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Phenology of Oithona similis 
demonstrates that ecological 
flexibility may be a winning trait 
in the warming Arctic
Kaja Balazy1*, Rafał Boehnke1, Emilia Trudnowska1, Janne E. Søreide2 & Katarzyna Błachow
iak‑Samołyk1

Rapidly warming Arctic is facing significant shifts in the zooplankton size‑spectra manifested as 
increasing numbers of the small‑sized copepod Oithona similis. Here we present a unique continuous 
data set covering 22 months, on its copepodite structure along with environmental drivers in the 
Atlantic‑influenced high Arctic fjord Isfjorden (Spitsbergen). Abundance maxima of O. similis were 
observed in September when the highest seawater temperature was recorded. A high concentration 
of the indicator species of Atlantification Oithona atlantica was also observed at that time. The clear 
dominance of O. similis in the zooplankton community during the dark, theoretically unproductive 
season emphasizes its substantial role in sustaining a continuous carbon flow, when most of the 
large herbivorous copepods fall into sleeping state. The high sex ratio observed twice in both years 
during periods of high primary production suggests two main reproductive events per year. O. similis 
reproduced even in very low temperatures (< 0 °C) previously thought to limit their fecundity, which 
proves its unique thermal tolerance. Our study provides a new insight on ecology of this key copepod 
of marine ecosystems across the globe, and thus confirm the Climatic Variability Hypothesis assuming 
that natural selection favour species with such flexible adaptive traits as O. similis.

Climate change is likely to have major impacts on global ecosystems, and this is especially the case in the rapidly 
warming Arctic  regions1,2. Warmer sea temperatures and a longer open water season create new opportunities 
for sub-Arctic and boreal species to establish themselves in the high Arctic and these may outcompete those 
Arctic species currently living  there3–6. Systematic reorganization of zooplankton communities from larger Arctic 
to tiny boreal/temperate taxa has already been observed along the west coast of Spitsbergen, with a particular 
increase in numbers of the small cosmopolitan copepods Oithona spp.7–9. The scale of this phenomenon is mainly 
influenced by the high numbers of O. similis, while much less numerous O. atlantica is typically regarded as the 
key representative of Atlantic expatriates and is often used as an indicator of Atlantic  inflow10. Despite its low 
individual biomass, the high abundance of O. similis can contribute considerably to both biomass and secondary 
production, especially in coastal and fjord waters of the northern  hemisphere11–13. Recently it was demonstrated 
that in fjords prone to intensive Atlantic water advection, the increase of abundance of O. similis results in a 
change in the zooplankton size  spectra14. The 7-year studies from the Arctic shelf region with measurements 
repeated at the same time of the year (July/August), clearly confirmed that higher water temperatures favour the 
small zooplankton fractions represented (among others) by O. similis over larger  ones15.

What makes O. similis particularly flexible and able to adapt to changing environmental conditions is its 
thermal plasticity and omnivorous feeding  strategy16. The temperature tolerance from 4 °C to even > 20 °C17,18 
is wider than in any other copepods species potentially explaining its ubiquity in the world  oceans16. O. similis 
exploit the lower portion of the food size spectrum than large herbivorous copepods and feeds primarily upon 
ciliates and heterotrophic dinoflagellates as well as on heterotrophic protists or even copepod  nauplius16,19,20. 
Since its diet is coupled more with microbial loop than to phytoplankton blooms it is not strictly constrained 
by the seasonal restriction in primary production as large herbivorous  copepods16. All these abilities allow O. 
similis to maintain an almost-continuously stable population and stay active even over polar night when primary 
production is severely reduced. Although new studies show that Calanus spp. can also be active in  winter21–23, 
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this period clearly belongs to small copepods, which due to their opportunistic feeding act as a main microbial 
grazers, sustaining continuous flow and utilizing of either primary or regenerated  production24.

Although O. similis has been widely studied, there are inherent limitations that make it difficult to accurately 
trace its population dynamics. One of the main problems is time limitation. Previous studies on O. similis from 
Svalbard have largely been limited to the summer seasons. There have only been a few seasonal studies on zoo-
plankton including O. similis carried out in Spitsbergen fjords using nets: in 80  s25, and 90 s, when the fjords on 
the west coast of Svalbard still experienced cold Arctic conditions and seasonal sea ice  cover12,26,27; and more 
recently from data from sediment  traps28. These studies did not specifically consider the entire population struc-
ture of O. similis. Similar limitations apply to studies from other polar regions such as Western  Greenland29,30, 
the Barents  Sea31 or Northern  Norway32. Although most of these studies looked at the O. similis complete age 
structure, they did not cover all of the seasons, and this has limited our interpretation of the full annual cycle. 
Another important limitation is the sampling method, as only the adults are representatively sampled in the 
standard, zooplankton surveys nets of 180–200 µm mesh  sizes33–35 commonly used in high latitudes, which is 
why the information on its complete population structure in the Arctic is relatively poor. Böttger-Schnack et al.36 
found that the abundances of Oithona spp. recorded for younger copepodite stages and adults differed by a factor 
of 3 to 7 when comparing zooplankton net samples with mesh sizes 150 versus 55 μm. It is thus likely that the 
reported abundances of O. similis may be severely underestimated in most zooplankton  studies24. In temperate 
climatic conditions the abundance and reproductive output of O. similis is strongly related to the variation in 
sea surface temperature (SST)37. However, the high seasonality of heterotrophic protists associated with primary 
production peaks observed at high latitudes may suggest that the food availability is also an important factor 
influencing population dynamics of O. similis in these  regions38–40. Even though previous studies performed in 
Greenland implied that O. similis is active year-round and has the ability to reproduce even in the food-limited 
 conditions29,30, we assumed that their functioning in other, Atlantic-influenced regions may exhibit a different 
pattern. It was interesting to test it in region considered as an indicator for climate change in the European 
 Arctic41 over two different years to verify which of the patterns/processes are stable regardless of the environ-
mental conditions, and which are more prone to changes in environmental settings. In this study, we present 
a unique phenological study of O. similis, based on high temporal resolution sampling that was performed 
weekly/monthly during two successive years, from January 2012 to October 2013 by a fine-meshed (63 µm) 
zooplankton net in Adventfjorden, Isfjorden (Svalbard). Since 2005 this fjord has experienced strong Atlantic 
water influence and remained ice free. The aim of this study was to follow the temporal dynamics of O. similis 
copepodite structure in the mesozooplankton community over the course of 22 months and to test how it relates 
to dynamically changing physical and biological environmental conditions. We hypothesized that because of 
the boreal nature of O. similis16 and that cold temperature act as a limiting factor of its  fecundity42, the increase 
in the population of O. similis will be associated with higher seawater temperature. We also expect that due to 
being broadly  omnivorous16, and because of the known ability of O. similis to reproduce year-round43, O. similis 
would be capable of continuous reproduction also in such an high Arctic region, however, due to the exceptional 
seasonality of the environment, a pattern of increased reproductive activity and abundance, driven by biotic and 
abiotic factors will be distinguished, differently to more stable populations from temperate  climates32.

Material and methods
The study area. Adventfjorden is a small (around 7 km long and 4 km wide) NW–SE directed side arm of 
Isfjorden, the largest fjord complex in west Spitsbergen. Isfjorden and Adventfjorden are open fjords with no 
physical sill barriers and are seasonally influenced by warm Atlantic water and transformed Atlantic water trans-
ported/advected by the West Spitsbergen Current from the shelf outside, as well as by local river run-offs41,44. 
Adventfjorden is located at a latitude of 78° N where the sun remains below the horizon for almost 4 months dur-
ing the winter and stays above the horizon for 4 months during summer, providing a characteristic high Arctic 
light  climate45. However, because of the hydrography and the lack of seasonal ice cover during winter in recent 
years, Adventfjorden is regarded as being more typical of a sub-Arctic  fjord46.

The time-series zooplankton sampling was performed at Isfjorden-Adventfjorden station (IsA, 78.261 N, 
15.535 E, Fig. 1), which is located near the mouth of Adventfjorden and is 80 m deep. The close location of the 
University Centre in Svalbard (UNIS) has enabled a full-year measurement campaign, conducted in 2012 (Janu-
ary–December) and 2013 (January–October).

Environmental parameters. Environmental parameters (temperature and salinity) were measured using 
a hand-held CTD (SAIV SD204, Bergen, Norway) with an attached Seapoint fluorometer or by using a Seabird 
911 ship CTD. In this study the average for seawater temperature (hereafter ST) and salinity was calculated for 
a 0–65 m water layer. Chlorophyll a concentration was estimated from water samples collected at 5, 15, 25 and 
60 m with a 10 L Niskin bottle. Three replicates were filtered through glass microfiber filters (GF/F, 0.7 mm, 
Whatman, England). Filters were either stored frozen (-80 °C) or chlorophyll a was extracted immediately in 
10 mL methanol (~ 99%) for 20–24 h at 4 °C in  darkness47. Chlorophyll a concentrations were measured with a 
calibrated fluorometer (10-AU-005-CE Fluorometer, Turner, USA; chl a standard:Sigma S6144). The replicate 
samples were used to calculate the average chlorophyll concentration for 0–65 m water layer. More detailed data 
on the specific environmental conditions from 2012 can be found in Stübner et al.48. Average day-length was 
calculated using the NOAA solar calculator available at http:// www. esrl. noaa. gov/ gmd/ grad/ solca lc/ calcd etails. 
html, using the hours per day where the sun was above the horizon for each day of sampling. For more details on 
chlorophyll a values and protist diversity see Marquardt et al.49 and Kubiszyn et al.38.

http://www.esrl.noaa.gov/gmd/grad/solcalc/calcdetails.html
http://www.esrl.noaa.gov/gmd/grad/solcalc/calcdetails.html
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Zooplankton sampling and taxonomic analysis. Zooplankton samples were collected from the IsA 
sampling station one to four times per month between January 2012 and October  201348. Zooplankton data 
from the year 2012 was partly presented in Stübner et al.48. Sampling was more frequent from the beginning 
of March until the end of May, when the spring bloom was observed in both of the studied years. Two vertical 
hauls of a closing WP2 net with 63 µm mesh size and opening area of 0.25  m250 were conducted from 25–0 and 
65–25  m at a rate of 0.25–0.5   ms-1. Samples were preserved with 4% borax buffered formaldehyde-seawater 
solution. In the laboratory, detailed taxonomic analysis was performed according to standard procedure. First, 
in each sample macrozooplankton (with total body length ≥ 5 mm) was removed, identified and counted. Then, 
for remaining mesozooplankton, 2 ml sub-samples were taken and all the organisms were identified to the low-
est possible taxonomic level following Harris et al.51. Sub-samples were identified until a total number of 400 of 
all individuals from different taxa were counted. After sample analysis, sub samples with a special focus on the 
copepodite composition of O. similis (adult female—AF, adult male—AM, fifth copepodite stage—CV, fourth 
copepodite stage—CIV, third copepodite stage—CIII, second copepodite stage—CII, first copepodite stage—CI) 
were examined. From each sample, 2 ml subsamples were taken to count at least 50 individuals of O. similis. 
Where there was a low abundance of O. similis samples were divided into two parts using a Motodo plankton 
splitter and every individual of O. similis from one half was identified to an appropriate developmental stage.

Data analysis. We employed the phenological indices commonly applied to stage-structured abundance 
data as recently applied to Calanus52. This involved calculating the proportion of copepodite stages V (CV) to the 
total abundance of copepodite stages (CVT), as described by Mackas et al.53. The population development index 
(PDI) was calculated as the proportion of early copepodite stages (CI to CIII) to total abundance of copepodites 
according to Head et al.54. The average weighted stage (AWS) was calculated on the basis of relative abundance 
of particular life stages, with each stage multiplied by values from 1 for CI to 6 for  adults55. The sex ratio of 
adult males/adult females (AM/AF) was expressed as a relative number of males to  females56. The value of AM/
AF ≥ 0.12 was used as a determinant of reproduction events as characteristic for the female-skewed Oithoni-
dae  family56. Since all these phenological indices represent different stages and various aspects of life cycle, 
we applied them together to provide a more complete overview of the O. similis phenological  variability52,57. 
This approach is especially relevant for seasonal study with high dynamics of population variability as in our 
 research52. Multivariate nonparametric permutational ANOVA (PERMANOVA)58 was used to test differences in 
the zooplankton taxonomic composition based on abundances of each species/life stage identified, the monthly 
mean abundance of O. similis, the concentration of individual copepodite stages in particular water layer and 
the copepodite structure based on the abundance of each stage between particular months. Prior to the analyses, 
abundance data were square-root-transformed59. The calculation of the Pseudo-F and p values was based on 999 
permutations of the residuals under a reduced  model60. The distribution of centroids representing particular 
samples was illustrated with a non-metric multi-dimensional scaling (nMDS) using Bray–Curtis similarity ordi-
nation to demonstrate variability in zooplankton community structure. The relationship between the propor-
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Figure 1.  Location of the sampling station Isfjorden/Adventfjorden IsA (black star), Spitsbergen, Norway. 
The arrows show the dominating ocean currents: warm West Spitsbergen Current (red arrow) advected to the 
southern part of the Isfjorden and cold Sørkapp Current (blue arrow). Map was prepared with Ocean Data View 
software v. 5.0.0 (http:// odv. awi. de)61.

http://odv.awi.de
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tion of O. similis total abundance and proportion of Calanus spp. in total copepod abundance (TCA) was tested 
using Pearson linear correlation. A distance-based linear model (DistLM) was used to analyse the relationships 
between the total abundance, CVT, AWS, AM/AF and PDI vs. the environmental variables including tempera-
ture, salinity, day length, and chlorophyll a concentration. Calanus spp. abundance was also treated as an envi-
ronmental factor. Prior to the analyses, Oithona spp. abundance and phenological parameters (CVT, PDI, AWS, 
AM/AF) were square-root-transformed and the environmental variables were normalized. A forward-selection 
procedure was used to determine the best combination of predictor variables explaining variations in abun-
dance and phenological indices. The selection criteria were based on  R2  values58. The Ocean Data View software 
 programme61 was used to prepare maps.

Results
Environmental variability. The water masses in Adventfjorden, were found to be relatively well mixed for 
most of the year in 2012 and 2013 except during the period between July–September when local freshwater run-
off formed a distinct fresher and warmer surface water layer. The local waters dominated with pulses of modified 
Atlantic water in March–April in 2012 and in June in 2013. Seawater temperatures (ST) remained above zero 
most of the year except for January–February 2012 and March–May in 2013 (Fig. 2). In both years the highest 
ST was recorded in September with 3.8 °C in 2012 and 5.6 °C in 2013 (Fig. 2). The lowest ST was observed in 
January (− 1.1 °C) in 2012 with a clear drop observed also in May (Fig. 2) and in April (-0.7 °C) in 2013. Salinity 
was highest during February-April (34.7–34.8) while the lowest values were observed during July–September 
(33.6—34.1). The sun was above the horizon for 24 h from the end of April until August. Day lengths become 
rapidly shorter from September until complete darkness lasting from November to February (Fig. 2). The spring 
bloom, expressed by elevated chlorophyll a values were recorded in May for both years (2.4 and 2.5 mg Chla L-1 
in 2012 and 2013, respectively, Fig. 2), and lasted until July. The second, though much less pronounced peak of 
chlorophyll a occurred in the autumn from August to October (0.3–0.4 mg Chla L-1 in 2012 and 0.7–0.8 mg 
Chla L-1 in 2013). Thereafter the chlorophyll a values were close to zero until March (Fig. 2).

Abundance and proportional importance of Oithona. The mean abundances of O. similis dif-
fered between the months studied (PERMANOVA, MS = 1254.8, Pseudo-F = 4.61, P = 0.011) but did not differ 
between years (PERMANOVA, MS = 241.7, Pseudo-F = 0.89, P = 0.376). The most pronounced peaks of O. similis 
(monthly mean abundances) were observed in September in both years (Fig. 2). The environmental variables 
tested (salinity, temperature, chlorophyll a concentration, day length, Calanus spp. abundance) explained 74% of 
the total variability in the abundance of O. similis. The variation in seawater temperature (ST) best explained the 
observed abundance variability (62%) (Supplementary Table S1), and indeed peaks of O. similis clearly coincided 
with the highest temperature recorded in both years (Fig. 2). The highest abundances of O. atlantica were noted 
in September 2012 and September–October 2013 (Fig. 2).

The zooplankton community composition showed clear seasonal pulses with the highest numerical impor-
tance of small copepods found during the autumn and winter months, whereas other mesozooplankton taxa, 
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represented mainly by meroplankton (larval stages of Bivalvia and Cirripedia) predominated during the 
spring–summer period (Fig. 3). O. similis was the dominant species among the small copepods in all seasons in 
both years (Fig. 3). The two other small copepods taxa Pseudocalanus spp. and Microcalanus spp. were the next 
most abundant and were usually observed in similar numbers, except for slightly higher values for Microcalanus 
spp. during the winter months, and a stronger dominance of Pseudocalanus during spring/summer months 
especially during May–July 2012 and May 2013 when Microcalanus spp. was not recorded (Fig. 3).

The zooplankton taxonomic composition was similar in the corresponding months of the two studied years 
(PERMANOVA, MS = 1119.7, Pseudo-F = 1.622, P = 0.163) (Fig. 5). Significant differences were found between 
individual months (PERMANOVA MS = 2814.8, Pseudo-F = 4.0774, P = 0.001). Numerically, O. similis constituted 
an important component (25% on average) of the overall zooplankton community, especially during winter and 
autumn months with shares of up to 60% noted in February 2013 and October 2013 (Fig. 4). This high share 
(~ 45%) was also noted in both years in September. In contrast, in spring and summer months the percentage of 
O. similis was found to be relatively low (< 5%).

The proportion of O. similis to total Copepoda abundance (TCA) including both small and large copepods 
was negatively correlated with proportion of Calanus spp. in TCA (Pearson correlation, r = -0.84, P < 0.001). 
Calanus spp. was the dominant taxon among copepods during the summer months (almost 80% and 70% in June 
2012 and July 2013, respectively), while the highest proportion of O. similis was noted during the autumn/winter 
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months (almost 90% in September 2012 and November 2013, respectively, Fig. 5). Copepod nauplii including 
naupliar stages of small copepods such as Pseudocalanus spp., Acartia spp. and Oithona spp. peaked 2–3 times a 
year with the highest abundances observed in September in both years (Fig. 5). In turn Calanus nauplii peaked 
only once a year in May/June (Fig. 5).

Oithona population development and the effect of environmental factors. In general, the popu-
lation of O. similis was concentrated in the surface water layer (0–25 m), which was particularly pronounced in 
September in both years. Slightly higher abundances of O. similis in the bottom layer (65–25) were only observed 
in July 2012 and March, June and October of 2013 (Supplementary Fig. S1). Generally, there were no differences 
and no clear preferences of particular copepodite stages to specific water layers (PERMANOVA, MS = 1102.8, 
Pseudo-F = 1.04, P = 0.327).

The copepodite structure of O. similis with grouped stages (early CI-CIII, late CIV-CV, adult females AF, and 
adult males AM) was similar in corresponding months of the two studied years (PERMANOVA, MS = 199.9, 
Pseudo-F = 2.20, P = 0.129) but the factor of month was statistically significant (PERMANOVA, MS = 218.0, 
Pseudo-F = 2.40, P = 0.023). The highest proportion of early copepodite stages (CI-CIII) was observed from 
June to October in both years with the maximum proportion of about 40% observed in October 2012 (Fig. 6). 
Copepodites CIV-CV of O. similis were the dominant stages for most of the year with the highest proportions 
during the winter/early spring months (Fig. 6). The highest proportion of AF was observed in May 2012 with 
about 47% and in July 2013 with almost 56%. Distinct peaks in the proportion of AM in O. similis copepodite 
composition were observed twice a year, in spring and summer, and in autumn and winter in both years (Fig. 6). 
Sex ratios higher than 0.1256 were observed twice a year, in May/June and September/October in both years.

All tested environmental variables explained 62% of the total variability in sex ratio (AM/AF) of O. similis, 
with the chlorophyll a concentration having the highest impact (42%) (Supplementary Table S1). In general, 
AM/AF peaks were associated with higher chlorophyll a values, matching in time with spring and autumn 
phytoplankton blooms. In 2012 AM/AF was especially high (2.8), with an extreme peak observed in May/June 
(Fig. 7). The DistLM procedure confirmed a significant effect of environmental variables on average weighted 
stage (AWS) total variability. The greatest effect on the observed variations (42%) in AWS had ST (Supplementary 
Table S1), with mostly higher AWS values associated with lower ST. In general terms, AWS remained relatively 
high (> 4) during most of the time in both years. In 2012 the lowest AWS was recorded in October, while the 
highest values (> 5) were observed during spring (Fig. 7). In turn, in 2013, high AWS values were recorded in 
February and May and the lowest values were recorded in July (Fig. 7). Environmental variables explained 50% 
of the total variability in CVT, with the chlorophyll a concentration as the factor having the highest statistically 
significant impact (43%) (Table S1). Generally, the highest CVT was associated with the lowest chlorophyll a 
concentration. In 2012 CVT was the lowest during May and September with the highest values noted during the 
winter months. Similarly, in 2013 the CVT was lower in June and September with peaks observed during winter 
months (Fig. 7). The DistLM procedure also confirmed a significant effect of environmental variables on the 
PDI total variability (48%) with the greatest effect of the observed variation explained by ST (31%). PDI typically 
raised in line with an increase in ST, especially during the summer and autumn months (Fig. 7).
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Figure 7.  Oithona similis phenological indices: sex ratio (AM/AF), average weighted stage (AWS), the 
proportion of copepodite stages V to total abundance of copepodite stages (CVT) and population development 
index (PDI).



8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:18599  | https://doi.org/10.1038/s41598-021-98068-8

www.nature.com/scientificreports/

Discussion
The increasing advection of Atlantic  waters62 has been reported to bring warm-water species into the Atlantic 
sector of the  Arctic63,64, and to cause a general selection towards smaller species in  communities65, which has 
already been demonstrated in  copepods66,67. Contrary to worries of reduced nutritional value, induced by switch 
from arctic to boreal zooplankton species, the results of a study by Renault et al.3 argue, that these transforma-
tions may provoke even a more efficient way of energy transfer in arctic food webs. However, this scenario only 
assumes shift within the Calanus species, while the authors point out that replacement of Calanus spp. with much 
smaller copepods such as O. similis, may prove to be harmful in terms of available carbon and lipid content for 
higher trophic  levels68. However, we must bear in mind that due to high variability in population responses from 
different regions affected by local physical  environment66, the true consequences of the zooplankton community 
reorganization are difficult to  generalized6. That is why it is so important to conduct research in places most 
exposed to climate change, especially on the species phenology, which is one of the first affected by temperature 
 change69. By thoroughly examining the trends and factors shaping the population dynamics of O. similis, which 
presence in the Arctic is becoming increasingly pronounced, our research can contribute to better predicting 
ecological responses to climate change that will shape the Arctic ecosystems in the future. The Climatic Variability 
Hypothesis assumes that natural selection would favour species with flexible adaptive traits allowing them to 
withstand the challenging conditions of fluctuating  environments70. Good illustration of such hypothesis is this 
seasonal Arctic research which clearly demonstrated fluctuation of O. similis population continuously throughout 
almost 2 years. Although low temperature (< 5 °C) has been previously recognized as an important limiting factor 
for O. similis fecundity and  distribution42, the high abundance of this copepod and indicators being a proxy of 
its reproductive activity (eg. sex ratio) at much lower temperatures (< 0 °C) during our research suggests, that 
the adaptation possibilities of this species are much wider than assumed. This indicates that O. similis is able to 
be active and maintain a continuous stable population even in the contrasting conditions of a highly seasonal 
Arctic environment. Additionally, it seems to benefit from Atlantification by increasing its abundance under the 
highest seawater temperature (Fig. 2). Our research confirms that O. similis can increase its reproductive output 
and thereby strengthen its position in the zooplankton community with increasing temperature as part of the 
large-scale biogeographical changes in the arctic pelagic  ecosystems67,71,72.

In our study the O. similis population showed clear seasonal pulses in abundance with particularly high num-
bers during autumn–winter months and with distinctive peak numbers recorded in September. The observed 
autumn peak is in line with other seasonal studies on O. similis from Svalbard, regardless of the more Arctic or 
Atlantic character of the studied  region12,27,73. However, its overall population concentrations are much lower in 
colder  fjord14,74,75 than in northern, warmer  locations12. In contrast, seasonal peaks of O. similis in lower latitudes 
are quite different. In the western English Channel, increased numbers of these copepods are also observed in 
the autumn months, but a clear peak in both adult and copepodite stages occurs annually in spring, especially 
in  March37,76,77. Similarly, high abundances of O. similis in March were also observed in high-latitude Norwegian 
 fjords32. In our study, low abundances of O. similis were observed in spring when the population comprised 
mainly older copepodite stages, possibly as a result of higher winter  mortality27. Even though Oithona spp. have 
low mortality rates compared with calanoid  copepods78,79, they may differ depending on water  temperature80 
and consequently also over seasonal cycles. Some of the observed drastic changes in proportions between life 
stages (e.g. switch from almost half of the population represented by males in May, and then their negligible 
concentrations in June) may suggest that the high mortality of some life stages occurred. The main recruitment 
occurred later on, in June, but was not associated with a drastic increase in the abundance of Oithona. The 
increased mortality of Oithona during summer could be related to the decrease in the abundance of ciliates, the 
preferred prey for Oithona29, as was also the case in the Barents  Sea80. It might be also a consequence of a higher 
predation pressure on small copepods observed generally in  summer81. Moreover, the summer generation, as 
developing under a higher temperatures typically has a shorter life cycle, and as under higher competitive regime, 
may experience higher rates of  mortality31,80.

High numbers of O. similis observed in September may be related to the presences of its preferred food 
(ciliates/heterotrophic protists)82,83 after periods of high primary  production38. It may also take advantage of 
the microbial loop related to the decomposing of the  bloom16. In addition, the highest numbers of O. similis in 
September corresponded to the highest seawater temperature recorded in this period in both studied years. This 
may lead to higher hatching success and more successful reproduction and thus  recruitment32,84. Additionally, 
increase in abundance of O. similis coincided with high numbers of O. atlantica which may indicate stronger 
Atlantic water influence during that  time10,85. Interestingly, higher abundances were observed in September 2013 
compared to September 2012. This may also be related to a stronger inflow of modified Atlantic water in autumn 
2013, or may be explained by local reproduction which is in line with a progressive increase in the number of 
O. similis in a warming  Arctic86. Considerably higher numbers of O. similis are also systematically observed in 
the warmer fjords of Spitsbergen than those under the influence of cold Arctic  currents11,87. Interestingly, in 
Kongsfjorden the population dynamics of O. similis do not seem to be as related to temperature/advection as in 
our  research12. High seasonal dynamics of total abundance observed during this study is also in contradiction 
with a more stable population abundance observed in lower  latitudes32.

In our study a clear dominance of Calanus spp. over O. similis in terms of total abundance was observed only 
during the summer in both of the studied years. This might be a consequence of their different feeding strate-
gies, since these taxa in the Svalbard  fjords9,88,89 occupy different trophic  niches20,27. O. similis clearly prefers the 
surface layers during most of the year, while the primarily herbivorous Calanus species invest in growth and 
development in spring and summer, add to their lipid reserves in late summer, thereafter ceasing to feed and 
descending to depth for winter  hibernation90. Another interesting observation is the increase in the number 
of O. similis just after the period of Calanus spp. domination, suggesting that this omnivorous species may 
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utilize the regenerated  production91, or even switch to coprophagous feeding on faecal pellets of the Calanus92. 
The more significant numbers of O. similis observed during autumn and winter (~ 50%) compared to Calanus 
(~ 10%) emphasizes the important role of these small copepods in shaping the pelagic dissolved organic matter 
(DOM) pool during this time of the  year79 mainly by fuelling the microbial loop and bacterial growth through 
sloppy  feeding91. Our study demonstrated that both taxa dominate the community in an interchangeable way, 
confirming their different diet preferences and respective roles in the pelagic food-web and/or niche partitioning 
(adaptation to sharing the environment).

Recent studies have indicated that during the periods of complete darkness in the arctic winter when primary 
production is close to zero, there is an evidence of unexpectedly high biological activity and unanticipated trophic 
 interactions93,94. Evidence from our study suggests that this is an important biological period for the O. similis 
population. While its abundances were much lower than in autumn, the relative population share in the meso-
zooplankton community was very high (~ 60%) during winter, making it the numerically dominant zooplankton 
species in this period. Small copepods and their naupliar stages numerically dominate the mesozooplankton 
community during the polar night in other high Arctic Svalbard  fjords12,22,93, this was also the case in our study, 
with clear predominance of O. similis. All this seems to support the earlier studies pointing towards an increasing 
role of O. similis in the changing Arctic during the autumn–winter  months24. Such a high contribution of small 
copepods during the dark season is especially important for pelagic carbon cycling processes. Although these 
small copepods can accumulate and utilize lipid reserves during  winter26,95, they have a different lipid composi-
tion when compared to Calanus spp.96. This suggests that O. similis is a rather more opportunistic feeder, which 
may be able to actively use other food sources during low food supply, such as a carnivorous diet and/or faecal 
pellets of  euphausiids83. Protozooplankton present at this time of the  year97 may be an important part of its diet, 
as indicated by a study on the western coast of Greenland during the winter-spring  transition29. However, despite 
these indications, the diet of O. similis during the polar night in Spitsbergen waters is still not well known.

The ability of O. similis to reproduce continuously throughout the year reinforces the hypothesis that this is 
a highly flexible  species98,99. This may also be the case in our research, as the average weighted stage (AWS) was 
consistently high (mostly 4–5) and the mean year sex ratio in 2012 and 2013 oscillated near the value of 0.12 as 
characteristic for a female-skewed Oithonidae  family56. Regardless of the continuous reproduction, two main 
spawning periods (indicated by the high sex ratio) occurring during periods with the highest chlorophyll a 
concentrations suggests that O. similis can have two main generations (G1 and G2) per year. These reproduction 
events may be linked to phytoplankton dynamics, as also observed in the previous  study12. Adult females (AF) in 
our study prevailed in the turn of spring and summer in both years which may suggest that the most productive 
spawning of O. similis occurs during this warm  period12. The second probable spawning period could occur in 
autumn in both years when high percentage of adult males (AM) and a high sex ratio were observed. This may 
be an effect of the completed development of the part of a new generation from the first spawning according 
to the Bêlehràdek temperature  function100 adapted to O. similis by Eiane and  Ohmann78. In turn, the possible 
spawning in May 2013 could have been the result of the generation reaching maturity from September/October 
2012 (calculating according to Eiane and Ohmann)78. However, we also need to take into account that some of 
the second generations of young copepodits may have been advected into Isfjorden with warmer Atlantic water 
masses since the events of advection may significantly change the age structure of zooplankton community by 
transporting younger  populations52,101,102. Nevertheless, O. similis maintained a continuous population, which 
indicates that the well-established position of this boreal species in the high Arctic ecosystem may be considered 
as a sign of further Atlantification of this  region6.

Conclusions
Among the mechanisms that govern Oithona population dynamics is not only its omnivorous diet, low mortality, 
thermal plasticity, but also the frequent reproduction and the ability to take over the scene at the right moment. 
Our study indicated that the timing of abundance peaks of O. similis occurred in September (Fig. 8), despite dif-
ferent environmental conditions in both years of the study, driven mostly by different intensity of Atlantic waters 
inflow and slightly different dynamics of primary production blooms. Nevertheless elevated abundance of O. 
similis was associated with the highest temperature recorded in each year of study. A relatively high population of 
the Atlantic indicator–O. atlantica was also observed during this time. Oithona was a dominating copepod at the 
time when larger Calanus species descended for winter diapause. The high sex ratio observed twice a year during 
periods of high primary production strongly suggests that for this species there are two main reproductive events 
per year in the high Arctic fjord. O. similis seemed to actively reproduced even under low temperatures (< 0 °C), 
which is in contradiction with the previously indicated temperature < 5 °C as a factor significantly limiting its 
fecundity and distribution. Our research adds to the evidence that opportunistic species such as O. similis due 
to its unique thermal tolerance and ecological plasticity are likely to take advantage of the niche range extension 
resulting from an intensified period of Atlantification in the Arctic region.
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