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Abstract 

Fjords are coastal habitats that are often partially isolated from surrounding shelf waters and can contain ecologically unique and di- 
verse ecosystems. Here, we offer a comprehensive overview of zooplankton communities at the end of the productive season across 34 
fjord locations along the Norwegian west coast, ranging from 62 to 69 ◦N latitude. We applied an integrated methodological approach 

that included traditional microscopy, FlowCam image analysis, community DNA metabarcoding, and bulk size-fractionated biomass 
measurements. Together, these combined data revealed distinct geographical patterns in zooplankton quantity and community com- 
position. Water temperature, which was closely correlated to latitude, and bottom depth were the most important physical parameters 
driving zooplankton biomass, abundance, community structure, and size distribution. Multivariate analysis of species composition 

using both microscopy and metabarcoding-derived data identified three distinct assemblages that were strongly correlated to temper- 
ature, latitude, and bottom depth. Our comparison of the applied methodologies demonstrated differential strengths and limitations 
of these methods as monitoring tools for capturing zooplankton community dynamics. Our study underscores the need for contin- 
ued, multifaceted biological surveys that can help inform effective ecosystem management and conservation strategies in response to 

climate-related and anthropogenic pressures. 
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Introduction 

Norwegian fjords are unique coastal environments that were 
carved by glaciers during the last ice age and subsequently 
flooded by rising sea levels when the glaciers retreated. They 
can be much deeper than the surrounding continental shelf 
( > 500 m) and extend far inland, creating a complex array 
of marine habitats due to their steep bathymetric gradients,
ranging from shallow intertidal zones to deep basins (Inall 
and Gillibrand 2010 ). Typically, a shallow sill is present either 
at the entrance of the fjord or as a shallow coastal plateau 

just outside the fjord, restricting exchange of water between 

the fjord and the open ocean and influencing circulation pat- 
terns. Consequently, fjords can often harbor ecosystems that 
are partially isolated from adjacent coastal and offshore en- 
vironments, often resulting in very different production and 

diversity patterns (Skjøldal et al. 1995 ). The Norwegian west 
coast has the highest concentration of fjords in the world,
with the total number of fjords estimated to be over 1000.
Beyond their ecological importance, fjords significantly im- 
pact Norway’s socioeconomic structure, supporting fisheries,
aquaculture, tourism, and serving as conduits for maritime 
transport. The high biological productivity of fjords is cen- 
tral to local and national fishing industries, providing spawn- 
ing and nursery grounds for many commercial fish species.
Fish farming is also heavily dependent on the health and func- 
tion of fjord systems (Skaala et al. 2014 ). Many fjords also 

attract a substantial number of tourists, which supports local 
© The Author(s) 2024. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
conomies and highlights their cultural and recreational value.
hese increased anthropogenic pressures, however, come with 

nvironmental challenges such as habitat disturbance, pol- 
ution, and the introduction of invasive species (Weather- 
on et al. 2016 ). This drives a need for comprehensive eco-
ogical assessments that will allow to dictate sustainable 
ractices. 
Zooplankton are integral components of marine ecosys- 

ems, serving as primary consumers of algal and microbial 
roduction and as primary prey for various fish species of
ommercial importance (Steinberg and Landry 2017 ). Given 

heir rapid response to environmental alterations, changes in 

ooplankton communities can reflect broader ecosystem shifts 
Richardson 2008 , Ratnarajah et al. 2023 ). Such shifts, e.g.
eographical range expansions or contractions due to climate 
hange, or the appearance of invasive species, can have pro-
ound implications for nutrient cycling, food web dynamics,
nd overall ecosystem resilience (Renaud et al. 2018 , Wey-
mann et al. 2018 , Polyakov et al. 2020 ). Monitoring zoo-
lankton can not only reflect immediate ecological shifts in 

he zooplankton communities, but may also anticipate po- 
ential cascading effects on higher trophic levels that can im-
act commercial fisheries and biodiversity. Pelagic communi- 
ies in fjords are composed of a mixture of organisms that
aintain local populations there, as well as advected organ- 

sms from adjacent shelf regions (Aksnes et al. 1989 ). The rel-
tive isolation of most sill fjords makes them ideal natural
tional Council for the Exploration of the Sea. This is an Open Access 
( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted 
is properly cited. 
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Figure 1. Sampling locations and mean water temperature. Circles with a 
solid black border indicate stations where ethanol samples were taken 
and the formalin samples were analyzed microscopically. 
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aboratories for examining how local environmental factors
an drive community composition and distribution patterns,
hile more open fjords can reflect broader oceanographic pat-

erns in the coastal areas. 
Pelagic communities have been described in detail for many

ndividual fjords, both as single-season studies and over longer
eriods (Hopkins 1981 , Hopkins et al. 1984 , Falkenhaug et
l. 1997 , Michelsen et al. 2017 , Coguiec et al. 2021 ). There
ave also been several works that compare several fjords in
he same region (Somme 1934 , Strømgren 1975 , Gorsky et
l. 2000 ). Yet there is a notable lack of comprehensive stud-
es investigating zooplankton communities across multiple
jords, particularly over a significant latitudinal range. This
roader approach is essential for understanding regional bio-
iversity patterns and ecological variability across larger spa-
ial scales. This study addresses this gap by investigating zoo-
lankton communities within 21 fjords along the west coast
f Norway, spanning from Balsfjord at ∼70 

◦N, to Vanylvs-
jorden at 62 

◦N. We utilize an integrated methodological ap-
roach that included traditional microscopy (taxonomy and
ounts), FlowCam image analysis, community DNA metabar-
oding, and size-fractionated biomass assessments of net-
ollected samples to generate a multi-dimensional perspec-
ive on zooplankton communities. Additionally, we include a
ritical comparison of the employed methodologies, assessing
heir strengths and limitations as monitoring tools for captur-
ng zooplankton community dynamics. 

While this study is based on a single, opportunistic survey,
nd thus represents a snapshot within one seasonal cycle, it
elps establish a foundational baseline for zooplankton mon-
toring and research in Norwegian fjord systems. Given the
ynamic and sensitive nature of fjord ecosystems, our study
nderscores the need for continued, large-scale biological sur-
eys to inform effective ecosystem management and conser-
ation strategies in response to climate-related and anthro-
ogenic pressures. 

ethods 

ampling 

ampling was conducted in 34 fjord locations ( Fig. 1 ) onboard
/V Kristine Bonnevie from 13 October to 8 November 2021.
emperature, salinity, and fluorescence in the water column
ere measured using a Sea-Bird SBE 9 CTD lowered to 10 m

bove the seafloor. Zooplankton was collected using a WP-
I net (0.25 m 

2 diameter mouth opening, 180 μm mesh size),
auled vertically from 5 m off the sea floor to the surface.
t stations deeper than 200 m, a second net tow was taken

rom 200 m to the surface. There was no observable clogging
f the nets. The whole sample was immediately scanned for
arge ( > 2 cm) gelatinous organisms (scyphozoan jellyfish and
tenophores). The total abundance and volume (ml) of each
elatinous group was measured, after which they were dis-
arded. The remainder of the sample was split using a Motoda
plitter (Motoda 1959 ) for taxonomic analysis and biomass
easurements. Half of the sample was sieved through a series
f mesh sizes (2000, 1000, and 180 μm); the sample from each
ieve then rinsed with freshwater and transferred onto pre-
eighed aluminum trays. The 2000 μm (macrozooplankton)

raction was further separated into taxonomic groups prior to
eing placed on pre-weighed trays, with one tray per group.
he trays were dried at 65 

◦C for 24 h, then frozen at −20 

◦C.
t 17 stations, the remaining half of the sample was split one
ore time, and half of the split (1/4 of the original sample)
as preserved in 4% borax-buffered formaldehyde-seawater

olution, while the other 1/4 was preserved in 100% ethanol
 Fig. 1 ). At the remaining stations, the whole ½ split was pre-
erved in formaldehyde. 

iomass estimation 

n the lab, the aluminum trays containing the size-fractionated
ry weight samples were heated to 65 

◦C once more for 6 h to
emove traces of moisture from the freezer, then weighed on a
artorius Quintix 224-1CEU scale (precision = 0.1 mg). For
tations deeper than 200 m where 2 net tows were taken, the
iomass of the 200 m tow was subtracted from the full water
olumn tow to get the biomass of zooplankton below 200 m.
he volume of water filtered by the plankton net was esti-
ated by multiplying the mouth area by the towing distance

depth of deployment). 

icroscopy 

he formalin preserved samples were taxonomically enumer-
ted via microscopy at 16 of the stations where ethanol pre-
erved samples were taken. Large individuals ( > 2000 μm)
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were counted in the whole sample, while smaller and more 
numerous taxa were counted in sub-samples of 1/2 to 1/128,
which were obtained using a Motoda splitter. A total of 
200–1000 individuals were typically counted in each sam- 
ple. Copepods were identified to species or genus level ( Pseu- 
docalanus spp. and Paracalanus parvus were grouped as 
Pseudo -/ Paracalanus spp.), but for most other groups classi- 
fication was assigned as broad taxonomic categories. Cope- 
podite stages were determined for Calanus spp., Paraeuchaeta 
spp., Pseudo -/ Paracalanus spp., and Metridia spp., while other 
copepod species were counted as adults/copepodites. The two 

sibling species Calanus finmarchicus and. Calanus helgolandi- 
cus were distinguished by the characters of the fifth legs ac- 
cording to Fleminger and Hulsemann ( 1977 ). For each sam- 
ple, 20 individuals of Calanus stage C5, adult females, and 

adult males were identified by species, and the proportions 
within each stage were used to calculate the total number in 

the sample. Copepodite stages C1–C4 were counted but for 
these stages the two species cannot be separated morphologi- 
cally. 

FlowCam image analysis 

The 16 formalin preserved samples were also imaged using 
a FlowCam macro (Yokogawa Fluid Imaging Technologies,
USA) and classified using supervised machine learning. The or- 
ganisms were filtered onto a 180 μm mesh and diluted in 2.75 l 
of freshwater to avoid the presence of multiple organisms in 

the same image. An overhead stirrer kept the zooplankton or- 
ganisms in suspension, and ca. 70% of the sample was im- 
aged, resulting in 2000–50 000 images per sample. Due to the 
cameras field of view, flowcell dimensions, sample flowrate,
and camera frame rate ca. 30% of the sample was not imaged 

to avoid multiple images the same particle/sample. The Flow- 
Cam was fitted with a 5 × 5 mm flowcell and a 0.5X objec- 
tive, and the instrument software VisualSpreadsheet © 4.12.3 

was used during the imaging. A size filter based on Area- 
Based-Diameter was set to 150–3000 μm. The context settings 
of the FlowCam analyses are found in Supplementary 
Material 1 . 

DNA Metabarcoding 

Ethanol was removed from the samples and replaced with 

MilliQ water. The samples were homogenized for 2 × 30 

s using a mixture of 2 and 5 mm ceramic beads on the 
2 × 150 Precellys bead-beating machine. Three 300 μl repli- 
cates of the resulting homogenate were extracted using the 
Qiagen Blood and Tissue Kit via the manufacturer’s pro- 
tocol. The PCR and library prep protocols, as well as the 
bioinformatics pipeline, were identical to those described in 

Ershova et al. ( 2023 ). Final species assignments of the result- 
ing MOTU’s (molecular operational taxonomic units) were 
made using the Python-based application BOLDigger (Buch- 
ner and Leese 2020 ). A species level assignment was typi- 
cally made at 98% similarity; the following thresholds were 
applied for non-species level matches: 95%—genus, 90%—
family, 85%—order, < 85%—class). An exception was the 
species Parasagitta elegans , which was assigned at a 90% 

similarity level due to the extremely high intraspecies vari- 
ation of the COI gene in this group (Marlétaz et al. 2017 ).
MOTU’s with ambiguous assignments (more than one species 
level match) or non-species level assignments were flagged and 

verified individually on a case-to-case basis, as discussed in 
rshova et al. ( 2023 ). The three extraction replicates were
ooled for analysis. Species-level identifications were assigned 

 biogeographic affinity based on their distribution ranges in 

he North Atlantic as documented on the World Register of
arine Species (Ahyong et al. 2024 ). Four biogeographic cat-

gories were assigned: Arctic/Arctoboreal (primary distribu- 
ion range above 65 

◦N); Boreal (primary distribution range 
etween 55–65 

◦N), Temperate (primary distribution range 
elow 55 

◦N), and Cosmopolitan (cosmopolitan distribution 

ange). 

ata analysis 

ll analyses were carried out in R version 4.1.2 (R Core
eam 2022 ). Maps and species distributions were plotted us-

ng the ggOceanMaps package (Vihtakari 2024 ). Tempera- 
ure, salinity and flourescence data were binned for every 1 m,
nd mean values were obtained for surface (0–10 m), bottom
20–10 m above the seafloor), and mean (whole water col-
mn) layers. Zooplankton biomass was expressed as g m 

−3 

y dividing with estimated filtered volume to facilitate com- 
arability of plankton densities between stations of varying 
epths. 
The raw images from the FlowCam were cut into individ-

al particle jpg files, and features were extracted using the
-package fc2zi (described in Álvarez et al. 2012 , but mod-
fied in 2020 for the flowcam Macro). To make a machine
earning classifier, we used the r-package zooimage (Grosjean 

t al. 2018 ). Supervised learning involved annotation of 23
00 images by specialist taxonomists into 16 zooplankton 

roups and one non-plankton (including fibers, bubbles, de- 
ris, and background images). A random forest classification 

odel was trained on the annotated dataset and had an over-
ll error rate of 11.1% (determined by 10-fold cross valida-
ion). A few groups had higher error rate (maximum 26%).
he classifier statistics, including the confusion matrix, can 

e found in Supplementary Material 2 . Based on the results of
he automatic classification of the image data, abundances and 

iovolumes were estimated for each of the plankton groups.
o derive plankton size spectra parameters, the FlowCam esti- 
ated abundances and biovolumes were distributed into size 

lasses and normalized by the width of the size-class (Álvarez
t al. 2014 ), resulting in normalized abundance size spectra
NASS) and normalized biovolume size spectra (NBSS). The 
ower range in the size-class was used to describe the width,
nd each consecutive size-class was twice as large as the previ-
us one in terms of biovolume (mm 

3 ). Slopes and intercepts of
he log 10 –log 10 regression lines of normalized abundance and 

iovolume as a function og organism size (mm 

3 ) were calcu-
ated per sample. 

Within the metabarcoding dataset, the sequence counts 
ere rarified to the minimum number of per-sample reads us-

ng the GUniFrac package (Chen and Chen 2018 ). Resulting
equence counts were converted to a semi-quantitative met- 
ic called biomass-weighed sequence reads (BWSR; Ershova 
t al. 2023 ) by multiplying the proportion of sequence reads
f each species by total sample biomass as estimated from
he dry weight measurements. Trends between total and size- 
ractionated biomass, microscopy-derived abundance, and 

ormalized biomass size spectra (NBSS) and physical parame- 
ers (latitude, temperature, salinity, sill depth, and mean Chl-a) 
ere investigated using generalized additive models (GAMs) 
tted with a Tweedie distribution using the mgcv package 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae147#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae147#supplementary-data
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Table 1. Station locations and characteristics of sampled fjords. Samples with tax onomic analy sis w ere done microscopically, via Flo wCAM and metabar- 
coding; the remainder only include size-fractionated dry weight data. 

Stn. Lat. Long. Fjord name Abbrev. 
Length 
(km) 

Max 
width 
(km) Orientation 

Sill 
depth 
(m) 

Dist. to 
sill (km) 

Max 
fjord 
depth 
(m) 

Sampl. 
depth 
(m) 

Taxon. 
analysis 

1064 69 .39 19 .04 Balsfjord Bal 50 5 SE 35 25 195 187 x 
1068 69 .46 18 .38 Malangen (inner) Mal-I 50 6 SE 210 33 450 230 
1072 69 .54 18 .01 Malangen 

(outer) 
Mal-O 50 6 SE 210 15 450 380 x 

1077 68 .89 17 .58 Salangen Sal 18 4 NE 35 5 325 315 
1080 68 .74 17 .16 Vagsfjorden Vag 50 10 SE 240 50 500 302 x 
1081 68 .43 16 .82 Ofotfjorden Ofo 65 13 E 200 29 510 500 
1083 68 .12 16 .19 Tysfjorden Tys 45 4.5 S 205 22 725 708 x 
1087 67 .78 15 .35 Nordfolda Mul 30 7 NE 225 19 290 280 
1090 67 .52 15 .27 Sorfolda Sor 40 3.5 SE 265 11 573 550 
1101 66 .82 13 .62 Glomfjorden Glo 25 4 E 100 15 375 370 x 
1106 66 .25 13 .77 Ranfjorden Ran-1 65 5 NE 100 41 530 528 x 
1107 66 .23 13 .37 Ranfjorden Ran-2 65 5 NE 100 24 530 290 
1108 66 .16 12 .99 Ranfjorden Ran-3 65 5 NE 100 7 530 435 
1109 65 .94 12 .98 Vefsnfjorden Vef-1 51 4 NE 85 32 483 482 x 
1111 65 .96 12 .75 Vefsnfjorden Vef-2 51 4 NE 86 21 483 210 
1114 65 .19 12 .07 Bindals-fjorden Bin-1 71 3.5 NE 200 3 741 1114 
1115 65 .18 12 .30 Bindals-fjorden Bin-2 71 3.5 NE 200 18 741 733 x 
1116 65 .29 12 .87 Tosenfjorden Tos 39 2.5 NE 200 54 553 419 x 
1119 64 .51 11 .16 Namsen-fjorden Nam-1 35 5 SE 250 15 454 384 x 
1120 64 .46 11 .42 Namsen-fjorden Nam-2 35 5 SE 200 25 454 265 
1122 64 .21 10 .36 Brandsfjorden Bra 10 2 SE 77 2 143 125 
1126 63 .51 10 .29 Trondheims- 

fjorden 
Trond 130 20 NE 200 40 617 476 x 

1129 63 .73 11 .07 Trondheims- 
fjorden 

Trond-2 130 20 NE 200 72 617 410 

1131 63 .57 9 .84 Trondheims- 
fjorden 

Trond-3 130 20 NE 200 5 617 540 

1134 62 .81 8 .21 Tingvoll-fjorden Ting 52 3 SE 130 32 365 323 x 
1138 62 .71 6 .99 Romsdal-fjorden 

(outer) 
RomO 88 9 E 180 5 550 481 x 

1140 62 .63 7 .35 Romsdal-fjorden 
(inner) 

RomI 88 9 E 180 27 550 421 x 

1145 62 .42 6 .04 Sulafjorden Sul 9 5 SE 120 8 445 445 x 
1146 62 .45 6 .83 Storfjorden Stor 110 4 SE 120 52 679 671 x 
1150 62 .09 5 .46 Vanylvs-fjorden Van 30 4 SE 100 20 252 240 x 
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n R, which automatically calculates the dispersion param-
ter of the model (Wood 2011 ). Forward stepwise selection
as used the choose the best model, with the AIC (Akaike

election Criterion) used as a selection criterion (Akaike
974 ). The fit of the dispersion statistics, spatial indepen-
ence, and heterodescacity of the models were validated by
lotting the residuals against the fitted values, the covariates,
nd spatial coordinates. Relationships between BWSR and
bundance, and between BWSR and macroplankton biomass
ere described using simple linear regression. Values were

quare-root transformed to meet the assumption of equal
ariance. 

Community structure was investigated using non-metric
ultidimensional scaling (nMDS) using the package ve-

an (Oksanen et al. 2016 ). The ordination was carried
ut on Bray–Curtis dissimilarities of square-root trans-
ormed microscopy-derived species abundances and square-
oot transformed species BWSR. The species/taxa responsi-
le for driving the ordination, as well as the environmental
arameters significantly correlated with the ordination axes,
ere identified via the function envfit at a significance level of
 = .05 and visualized as biplots. 
esults 

nvironmental conditions 

he sampled fjords ranged from 30 to 150 km in length,
ith a maximum width between 3 and 20 km. The fjords
ad pronounced sills that ranged in depth from 35 to 265 m,
nd a maximum basin depth of 200-700 m ( Table 1 ). Bals-
jord (Bal) at the northernmost location was the shallowest
f the sampled fjords, and Storfjorden (Stor) and Bindals-
jorden (Bin)—the deepest. Physical properties of the wa-
er column followed a similar general pattern, characteristic
f Norwegian fjords in autumn (Skjøldal et al. 1995 ) ( Fig.
 , Supplementary Material 3 ), with a mixed layer depth of
00–120 m, with the upper layer containing Surface water
 S < 34) and deeper layers containing Norwegian Coastal

ater (NwCW) ( S = 32–35) and Norwegian Atlantic Wa-
er (NwAW) ( S > 35). In some fjords a distinct freshwater
ens was present at the surface, with surface salinity as low as
5–20. This was most pronounced in the mid-latitude fjords
Ran, Vef, Tos, Nam). Water temperature reached its maxi-
um around 80–100 m, where it was typically around 10 

◦C–
2 

◦C. Underlying this maximum was a sharp pycnocline,

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae147#supplementary-data
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1138 (Romsdalfjorden (outer)) 1145 (Sulafjorden) 1146 (Storfjorden) 1150 (Vanylvsfjorden)
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Figure 2. Water column properties (temperature, salinity, and sill depth) of examined stations (only stations where zooplankton samples were examined 
taxonomically are shown). For T-S diagram, see Supplementary Material 3 . 
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below which the temperature remained stable at 7 

◦C–8 

◦C un- 
til the bottom in all fjords except Bal, where it was markedly 
colder and reached a minimum of 3 

◦C. The pycnocline depth 

typically coincided with the sill depth for most fjords ( Fig. 2 ),
and was most pronounced in narrow fjords with shallow sills,
and least pronounced in more open fjords with a deeper/more 
open sill and a shallower basin depth, such as Malangen and 

Vaagsfjorden. Surface fluorescence (integrated across the up- 
per 10 m) ranged 0.08–1.58 mg m 

−3 and did not follow any 
spatial trends. Water temperature was significantly ( P < .001) 
correlated with latitude ( r = −0.72) ( Fig. 1 ). However, sev- 
eral fjords were distinct outliers in this trend, with Malangen 

(Mal) showing much higher mean temperatures than would 

be predicted by its far north location, and Vefsnfjorden and 
anfjorden (Vef, Ran) having much lower temperatures than 

ther fjords of the same latitude. 

ooplankton biomass 

he total zooplankton biomass varied between 3 and 150 mg
W m 

−3 (mean 21 mg DW m 

−3 ) ( Fig. 3 a, Supplementary
aterial 4 ). The highest biomass was observed in the in-

er part of Malangen, where it was two times higher than
he next highest value (Balsfjorden). The best model predict- 
ng total biomass, as well as biomass of the 1–2 mm and
 2 mm size fractions, included only latitude, with higher val-
es observed at the more northern locations ( Supplementary 
aterial 5 ). The biomass of the < 1 mm zooplankton

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae147#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae147#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae147#supplementary-data
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Figure 3. Latitudinal trends of (a) biomass (mg DW m 

−3 ) of total zooplankton, (b) biomass density (mg DW m 

−3 ) of 10 0 0–20 0 0 μm size fraction, (c) 
biomass density of < 1000 μm size fraction, (d) ratio between large (1000–2000 μm) and small zooplankton biomass, (e) ratio of large (1000–2000 μm) 
zooplankton biomass density of deep ( > 200 m) and vs. shallow ( < 200 m) waters; (f) ratio of small ( < 1000 μm) zooplankton biomass density (mg DW 

m 

−3 ) of deep ( > 200 m) vs. shallow ( < 200 m) waters. Solid lines indicate the GAM fit between the two parameters, grey band indicates the 95% 

confidence interval for the regression. 
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raction was also correlated to latitude ( Fig. 3 c), but the best
odel via AIC included surface temperature and fluorescence

 Supplementary Material 5 ). The latitudinal trend was par-
icularly pronounced above 66 

◦N and was driven primarily
y the 1–2 mm fraction ( P < .001; R 

2 = 0.61) ( Fig. 3 a, b).
he ratio between large (1000–2000 μm) and small ( < 1000
m) mesozooplankton was also positively related with lati-

ude ( P < .01; R 

2 = 0.39), indicating a relative dominance
f larger organisms at higher latitudes ( Fig. 3 d). The macro-
ooplankton ( > 2 mm) showed a non-linear relationship with
atitude ( Fig. 4 ), with higher values in the southernmost and
orthernmost locations. Different organisms contributed to
he macroplankton in different parts of the study area—
n the north, it was dominated by chaetognaths and crus-
aceans, while in the southern locations, it was composed
rimarily of gelatinous plankton (siphonophores, hydrozoan

ellyfish, and ctenophores) and sea star larvae ( Luidia sarsii )
 Fig. 4 , Supplementary Material 4 ). Ctenophores and scypho-
oan jellyfish were observed in large volumes ( > 1 ml m 

−3 )
n Vagsfjorden (Vag), Salangen (Sal), and Nordfolda (Mul);

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae147#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae147#supplementary-data
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their contribution in other fjords did not exceed 0.25 ml m 

−3 

( Supplementary Material 6 ). 
Among the stations deeper than 200 m, zooplankton was 

typically concentrated in the deepest layer, with up to 90% of 
total biomass concentrated below 200 m (mean 70%, median 

76%). This was particularly pronounced in the large (1000–
2000 μm) zooplankton, where on average 75% of the biomass 
was found in the deep layer, while only 50% of the small 
zooplankton ( < 1000 μm) was found below 200 m. When 

accounted for total depth, the density of large zooplankton 

(mg DW m 

−3 ) below 200 m was, on average 7 times higher 
(max = 28) ( Fig. 3 e) than in the surface layer. The density of 
small zooplankton was a lot more evenly distributed between 

the two depth layers, with only one station (Mal-I) show- 
ing a concentration of zooplankton 8 times higher at depth 

( Fig. 3 f). 

Microscopy counts 

The overall zooplankton abundance ranged between 300 and 

1700 ind m 

−3 . It had a strong correlation to total biomass 
( r = 0.82) and followed the same latitudinal trends, with 

decreasing total abundance from north to south. A total of 
53 holoplanktonic and 10 meroplanktonic species/taxa were 
registered, with the diversity at individual stations ranging 
etween 21 and 47 species/taxa per station ( Supplementary 
aterial 7 ). Small copepods, especially Oithona similis , dom-

nated the abundance at most stations ( Fig. 5 a). Calanus spp.
 C. finmarchicus/glacialis and C. helgolandicus ) made up 10%
r more of the abundance in the northern fjords and in
rondheimsfjorden, but its contribution to overall zooplank- 
on numbers in the other locations was low. The Calanus
opulation consisted predominantly of the C5 stage at all sta-
ions except Glomfjorden (Glo), where the contribution of C5 

opepodites was < 2%, and the population was dominated 

y C4 and C3 copepodites. Ostracods contributed substan- 
ially (5%–15%) in the mid-latitude fjords, and meroplankton 

ade up to 5%–7% of zooplankton in the southernmost sam-
ling locations. The numerical contribution of the remaining 
roups was low, not exceeding 1%–2% ( Fig. 5 a). Abundance
f Calanus spp. was highly correlated to the biomass of the
000–2000 μm fraction ( P < .001, R 

2 = 0.75), but there was
o correlation between the microscopy-derived abundance 
nd dry weight of any of the macroplankton categories. 

etabarcoding 

he sequencing after all the filtering steps produced 2270 960
eads, which corresponded to between 520 00 and 257 000
eads per sample. Rarefaction curves suggested that this 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae147#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae147#supplementary-data
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Figure 6. Relationship between square-root transformed dry weight of macrozooplankton and biomass weighed sequence reads (BWSR). Calanus spp. 
corresponds to the 10 0 0–20 0 0 μm biomass fraction. Lines indicate linear regression fit; gray ribbons indicate 95% confidence interval of regression line. 
Note that different fractions of the sample were used to obtain the two estimates. 
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equencing depth was enough to recover almost all diver-
ity in all but two samples (1116 and 1126) ( Supplementary

aterial 8 ). The sequences clustered into 479 MOTU’s,
f which 161 were identified as holoplanktonic organ-
sms, 99—as meroplankton (benthos or fish), 68—as phy-
oplankton, 17—as non-planktonic species, and 134 were
nknowns. The holo- and meroplanktonic MOTU’s ac-
ounted for 87.5% and 8.5% of total reads, respec-
ively, while unknowns made up 2.5% of total reads. The
ooplankton MOTU’s corresponded to 97 unique holo-
lanktonic and 92 meroplanktonic species/taxonomic cat-
gories. These included 40 copepod species, 22 species
f cnidarians, 5 species of euphausiids, and 4 species of
mphipods ( Supplementary Material 9 ). 

Most of the species identified via microscopy were also
resent in the rarified metabarcoding data. Exceptions in-
luded the appendicularians Fritillaria borealis and Oiko-
leura sp., Microsetella norvegica (present at two stations),
aetanus tenuispinus (present at one station), and G. brevispi-
us (present at one station). Compared to microscopy-derived
bundance data, the relative sequence read abundances of
he different taxa were very variable between stations. Cope-
ods, on average, made up only 50% of total reads, and sev-
ral stations were dominated by other taxa. For example, the
id-latitude stations contained 25%–50% reads of Ostra-

oda, and the southern stations contained up to 80% DNA
f Cnidaria, mostly due to the presence of the siphonophore
anomia cara . It is noteworthy that siphonophore frag-
ents were also observed visually within the formalin-
reserved samples but colonies were only counted quantita-
ively when pneumatophores were encountered, which could
artially explain this discrepancy between the two datasets.
eroplankton was also more prominent in the metabarcod-

ng dataset, with a relative contribution of 15%–30% at
he more southern locations. These high contributions were
ainly driven by the sea star L. sarsi . 
Overall BWSR trends of individual copepod species largely
irrored the abundances recovered by microscopy ( Fig. 6 ).
dditionally, BWSR allowed to differentiate between species
here it was not possible to do so morphologically, e.g. to dis-

inguish species of meroplankton and ostracods, or between
. finmarchicus and Calanus glacialis ( Fig. 7 ) and to identify
seudo/Paracalanus spp. species. BWSR was also significantly
orrelated to the dry weight of the manually sorted taxa of
acroplankton with the exception of Euphausiids ( Fig. 8 ),

nd the 1000–2000 μm biomass fraction was significantly cor-
elated to the BWSR of Calanus spp. 

lowCam 

he total abundance and biovolume recovered by the Flow-
am were strongly correlated to microscope-derived abun-
ance ( r = 0.91) and total dry weight ( r = 0.87), respec-
ively. The normalized biovolume size spectra (NBSS) slopes
anged from −0.87 to −0.35 and showed a significant re-
ationship with latitude ( P < .05, R 

2 = 0.31), and an even
tronger relationship to mean water temperature ( P < .05,
 

2 = 0.5, reflecting the “outliers” in the latitudinal tempera-
ure trends: Vef and Ran, which were much colder relative to
hat was predicted by their geographical position and Mal,
hich was much warmer ( Fig. 9 ). The NASS slopes ranged

rom −1.85 to −1.35 and followed identical patterns to NBSS.
he lowest slope values were observed at warmer tempera-

ures/lower latitudes, indicating a relative community domi-
ance of smaller organisms at those locations and consistent
ith the trend shown by the ratio between large and small dry
eight fractions. The NBSS and NASS intercepts, which can

erve a proxy for total zooplankton biovolume/abundance,
espectively, similarly showed a clear trend of increasing
alues with latitude/lower water temperature ( P < .01,
 

2 = 0.61) ( Fig. 9 ), mirroring both the microscopy-derived
bundance and dry weight biomass data. The biovolume of

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae147#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae147#supplementary-data


Latitudinal gradients in zooplankton communities in Norwegian fjords 9 

Bal

Vag

Glo
Ran−1

Vef−1
Trond−1

Sunn−1

Rom−O

SulStor Van−2

Mal−O

Vag

Tys Ran−1
Vef−1

Tos
Nam−1

Trond−1

Rom−O

Rom−I

Stor

Bal

Mal−O

Vag
Tys

Glo

Ran−1

Vef−1 Tos

Nam−1

Trond−1
Sunn−1

Rom−O
Rom−I

Sul

Stor

Van−2

Bal

Mal−O

VagTys

Glo

Ran−1

Vef−1
Tos

Nam−1

Trond−1

Sunn−1

Rom−O

Rom−I

Sul

Stor

Van−2

Mal−O

Vag
Tys

Glo

Ran−1

Vef−1Tos

Nam−1 Rom−O
Rom−I

Sul

Mal−O

Vag

Tys

Glo

Ran−1
Trond−1

Rom−O

Rom−I

Sul

Stor

Van−2

Bal

Mal−O

Vag

Tys

Glo

Ran−1
Vef−1

Tos
Nam−1

Trond−1

Sunn−1 Rom−O

Rom−I

Sul

Stor

Van−2

Bal

Mal−O
Glo

Ran−1

Vef−1

Tos

Nam−1 Trond−1

Sunn−1

Rom−O
Rom−I

Sul

Stor

Bal

Mal−OVag
Tys

Glo

Ran−1

Vef−1

Tos

Nam−1

Trond−1

Sunn−1
Rom−ORom−I

Sul
Stor

Van−2

Bal

Mal−O

Vag
Tys

Glo

Ran−1
Vef−1

Tos

Nam−1
Trond−1

Sunn−1

Rom−O

Rom−ISul
StorVan−2

Mal−O
Vag

Tys

Glo

Ran−1
Vef−1

Tos

Nam−1

Trond−1

Sunn−1
Rom−O

Rom−I

Sul

Stor

Pseudo-/Paracalanus spp. Triconia borealis

Microcalanus spp. Oithona similis Paraeuchaeta norvegica

Candacia armata Centropages spp. Metridia spp.

Acartia longiremis Calanus hyperboreus Calanus spp.

5 10 2 4 6

2.5 5.0 7.5 10.0 10 15 20 25 30 35 0.2 0.3 0.4 0.5 0.6

1 2 3 1 2 3 0.0 2.5 5.0 7.5

5 10 15 1 2 4 8 12
0

1

2

3

4

0.0

0.5

1.0

1.5

2.0

0.0

0.2

0.4

0.6

0

1

2

3

0.0

0.1

0.2

0.3

0

1

2

3

0.0

0.2

0.4

0.6

0.0

0.5

1.0

1.5

0.00

0.05

0.10

0.15

0.0

0.5

1.0

1.5

2.0

0

1

2

3

Abundance (ind m-3) (square-root)

B
W

S
R

 (
m

g 
D

W
 m

-3
) 

(s
qu

ar
e-

ro
ot

)

p < 0.001, R2=0.81 p = 0.001, R2=0.67 p < 0.001, R2=0.71

p < 0.001, R2=0.73 p = 0.002, R2=0.61 p < 0.001, R2=0.74

p = 0.08, R2=0.14 p = 0.002, R2=0.46

p = 0.008, R2=0.36 p = 0.01, R2=0.38

p = 0.11, R2=0.12

Figure 7. Relationship between square-root transformed species abundance (miscroscopy-derived) and square-root transformed BWSR 

(metabarcoding/dry weight derived). Lines indicate linear regression fit; gray ribbons indicate 95% confidence interval of regression line. 
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200–1000 μm and 1000–2000 μm fractions was also highly 
correlated with the respective size fractionated dry weights 
( P < .001, R 

2 = 0.65 and 0.92, respectively), supporting the 
notion that biovolume can be used as proxy for biomass. 

Taxonomic classification of organisms identified 12 unique 
groups, of which three copepod categories ( Calanus spp.,
Oithona spp., and Calanoida) heavily dominated the abun- 
dance at all stations ( Fig. 5 c). Although the FlowCam image 
analysis showed an overall lower contribution of Oithona 
and Calanus compared to microscopic analysis of the same 
samples ( Fig. 5 c), the trends in the relative contribution of ma- 
jor taxonomic groups among samples were consistent between 

the methods. Meroplankton contributed 3%–5% at most sta- 
tions, and other holozooplanktonic organisms made up 5%–
25% of total abundance. 
s
ommunity analysis 

he nMDS of species abundance data (microscopy-derived) 
nd the species BWSR (metabarcoding/dry weight derived) 
evealed very similar patterns ( Fig. 10 ). Latitude and mean
ater temperature were correlated with the first axis, while
ottom depth drove the separation along the second axis.
oth datasets separated the fjords into three broad groups—
 Northern Group (Bal, Mal, Glo, and Vaag), a South-
rn Group (Stor, Van, Sul, Rom, Ting, and Nam), and a
eep-W ater Group (Vef, Ran, T ys, and Tos). Only Trond
as grouped with the Deep-Water Group within the BWSR
ataset and the Southern Group in the microscopy-derived 

bundance dataset. Additionally, Malangen (Mal) was much 

loser to the Southern Group in the BWSR data. The
pecies responsible for separating the groups partially, but not 
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Figure 8. Spatial distribution of Calanus species; (a) abundance of C5/adult females derived from microscopy, (b) BWSR derived by metabarcoding (all 
stages). 
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ompletely, overlapped between the two datasets. Both
atasets identified Metridia spp., Thysanoessa inermis ,
agitta elegans , Calanus hyperboreus , C. finmarchicus ,
seudo/Paracalanus spp. (identified as Pseudocalanus acus-
es , P. minutus , P. moultoni , and P. parvus in the
etabarcoding data) as the species driving the North-

rn Group. The metabarcoding data additionally identi-
ed the pelagic polychaete Tomopteris sp., the chaetog-
ath Eukrohnia hamata , and the copepod C. glacialis ,
hile the microscopy data identified the appendicularian
ikopleura sp., M. norvegica , and Temora longicornis as

ignificantly driving the communities. The Southern Group
as distinguished by the presence of Calanus helgolandi-

us and meroplankton; metabarcoding additionally identified
tenocalanus vanus and Pseudocalanus elongatus . The Deep-
ater Group was characterized by the presence of ostracods

n both datasets ( Boroecia borealis and Discoconchoecia ele-
ans in the metabarcoding data). The microscopy also iden-
ified the copepods Paraeuchaeta norvegica and Heterorhab-
us norvegicus and the amphipod Themisto abyssorum in the
eep-Water Group; metabarcoding identified the jellyfish Pe-

iph ylla periph ylla and the copepods Triconia borealis , Can-
acia norvegica , and Spinocalanus longicornis . 

iogeographic affinity 

ased on relative sequence counts, there was a clear lati-
udinal trend in the biogeographic affinity ( Supplementary

aterial 10 ) of the taxa composing the communities ( Fig. 11 ).
rctic/Arcto-boreal species typically dominated the communi-

ies in the northern fjords, where they composed 50%–75%
f all sequence reads. Their relative contribution declined with
atitude, and they made up 5%–10% of sequence reads at the
our southern-most stations. Boreal species showed variable
epresentation (10%–60%) with no clear spatial trends. The
ontribution of cosmopolitan species ranged between 5% and

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsae147#supplementary-data


Latitudinal gradients in zooplankton communities in Norwegian fjords 11 

Bal

Mal-O
Vag

Tys

Glo

Ran-1
Vef-1

Tos

Nam-1

Trond-1

Sunn-1

Rom-O

Rom-I

Sul

Stor

Van-2

-3.0

-2.7

-2.4

-2.1

6.5 7.0 7.5 8.0 8.5 9.0

Mean Temperature (°C) Mean Temperature (°C)

N
B

S
S

 in
te

rc
ep

t

Bal

Mal-O

Vag

Tys

Glo

Ran-1

Vef-1

Tos

Nam-1

Trond-1

Sunn-1
Rom-O

Rom-I

Sul

Stor

Van-2

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

6.5 7.0 7.5 8.0 8.5 9.0

N
B

S
S

 s
lo

pe

64

66

68

Latitude
(°N)

(a) (b)
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25% in northern fjords and increased markedly to comprise 
up to 80% of communities in some of the southern fjords.
Malangen was a clear outlier, with only 25% of reads be- 
longing to Arctic/Arcto-boreal species, despite its location in 

the far north, and with nearly 50% composition of sequence 
reads belonging to cosmopolitan species. Temperate/warm- 
water species were mostly observed in the more southern 

locations, with a low overall contribution (never exceeding 
15%). Taxa with an unknown distribution (typically those 
that could not be identified to species level) made up 1%–25% 

of sequence reads. 

Discussion 

We captured the zooplankton communities across our study 
area entering their winter state, as marked by the reduced 
hlorophyll levels, a notable accumulation of zooplankton 

iomass below 200 m, and the predominance of the diapaus-
ng C5 stage of C. finmarchicus . Our results, therefore, should
e interpreted within this seasonal context. 

ooplankton community structure, environmental 
nfluences, and implications for overwintering 

ur findings highlight distinct latitudinal trends in zooplank- 
on communities both in total amounts of zooplankton ob- 
erved and relative taxonomic composition. Although latitude 
tself does not directly influence biological systems, it can serve
s a useful proxy for other parameters. In our case, latitude
as highly correlated to water temperature, as well as re-
ected relative timing of the productive season, here defined 

s the part of the year with hightened primary and secondary
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roduction. We observed higher zooplankton abundance and
iomass at more northern locations relative to locations in the
outh; higher latitudes were also correlated with higher NBSS
lopes and a larger relative contribution of larger mesozoo-
lankton biomass, reflecting a relatively higher importance
f larger organisms toward the north. In terms of commu-
ity composition, from south to north, the community shifted
rom one dominated by small copepods, meroplankton, and
elatinous plankton to one with a higher contribution of
alanus , chaetognaths, and crustacean macroplankton. The

elative contribution of Arctic and Arcto-boreal species in-
reased with latitude, while cosmopolitan and boreal species
eclined. These patterns may reflect both true geographical
rends, as well as the relative timing of the seasonal transi-
ions at different locations. For example, the relatively high
ontribution of meroplankton and siphonophores at lower
atitudes may reflect the longer productive season at those lo-
ations. The higher dry weight and biovolumes observed at
igher latitudes align with global trends that show zooplank-
on biomass to increase in polar/sub-polar waters (Moriarty
t al. 2013 , Drago et al. 2022 ). However, we cannot exclude
hat these patterns within our study area may be specific to
he studied season or year. 

The trends in biomass were highly influenced by the rel-
tively large copepod C. finmarchicus , which is distributed
hroughout the North Atlantic, but has an overwintering cen-
er in the deep Norwegian Sea (Melle et al. 2014 ), adjacent
o our study region. It can also overwinter in fjords along the
orthern part of the Norwegian coast (Espinasse et al. 2016 ,
oguiec et al. 2023 ), and the high biomass observed at north-
rn locations likely represents these overwintering popula-
ions. The local oceanography may play a key role in facilitat-
ng the advection and subsequent retention of overwintering
ooplankton within fjords (Backhaus et al. 1994 , Falkenhaug
t al. 1995 , Samuelsen et al. 2009 , Gao et al. 2024 ). More
pecifically, the Norwegian Coastal Current undergoes a
oastward shift in its shear during the autumn months (Sætre
007 ), enhancing the influence of this water mass in coastal
egions. Consequently, zooplankton from the Norwegian Sea
ay be transported into the fjords, where they can sink below

ill depth and avoid being flushed back out onto the shelf (Gao
t al. 2024 ). The biomass of the 1–2 mm fraction, primarily
onsisting of C. finmarchicus , was notably high in many of
ur sampled locations, particularly in the north, often nearing
r exceeding those reported for regions recognized as key
istribution areas of this species. According to Melle et al.
 2014 ), “population centres” of C. finmarchicus are defined as
ocations where overwintering populations exceeded 15 000
nd m 

−2 , which, based on our data, roughly corresponded
o 4.2 g DW m 

−2 . In our study, 15 out of 34 fjord locations
ampled exhibited biomass values of the 1–2 mm fraction that
urpassed this threshold, with over half of those exceeding
0 g DW m 

−2 and one location (Malangen) having a biomass
f 32 g DW m 

−2 . Among the stations where microscopic
ounts were taken, 9 of 16 locations had Calanus abundances
xceeding 15 000 ind m 

−2 , with the maximum observed in
ysfjorden (161 000 ind m 

−2 ). These findings are noteworthy
ecause the fjord depths are much shallower than the typical
ey overwintering habitat of C. finmarchicus , which is usually
eeper than 600–800 m (Melle et al. 2014 ). The exceptionally
igh biomass of C. finmarchicus in Malangen, e.g. occurred at
 depth of only 380 m. This is consistent with earlier studies,
hich found up to 180 000 ind m 

−2 overwintering Calanus
n Malangen in October 1992 (Falkenhaug et al. 1997 ). These
verwintering fjord populations may be important reservoirs
hat seed surrounding shelf waters with zooplankton in the
pring. The overwintering Calanus in fjords produce eggs
nd nauplii that rise to the surface and are carried out to the
helf, where they can resupply local populations and be an
mportant food source for larval cod (Espinasse et al. 2016 ). 
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Table 2. Summary of strengths and limitations of the four methodologies employed in this work. 

Method Strengths Limitations Best applications 

Dry weight � Easy and quick to measure 
� Quantitative proxy of zooplankton 
total amount/ratio between size 
classes 

� No/very low taxonomic resolution 
� No abundance information 
� Prone to bias (i.e. phytoplankton 
blooms and other debris) 

� Total/size-fractionated 
zooplankton biomass estimates 
across large spatial/temporal scales 

FlowCAM image 
analysis 

� Less time consuming than 
microscopy 
� Size and biovolume distribution 
information 
� Total abundance information 

� Low taxonomic resolution 
� Low accuracy of taxonomic 
assignment even at low taxonomic 
resolution 
� No developmental stage 
information 

� Total zooplankton abundance 
estimates across large 
spatial/temporal scales 
� Size/trophic structure of the 
communities 

Microscopy � High taxonomic resolution 
� Species-specific and total 
abundance information 
� Developmental stage composition 

� Some groups underrepresented (i.e. 
gelatinous species) 
� Very time consuming 
� Prone to human bias 

� Total community structure 
� Species population structure, life 
history and phenology 
� Biodiversity estimates (focused on 
certain groups) 

Metabarcoding � Highest taxonomic resolution 
� Quantitative proxy for species 
biomass 
� Shows similar community patterns 
to microscopy data 
� Less time consuming than 
microscopy 

� No abundance information 
� No developmental stage 
information 
� Risk of false positives 
� Some groups underrepresented, 
multiple barcodes may be needed 
� Requires dedicated facilities 
� Relatively high reagent costs 

� Total community structure 
� Biodiversity estimates (all groups) 
� Detection of rare or cryptic species 
and groups 
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The latitudinal pattern in size structure within the com- 
munities was also consistent with global trends that show a 
strong negative correlation between habitat temperature and 

individual body mass, both within entire communities and 

individual species (Evans et al. 2020 , Brandão et al. 2021 ).
The temperature/latitude-associated gradient in size classes 
that we observed was likely a combination of both a tax- 
onomic shift in the communities to larger species (i.e. from 

small copepods to Calanus spp.) as well as a shift to larger 
sizes within the Calanus copepods themselves (Horne et al.
2016 ). In general, metabolic rates are lower in colder waters,
so zooplankton may be able to allocate more energy to growth 

and reproduction rather than maintenance (Clarke and Fraser 
2004 ). Additionally, a larger body size, often associated with 

increased energy storage capabilities, may be advantageous in 

environments with extreme seasonal productivity fluctuations 
(Evans et al. 2020 ). This variation in size structure can have 
substantial implications for trophic interactions and energy 
transfer efficiency within the ecosystem, since many predators 
choose their prey based on size. For example, Beaugrand et 
al. (2003) found the decline in cod recruitment in the North 

Sea related to a shift to smaller zooplankton. García-Comas 
et al. (2016) also underscore the importance of size structure 
in planktonic communities, showing that higher predator size 
diversity enhances trophic transfer efficiency, particularly in 

planktonic communities where prey size diversity is high. 
The structure of the fjord, the depth of the sill, as well as 

the seasonal variations in the coastal currents, determine the 
extent that it is influenced by external water masses from 

outside of the fjord. In our study, an example of this was 
Malangen, which, despite being the northern-most sampled 

location, was markedly boreal in character, both in terms of 
water properties and species composition. The open structure 
of this fjord facilitates water exchange with surrounding shelf 
waters, sharply contrasting with the neighboring Balsfjorden 

(Falkenhaug et al. 1995 ). Deeper fjords can also provide 
refugia for deep-water and Arctic-relic species, as evidenced 
y the deep fjord locations in our study clustering separately
ased on community composition, despite the integrated 

ature of our net tows. However, while the structure of
jords, such as depth, width of the fjord opening, or sill depth,
ndeniably shape their biological communities on smaller 
eographical scales (i.e. Aksnes et al. 1989 , Gorsky et al.
000 , Hosia and Båmstedt 2008 ), the broad-scale geograph-
cal patterns we observed significantly overshadowed these 
tructural influences. Despite expectations to the contrary,
utside of the above-mentioned examples, we found little 
orrelation of biological patterns to structural characteristics 
f the examined fjords. This finding cautions against the 
versimplification of extrapolating parameters from a single 
jord system to other fjords along the Norwegian coast in
cological monitoring efforts, advocating for a nuanced 

nderstanding of each system’s unique characteristics. 

omparative efficacy of applied methodologies 

he integration of several different methods allowed us to ex-
mine a large range of zooplankton parameters from samples 
ollected by a single net tow. Our data included total and size-
ractionated biomass, species and total abundance, size struc- 
ure, taxonomic diversity at a very high level of resolution as
ermitted by DNA analysis, and developmental stage compo- 
ition. Each of the methodologies we used in this work pro-
ides distinct advantages but also has clear limitations when 

pplied individually, as summarized in Table 2 . 
Size-fractionated bulk dry weight measurements, for in- 

tance, offer an highly inexpensive and time-effective method 

o examine overall trends and patterns in zooplankton 

iomass distribution, despite not providing species-level data.
s this has been one of the most widely implemented method

o measure zooplankton since the 1960s (Harris et al. 2000 ),
t also provides a useful metric to compare with historical
ata. Although this approach provided taxa-specific estimates 
nly for the macroplankton, it has been established that the
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000–2000 μm size fraction in Norwegian waters consists
rimarily of C. finmarchicus stage CV and adults (Skjøldal
021 ), which is further supported by the strong correlation
etween this biomass fraction and Calanus abundance and
WSR within our data. Since Calanus is the main contributor

o overall zooplankton biomass in most marine environments
n Norwegian waters (Wiborg 1955 ), this provides a very use-
ul and easily obtained proxy of this key species. 

Conversely, microscopy offers precise species-specific abun-
ance data and detailed stage composition for certain species;
owever, this technique remains labor-intensive and prone to
uman error and bias. Although there have been few pub-
ished efforts to quanitify the error rates associated with man-
al microscopic sorting, one study highlights the challenges
aced by human taxonomists in identifying marine dinoflagel-
ates, revealing that even trained personnel achieve only 67%–
3% self-consistency and 43% consensus between experts
Culverhouse et al. 2003 ). Microscopy is also less effective for
dentifying groups that do not preserve well or lack sufficient
istinguishing features for accurate identification. Even within
ell-studied groups such as calanoid copepods, species-level

dentification is typically only feasible at the adult stage, al-
hough adults often compose a small percentage of the pop-
lation (Ershova et al. 2017 ), and groups like meroplankton
re at best identified to class or phylum. 

COI metabarcoding can produce a very high level of tax-
nomic resolution and can identify individuals at any stage
f development, although depending on the barcoding re-
ion/primer set used, it may also exclude or underrepresent
ertain groups, some of which may be ecologically important.
he quantitative interpretation of metabarcoding data has
istorically been, and remains, a controversial subject (Buck-
in et al. 2016 ), but in this study we apply a tested proto-
ol that proved to be effective at relative quantification of
ost groups of marine zooplankton (Ershova et al. 2023 ).
lthough metabarcoding remains unsuitable for estimating

pecies abundances directly, relative sequence counts are fairly
ell correlated to relative species biomass for most taxonomic

roups. When combined with a bulk biomass measurement,
his approach can generate a semi-quantitative metric that is
kin to species biomass (BWSR) (Ershova et al. 2023 ). The
ystematic discrepancy between relative sequence read counts
nd relative abundance was clear, e.g. in the much higher
elative proportions of C. hyperboreus within the metabar-
oding data relative to the microscopy data ( Fig. 8 ). The high
elative sequence counts of L. sarsii , a large-bodied sea star
arva, also reflect how a few large individuals can dispropor-
ionately contribute DNA relative to their actual abundance.

hile the metabarcoding recovered a lot of cryptic diversity,
t also failed to identify some taxonomic groups completely,
uch as appendicularians and certain species of copepods and
iphonophores. For example, the siphonophore species Dimo-
hyes arctica or Lensia conoidea, which were identified within
he macroplankton biomass fraction and are known to be
umerous in the fjords during the fall, were absent in the
equencing data. This suggests that our chosen primers may
ot be ideal for capturing all members of these groups, and
ther primers and/or barcodes should be included if these
axa constitute groups of interest. Remaining gaps in ref-
rence libraries may also account for some of the missing
axa, although the zooplankton of the North Atlantic is one
f the best barcoded groups in the world (O’Brien et al.
024 ). 
Finally, FlowCam image analysis is highly time-effective
nd provides rapid information of total abundance, size-
pectra, and individual biovolume, but its current ability to
dentify taxa beyond a very broad grouping remains limited.
his is expected to improve in the future as training datasets
nd deep-learning algorithms continue to develop and become
ore and more sophisticated. However, the level of taxonomic

nformation gained from a two-dimensional image, randomly
maged in a fluid flow, can never approach the same level of
axonomic depth as proper microscopic analysis. Neverthe-
ess, even without taxonomic assignment, mesozooplankton
bundance and biovolume size spectra can provide important
nsights on community productivity and other ecological pro-
esses. For example, plankton size spectra have been used to
redict biomass and production of higher trophic levels, such
s fish communities (Sprules and Barth 2016 ). As such, this
pproach has a major advantage in terms of cost and time
nvestments when compared to the other methods described
bove. The ongoing development of plankton imaging systems
ill continue to elevate the understanding of how size struc-

ure influences the pelagic ecosystems (Dugenne et al. 2023 ). 
Although the integrated approach we implemented circum-

ents a lot of the limitations that are associated with each indi-
idual method, it remains constrained by the sampling design.
ore specifically, our reliance on a single net tow at one loca-

ion per fjord inherently limits the scope of our data. Plankton
ommunities can exhibit significant heterogeneity even over
mall spatial scales (Steele 1978 ), which means that a single
ample likely does not fully capture the diversity and abun-
ance variations present within a location. While nets remain
 standard tool for plankton sampling, they have issues such
s avoidance by larger or more mobile species, destruction of
ragile organisms, and variability in catch efficiency depending
n the mesh size and towing procedure (Wiebe and Benfield
003 , Skjøldal et al. 2013 ). Furthermore, net tows typically
rovide a “snapshot” of the community, which might not ac-
urately reflect larger-scale trends or subtle ecological interac-
ions. Incorporating alternative or complementary sampling
ethods, such as acoustic surveys or optical plankton systems,

ould provide additional layers of data to overcome some of
hese limitations. Acoustic surveys, e.g. can cover larger areas
nd provide data on the distribution and abundance of some
ooplankton groups without physically capturing them, thus
ffering insights into the spatial dynamics of these populations
Sutor et al. 2005 ). Optical methods, on the other hand, can
ffer real-time, in situ observations, allowing for the study of
lankton without the biases introduced by net sampling (Gier-
ng et al. 2022 ). These can be particularly useful for fragile
elatinous organisms. 

mplications of zooplankton monitoring for 
cosystem management and conservation 

s coastal marine environments, fjords are acutely vulner-
ble to human impact and climate-related changes, and
atterns in species distributions can have critical implica-
ions for local biodiversity conservation and ecosystem man-
gement. Potential changes in zooplankton composition may
ave cascading effects on food web dynamics, nutrient cycling,
nd overall ecosystem functioning (Hays et al. 2005 , Stein-
erg and Landry 2017 ). Therefore, there is an urgent need for
ontinuous monitoring efforts utilizing integrated method-
logical approaches to accurately capture these dynamics. 
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The size structure and relative species composition of the 
communities can serve as a useful gauge of the extent of the 
natural spatial and temporal variability, but can also serve as a 
benchmark against future climate related change. Our results 
of lower intercepts and steeper slopes of the mesozooplank- 
ton size spectra with decreasing latitude (increased tempera- 
ture) predict increased number of trophic levels, lower assim- 
ilation efficiency , productivity , and biomass of higher trophic 
levels with increasing temperature (Zhou 2006 , Sprules and 

Barth 2016 ). In our work, warm-water and temperate taxa 
contributed no more than 15% in the southernmost loca- 
tions. The strong correlation between water temperature and 

the relative biogeographic affinity within the communities 
suggests that the contribution of these taxa may increase 
and shift northward during warmer years. The dominance of 
Arctic/Arcto-boreal species in northern fjords, on the other 
hand, may decline in warmer years as they are replaced by 
their boreal counterparts. The development of an “index,”
correlating to the proportion of warm- or cold-water taxa,
could serve as a practical and easily implementable tool for 
comparing ecosystem states over different years or across 
longer time scales (Beaugrand 2005 ). However, such assess- 
ments hinge on the availability of regularly collected, quanti- 
tative, species-level data. 

The ability of metabarcoding to distinguish between cryptic 
species is particularly valuable for tracking range expansions 
of species and shifts in total biogeographic affinity of com- 
munities. Plankton, being passive drifters with currents, can 

effectively mirror changes in water mass properties or circu- 
lation patterns. Yet traditional taxonomy often struggles in 

this aspect, especially when differentiating species within the 
same genus, which can be indistinguishable at juvenile stages 
or and often even at the adult stage. For example, the ratio be- 
tween the temperate C. helgolandicus and the more boreal C.
finmarchicus , or, farther north, between C. finmarchicus and 

C. glacialis has long been used to track the effects of climate 
change in NwCW (Falkenhaug et al. 2022 ) and borealization 

of the Arctic (Polyakov et al. 2020 ). In fjords, even adults of 
C . glacialis and C . finmarchicus are virtually indistinguish- 
able morphologically (Choquet et al. 2018 ), yet C. glacialis 
represents “local” populations as they are not found on the 
shelf outside the fjords (Choquet et al. 2017 ), while the C.
finmarchicus population likely consists of a mix of local and 

advected individuals (Bucklin et al. 2000 ). Despite their mor- 
phological similarity, closely related species can occupy dif- 
ferent ecological niches, exhibit distinct life cycles and pro- 
duction patterns (Ershova et al. 2021 ) and can have varying 
ecological significance for predators. For instance, little auks 
in Svalbard exhibited a marked preference for C. glacialis even 

when they completely overlapped in distribution with C. fin- 
marchicus (Balazy et al. 2023 ). 

Metabarcoding also offered improved detection of gelati- 
nous plankton, which can play a very important role in coastal 
ecosystems (Hosia 2007 ) but remain challenging to moni- 
tor using traditional methods. The sequencing identified 22 

cnidarian and 3 ctenophore species and showed an increased 

contribution of gelatinous plankton in the southern locations,
consistent with the macroplankton biomass findings. Jellyfish 

blooms of species such as ctenophores (Falkenhaug 1996 ),
the deep-water jellyfish P. periphylla (Fosså 1992 , Sørnes et 
al. 2007 ), and siphonophores (Båmstedt et al. 1998 , Hosia 
and Båmstedt 2008 , Knutsen et al. 2018 ) have been regis- 
tered in a number of coastal areas in Norway, and can have 
 profound impact on local fisheries and aquaculture (Bosch- 
elmar et al. 2020 ). For example, the proliferation of P. pe-
iphylla in Trondheimsfjorden was coincident with reduced 

atches of cod (Jøssang 2015 ). Increasing blooms of the toxic
iphonophore Apolemia uvaria have been causing severe le- 
ions and mass death of salmon in fish farms (Agnalt et al.
024 ). Siphonophores in particular are difficult to quantify 
sing traditional methods that rely on abundance data, due 
o the fact that they are colonial organisms and the conse-
uent uncertainty of what constitutes an “individual.” In this 
espect, metabarcoding may offer a better metric to measure 
heir contribution to planktonic communities as it is a proxy
or relative biomass, not abundance. This was evident in the
igh contribution of sequence reads by the siphonophore N.
ara , consistent with visual observations during similar times 
f year, where this species had been found to contribute up to
000 ind m 

−2 (Gorsky et al. 2000 ). Yet, as discussed in the
revious section, not all siphonophore species were captured 

ia the chosen genetic marker, so other barcodes and primer
ets may need to be developed to target these species specifi-
ally. 

In conclusion, the integration of advanced monitoring tech- 
iques, such as metabarcoding and imaging systems, with tra- 
itional ecological methods offers a comprehensive approach 

o understanding and managing coastal planktonic commu- 
ities. As these environments face increasing pressures from 

limate change and human activity, monitoring efforts should 

ontinue to refine and implement these tools. Additionally, net 
ampling should be supplemented with techniques that allow 

o capture more of the patchiness inherent to planktonic sys-
ems. This will result in more accurate assessments of plankton
nd their predators, allowing us to inform sustainable man- 
gement strategies of these fragile ecosystems. 
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