyear
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(Michelsen et al. 2017). Four seasonal compositions
occur within the fjord (winter, spring, early summer
and late summer), and the transition between winter
and spring is particularly strong due to an increase in
chl a and photoperiod (Michelsen et al. 2017). The
clear differences in water mass properties between
the 3 basins in this study may therefore affect the
spawning and hatching mechanisms of local benthic
adults, resulting in some of the observed spatial
differences in meroplankton composition.

In the Inner basin, sub-zero temperatures and low
salinity can act as limiting factors for species requir-
ing higher temperatures or temperature thresholds to
spawn (Olive 1995). The complete absence of pluteus
larvae in this basin, despite adult representatives
residing here, suggest that some spawning cue had
not been reached for these adults. The exact environ-
mental cues required for these taxa to spawn is dis-
puted, but direct contact with phytoplankton cells
and their heat-stable metabolites during spring is
suggested to be a trigger for some echinoids and
ophiuroids (Starr et al. 1990, 1993). As chl a concen-
trations were low in the Inner basin, adults may not
have come in contact with adequate amounts of
phytoplankton at the time of sampling. Yet, chl a
concentrations in this basin were comparable with
stations in the Outer basin. A combination of photo-
period and temperature are alternative spawning
triggers for some echinoderms (Olive 1995). Consid-
ering that day length is the same along the fjord, it is
likely that temperature and/or salinity are additional
limiting factors for spawning in the Inner basin. In
temperate, boreal and sub-Arctic areas, pluteus lar-
vae appear in the water column between March and
April (Thorson 1946, Falk-Petersen 1982, Highfield
et al. 2010, Silberberger et al. 2016) while a later
appearance (April to May) is observed in the Arctic
due to a later onset of the phytoplankton bloom
(Kwasniewski et al. 2013, Stiibner et al. 2016). A less
developed phytoplankton bloom and cooler tempera-
tures in the Inner basin may cause later spawning for
these taxa. The low abundance of meroplankton and
high presence of gastropod veligers within this basin
correspond with the late winter meroplankton com-
munity in Porsangerfjord (Michelsen et al. 2017) and
in the Arctic in general (Falk-Petersen 1982, Hirche
& Kosobokova 2011, Arendt et al. 2013, Stiibner et
al. 2016). Prosobranch and nudibranch veligers are
present in the water column during a majority of the
year within Porsangerfjord and other high-latitude
coastal areas (Falk-Petersen 1982, Kuklinski et al.
2013, Michelsen et al. 2017). Thus, the benthic com-
munity in the Inner basin may have been in a late

winter to early spring spawning phase at the time of
sampling.

Adult cirripedes belonging to Semibalanus bala-
noides initiate larval release when coming in direct
contact with phytoplankton cells and suspended
particles at the onset of the spring phytoplankton
bloom in March and April (Barnes 1962, Starr et al.
1991, Gyory et al. 2013). Thus, although the chl a
concentration varied between stations, the environ-
mental triggers required for adult cirripedes to
release their larvae are likely to have been reached
in the whole fjord. The low abundance of cirripede
nauplii in the Inner basin supports the indication of
a less advanced phytoplankton bloom within this
basin, while the high abundance and relative abun-
dance of nauplii in the Bays correlates with an
advanced spring bloom at these stations. Similar
correlations have been detected in other organisms
producing planktotrophic larvae such as polychaetes
and echinoderms (Kuklinski et al. 2013, Stiibner et
al. 2016, Michelsen et al. 2017). A high relative
abundance of cirripede nauplii in both the mero-
planktonic and the holoplanktonic community is a
common indicator of spring in coastal areas (Smidt
1979, Kwasniewski et al. 2013, Silberberger et al.
2016, Stubner et al. 2016), suggesting that benthic
adults in the Mid basin and Bays were in a spring
spawning phase.

This study demonstrated the importance of envi-
ronmental variables on the meroplanktonic commu-
nity. Sub-zero temperatures and low chl a values in
the Inner basin are likely to cause delayed larval
release in benthic adults compared to the rest of the
fjord. The typical spring community with high pro-
portions of cirripede in the Bays and mid-fjord corre-
lated with higher chl a values, while the Outer basin
is likely influenced by advection and coastal waters
bringing in organisms from outside the fjord. The
significant spatial differences in meroplankton abun-
dance and composition suggest that there is some
separation and retention between some subareas of
the fjord. Furthermore, the high contribution of mero-
plankton to the mesozooplankton community in parts
of the fjord mean that they could be important
grazers, competitors and prey for other organisms in
such coastal systems. To further understand their
potential role in the pelagic food web of sub-Arctic
fjords, future studies need to focus on identifying
larvae to species level, their nutritional mode (plank-
totrophy vs. lecithotrophy), prey preferences and in-
gestion rates and finally the predation rate on mero-
planktonic larvae by potential predators (e.g. fish,
ctenophores).
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