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ABSTRACT
Phenological variations of the marine copepod Calanus finmarchicus were studied in Svalbard
and northern Iceland, where samples were collected in summer and spring, respectively, over
two decades. Four phenological indices, developed for copepodite stage-structured data,
were used: the proportion of CV to total abundance (CVT), the population development
index (PDI), the average weighted stage (AWS), and the average age in days (AAD). The
variation of these indices was compared within and between locations to evaluate their
suitability for the analysis of phenological effects. For both populations, phenology was
related to local temperature and spring bloom dynamics, influenced by Atlantic water inflow.
Large-scale climate was related to phenological variation only in the Svalbard population. C.
finmarchicus phenology advanced under warmer conditions in both locations. We conclude
that vertical phenological indices, i.e. based on interannual changes in copepodite stage
structure, are useful to investigate zooplankton phenology, especially when data series
covering the whole life cycle are unavailable. We suggest that AWS and AAD can be applied
irrespective of sampling time, while PDI and CVT should be applied for early and late
sampling seasons, respectively. When multiple phenological indices are needed, AAD in
combination with either CVT or PDI should be preferred.
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Introduction

The timing of life cycle events and the timing of activi-
ties within the annual cycle of an organism (phenology)
are important adaptations to the environment (McNa-
mara and Houston 2008; Varpe et al. 2017). As pheno-
logical traits tend to be flexible and may readily change
in response to environmental variability (Post 2013),
studies of phenology may reveal species-environment
relationships and provide new perspectives on how
organisms respond to environmental fluctuations
(Parmesan and Yohe 2003).

During the last decades, climate change caused
warming of marine ecosystems in the North Atlantic
(Walczowski et al. 2012) and the Arctic oceans
(Wassmann et al. 2011). Climate change may result in
large-scale regime shifts in marine ecosystems
(Beaugrand et al. 2015). More commonly, however,
climate variability is related to subtle changes in hydro-
graphy and oceanic circulation that lead to fluctuations
in population size and phenological shifts observable
on local or regional scales (Greene and Pershing
2007; Hollowed and Sundby 2014).

Many marine planktonic species are particularly sen-
sitive to climate variability because ambient water
temperature affects their physiological processes and
alter the pelagic environment through the effects on
thermal stratification and vertical mixing (Hays et al.
2005). The fitness of herbivorous plankton depends
on the ability to time reproduction relative to the
timing of the phytoplankton spring bloom (Varpe
2012), because temporal and spatial overlap between
food-sensitive, early developmental stages of zoo-
plankton and phytoplankton peaks results in increased
survival (Cushing 1990). However, as climate change
may alter timing and succession in plankton commu-
nities (Beaugrand et al. 2003; Edwards and Richardson
2004), the temporal overlap between the phytoplank-
ton bloom and zooplankton may weaken and result
in a mismatch between the phytoplankton bloom
and food demand of zooplankton (Durant et al. 2007).
Such mismatches may reduce food web productivity
in high-latitude pelagic ecosystems, where the rela-
tively short productive season leaves only a limited
time window for growth (Leu et al. 2011).
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The primarily herbivorous calanoid copepod
Calanus finmarchicus is the key trophic link in pelagic
ecosystems throughout the North Atlantic, connecting
primary production to higher trophic levels (Falk-
Petersen et al. 2007). C. finmarchicus has one of its
core distribution areas in the Norwegian Sea, and its
presence is associated with Atlantic waters throughout
most of the North Atlantic area (Jaschnov 1970).
C. finmarchicus usually has a one-year life cycle and
reproduces in surface waters during or shortly after
the spring phytoplankton bloom, from March to May
(Marchall and Orr 1955; Melle and Skjoldal 1998).

The C. finmarchicus life cycle consists of six naupliar
(NI to NVI) and six copepodite developmental stages,
which include early copepodites (CI to CIII), late cope-
podites (CIV to CV), and adult males and females
(CVI). Molting from one developmental stage to the
next is often associated with important life cycle
events such as the start of feeding (NIII), diapause
(CV), and reproduction (CVI) (Marshall and Orr 1955;
Hirche 1993).

Due to its ecological importance and sensitivity to
climate variability, C. finmarchicus is often a target for
phenological studies of marine zooplankton (Maps
et al. 2012; Varpe 2012). However, precise quantifi-
cation of the timing of life-history events in zooplank-
ton populations can be challenging, as data series
remain scarce. Usually, the phenological changes in
Calanus is assessed by various phenological proxies,
or indices, based on abundance or population stage
structure. Commonly used phenological indices
include the sex ratio and the ratio of adults to CVs
(Diel and Tande 1992), the timing of abundance
peaks (Chiba et al. 2006; Mackas et al. 2012), the time
when the population reaches cumulative abundance
percentiles (Greve et al. 2005), the ratio of CVs to
total abundance (Mackas et al. 2007), and the popu-
lation development index (PDI), i.e. the proportion of
early developmental stages in the population (Head
et al. 2013). As such indices tend to vary in their sensi-
tivity, applying several indices may allow for capturing
more patterns of phenological variability and identify-
ing more phenological responses to the environment
(Thackeray et al. 2013).

Previous studies have reported that seasonal devel-
opment of Calanus spp. can be influenced by climate
change (Mackas et al. 2012). Under warmer climate in
the North Atlantic, C. finmarchicus is expected to
reproduce earlier and to complete more generations
per year (Head et al. 2013), have a potentially
shorter diapause duration (Wilson et al. 2016), and
faster development (Kjellerup et al. 2012; Weydmann
et al. 2018).

However, the phenological responses of
C. finmarchicus appear to be non-uniform across the dis-
tribution area. C. finmarchicus stocks dwelling in different
oceanographic domains tend to have unsynchronized
phenological cycles, and therefore, are likely to be
affected differently by fluctuations of sea temperature
(Kvile et al. 2014). One reason for the difference in phe-
nological responses is that changes in local hydrography,
such as inflow of warm water masses, may accelerate
developmental rate of Calanus and trigger a phenologi-
cal shift (Kristiansen et al. 2016). On the other hand, local
differences in phenology may reflect that populations at
the margins of their distribution range have different
sensitivity to environmental parameters, reflected in
the effects on abundance and development, than popu-
lations near the core distribution area (Beaugrand et al.
2013). However, more knowledge is needed to under-
stand how environmental variability is translated into
phenological changes in C. finmarchicus.

Analysis of long-term Calanus data series has been
successfully applied by earlier studies to describe abun-
dance and distribution changes in Calanus populations
(e.g. Beaugrand 2003; Gislason et al. 2014). In addition,
long-term data on Calanus abundance or biomass
have been used by modelling approaches to predict
future changes in Calanus biogeography and occurrence
under different environmental scenarios (Chust et al.
2014; Villarino et al. 2015). Similarly, previous research
has demonstrated that long-term data series can be
used to better understand and predict interannual
changes in phenology (Edwards and Richardson 2004;
Mackas et al. 2007). However, the analysis of long-term
variability in phenology can be challenging due to low
availability of data covering the whole life cycle of the
species and thus, must largely rely on long-term but sea-
sonally fragmented phenological data series.

This study applies long-term seasonal data series on
C. finmarchicus in two locations in the North-East Atlan-
tic (western Svalbard and northern Iceland) to quantify
interannual variability in C. finmarchicus phenology
using phenological indices based on the population
stage structure. The aim of the study is to disentangle
relationships between C. finmarchicus phenology and
interannual environmental variability and to evaluate
applicability of phenological indices that are based
on seasonal population stage structure.

Material and methods

Study areas

The present study was based on yearly samples
obtained along two transects in the North-East Atlantic:
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in Kongsfjorden on the west coast of Svalbard and on
the shelf off northern Iceland (Figure 1). Kongsfjorden
(maximum depth ̴ 400 m) is a glacial fjord, which is
influenced by both Atlantic water masses through the
West Spitsbergen Current (WSC; Figure 1), and by
Arctic water masses from a coastal current (Svendsen
et al. 2002). After year 2000, Kongsfjorden experienced
extensive intrusions of Atlantic water masses, which
increased heat content and reduced seasonal ice-
cover in the fjord in winter (Cottier et al. 2007). The
northern Icelandic shelf is affected by Atlantic water
masses through the Northern Icelandic Irminger
Current (NIIC; Figure 1) as well as by Arctic water
masses of the East Greenland Current (EGC) originating
in the Arctic Ocean (Figure 1).

Calanus stage structure

In Kongsfjorden, Svalbard, zooplankton samples were
collected by the Norwegian Polar Institute and The
University Centre in Svalbard at 4 stations (Kb0–Kb3;
ca 79°N, 12°E; Figure 1) in July from 1996 to 2010,
except 1998 and 2005 (Table I). Station Kb0 was not
sampled in 1996. Samples were taken with a Multinet
(Hydrobios Ltd.; 0.25 m2 mouth area and 180 µm
mesh size) from near the seabed to the surface in
standard depth bins (Table I). Calanus spp. abundance
(ind m-2) was calculated by summing estimates overall
depth bins and assuming 100% filtering efficiency of
the net.

In northern Iceland, zooplankton was collected at 6
stations (Sigl–Sigl7; ca 67°N, 18.5°W; Figure 1) by the

Figure 1. The current system in the northern North Atlantic (top panel) and sampling locations of C. finmarchicus data in Svalbard in
July (bottom left) and in northern Iceland in May (bottom right). The sampling site in Svalbard is a transect of four stations (depth
range 315–352 m), in northern Iceland – a transect of six stations (depth range 230–700 m). The codes for the oceanic currents are:
NIIC – North Icelandic Irminger Current; NAC – Norwegian Atlantic Current; WSC –West Spitsbergen Current; EGC – East Greenland
Current. Red and black arrows denote warm and cold water currents, respectively.
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Marine and Freshwater Research Institute in Iceland in
May every year from 1990 to 2011 (Sigl6 was not
sampled in 2007). In 1990 and 1991, a Hensen plankton
net (0.42 m2 mouth area and 200 µm mesh size) was
used, while all subsequent sampling was done with a
WP2 plankton net (0.25 m2 aperture and 200 µm
mesh size). Plankton nets were towed vertically from
50 m to the surface. Despite sampling in surface
waters only, underestimation of Calanus counts in
northern Iceland was likely minimal because Calanus
tends to reside in the surface waters at sampling time
(Gislason and Silva 2012). For samples collected by
the Hensen net, abundance estimates (ind m-2) were
calculated assuming 100% filtering efficiency of the
net, whereas estimates from the WP2 net were based
on the water volume measured with a flowmeter
(HydroBios Ltd.) mounted in the mouth of the net.
We assumed that the two nets had the same character-
istics with respect to sampling of C. finmarchicus.

All zooplankton samples were preserved in a 4% for-
maldehyde-in-seawater solution until enumeration in
the lab. Calanus species separation in Svalbard and
northern Iceland was based on prosome length distri-
butions (Unstad and Tande 1991) and was done for
randomly selected sub-samples as described in Daase
et al. (2007) for Svalbard samples and in Gislason
et al. (2009) for northern Iceland samples.

Molecular identification techniques suggest that
C. glacialis in the North Atlantic can occasionally be
misidentified as C. finmarchicus. The error rate can be
at least 10% in Svalbard waters and along the Norwe-
gian coast (Gabrielsen et al. 2012; Choquet et al.
2017), while precise estimations are not yet available
for northern Iceland. Thus, in some samples analysed
in this study, C. finmarchicus abundances can be over-
estimated, but it was not possible to quantify this error.

Environmental data

Salinity and temperature profiles were obtained by CTD
casts (Sea-Bird Electronics) at each sampling station. In
northern Iceland, also Chl a concentration was esti-
mated by filtering 1 or 2 L water samples collected at

10 and 30 m depth onto GF/C glass fibre filters, that
were subsequently analysed by a spectrophotometer
as described in UNESCO/SCOR (1996).

As a proxy for the timing of the yearly phytoplank-
ton spring bloom, we used remote sensing data on
Chl a concentration (available for 1998–2011) collected
by NASA (SeaWiFS and Aqua-MODIS) and ESA (MERIS),
available from the Hermes portal of the European
Service of Ocean Colour (http://hermes.acri.fr/index.
php?class=archive). The downloaded Chl a levels (8-
day intervals from site-specific areas of approximately
4.63 × 4.63 km) were merged by a Garver, Sieleg and
Maritorena (GSM) model (Maritorena et al. 2010). In
Svalbard, Chl a measurements were taken from a rec-
tangular area outside the fjord (from 78°45′N to 79°
14′N and from 9°30′ to 11°) to avoid distortion by ter-
restrial inference. For northern Iceland, remote Chl a
measurements were taken from a rectangular area
(from 66°30′N to 67°45′N and from 17°30′W to 19°
15′W), which enclosed all sampling stations. Chl a
levels were extracted in R (R Core Team, 2016), using
the package ncdf4 (v.1.9; Pierce 2013). Missing Chl a
values were interpolated by the approx function in
R. We estimated the date of the spring bloom start as
the first day of the year when Chl a concentration
exceeded the median Chl a concentration for that
year and location by 5% (Henson et al. 2009).

As a proxy for large-scale environmental variability, we
used annual values of the North Atlantic Oscillation index
(NAO) and the Arctic Oscillation index (AO) (Cohen and
Barlow 2005) downloaded from the Climate Data Guide
(http://www.climatedataguide.ucar.edu) and from the
US National Oceanographic and Atmospheric Adminis-
tration (NOAA; http://www.cpc.noaa.gov/), respectively.

To test for the temporal trends in the environmental
variables, a non-parametric, Kendall’s correlation test
was applied (Kendall 1970) because data deviated
from normality and contained outliers.

Phenological indices and data analysis

So far, only a few data series from the sub-Arctic region
cover the whole life cycle of Calanus. Limited data

Table I. Sampling information and total number of samples from Svalbard and northern Iceland.

Location and stations Sampling gears Sampling depth, m
Year, season and

range of sampling days Total number of samples

Svalbard July 1996–2010,
Days 182–215

50
KB0 Multinet 315–200–100–50–20–0
KB1 352–200–100–50–20–0
KB2 330–200–100–50–20–0
KB3 329–200–100–50–20–0
Northern Iceland,
Sigl 2–7

Hensen net, WP2 net 50 May 1990–2011,
Days 137–153

131
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coverage complicates Calanus phenology studies, as
most phenological indices rely on seasonal develop-
ment of the populations. To overcome this problem,
we applied alternative phenological indices that rely
on stage-structured abundance data (copepodite
stages only), collected over a short time period. Utiliz-
ing information on stage structure from ‘snapshot
data’, with a limited coverage of the organism’s life
cycle, is referred to as a vertical life table approach
(Aksnes and Ohman 1996; Aksnes et al. 1997). In this
analysis, we applied four phenological indices devel-
oped in a vertical life table approach as follows.

First, we computed the proportion of copepodite
stages V (CVs) to total abundance of copepodite
stages (CVT) (Mackas et al. 2007),

CVT = NCV

Ntot
, (1)

where NCV is the abundance of stage CV, and Ntot is
the total abundance of Calanus copepodites in the
sample.

Secondly, we used the population development
index (PDI), calculated as the proportion of early cope-
podite stages (CI to CIII) to total abundance of copepo-
dites (Head et al. 2013),

PDI = NCI−CIII

Ntot
, (2)

where NCI–CIII is the sum of the abundances of copepo-
dites stages CI to CIII.

Thirdly, we used the average weighted stage (AWS)
of the population,

AWS =
∑6

k=1

(w∗k)/
∑6

k=1

w, (3)

where w is the proportion of each copepodite stage in
the sample and k is the order of a copepodite stage (CI
= 1, CII = 2, etc., adults = 6).

Finally, we estimated the average age in days (AAD)
of the population:

AAD =
∑6

i=1

(D∗x)/
∑6

i=1

x, (4)

where x is the proportion of each copepodite stage in a
sample and D is the duration of each copepodite stage
measured in days as a function of temperature (Camp-
bell et al. 2001),

D = a(T − a)−2.05 (5)

where T is ambient temperature in 0–50 m, and a and a

are empirically fitted constants. The constant a is equal
to 9.11 for all developmental stages, while constant a is

different for each developmental stage as estimated by
Campbell et al. (2001).

CVT mainly reflects the variation of older copepo-
dites in the population, while PDI is more sensitive to
the variation in abundance of early copepodites. On
the other hand, AWS depends on the variation of
both early and older life stages, while AAD also takes
the age of the population into account by assuming
simple relationship between age and environmental
variability (temperature). Therefore, the four phenolo-
gical indices represent different stages and aspects of
Calanus life cycle and when applied together, should
provide a more complete overview of the species phe-
nological variability (Thackeray et al. 2013). Using mul-
tiple phenological indices is especially relevant to our
study, where C. finmarchicus from Svalbard and north-
ern Iceland were sampled at different times of a year,
and copepodite stage compositions were different
between the locations.

The variability in the computed phenological indices
deviated from normality, and indices contained out-
liers, hence a non-parametric statistical test was pre-
ferred throughout the data analysis. To test for trends
in the phenological indices caused by variability in
sampling time between years, we used a non-para-
metric correlation test (Kendall’s correlation) and
found that generally, the phenological indices were
correlated with sampling time. Therefore, the phenolo-
gical indices were de-trended with a moving average
method (Legendre and Legendre 1998). First, we esti-
mated the mean of each phenological index per day
within the sampling window for all years pooled.
Missing values of the mean phenological indices per
day within the sampling window were modelled by
imputation in the mice package in R (v. 2.25; Van
Buuren and Groothuis-Oudshoorn 2011). Then, a 3-
day moving average was calculated to smooth the
daily means of phenological indices. The residuals
were calculated by subtracting the moving average
values from the daily means of the phenological
indices. These residuals, representing a seasonal com-
ponent of the data series (Turner et al. 2006), were
then subtracted from the corresponding original
values of the phenological indices per day of year
within the sampling window to yield de-trended data
series.

To test for collinearity between de-trended phenolo-
gical indices and to determine relationships between
de-trended phenological indices and local environ-
mental variability (temperature, salinity, Chl a, and
the start date of the spring bloom) as well as large-
scale environmental variability (NAO, AO), Kendall’s
correlation test was applied. AAD was not correlated
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against temperature, because this index is a function of
temperature.

Results

Environmental variability

In Svalbard, salinity (0–50 m) increased (τ = 0.30, P =
0.002), and in northern Iceland, both average tempera-
ture (0–50 m) and salinity increased over the study
period (τ = 0.15, P = 0.014 and τ = 0.13, P = 0.030,
respectively; Figure 2).

Average (0–50m) temperature in Svalbard and north-
ern Iceland was similar: 3.80°C (range = 1.90–5.30°C) and
3.58°C (range = 0.54–5.80°C), respectively (Figure 2).
Salinity (0–50 m) was on average lower in Svalbard
(33.62 psu, range = 30.00–34.40 psu) than in northern
Iceland (34.75 psu, range = 34.30–35.00 psu; Figure 2).

The average date of the spring bloom start in Sval-
bard was day of year 150 (range = 130–168), and in
northern Iceland, spring bloom started on average on
day 154 (range = 127–173) (Figure 3). Average concen-
tration of in situ Chl a in May in northern Iceland (the
only location where it was measured) was 4.76 mg l-1

(range = 0.31 to 12.0 mg l-1) (Figure 3).

Temperature in Svalbard correlated positively with
AO variability (τ = 0.40, P < 0.001), while salinity corre-
lated positively with both NAO and AO (τ = 0.31, P <
0.001 and τ = 0.32, P < 0.001). The start date of the phy-
toplankton spring bloom in Svalbard correlated nega-
tively with AO (τ =−0.41, P = 0.002). In northern
Iceland, only bloom timing correlated with AO (τ =
0.37, P < 0.001).

During the studied period (1990–2011) NAO
anomaly was highest in 1990 (3.88) and 2011 (2.95),
while the lowest NAO occurred in 2010 (−5.96)
(Figure 2). AO variability was synchronous with that
of NAO, and the highest AO was observed in 1990
(1.02) and 2011 (0.52), while the lowest AO was
observed in 2010 (−1.04).

C. finmarchicus abundance and stage structure

In the C. finmarchicus population in Svalbard in July,
both early copepodites (CI–CIII) and late copepodites
(CIV–CVI) were abundant in most years, except 2001,
2006, and 2007, when CIVs and CVs dominated in the
population. In 2003 and 2004, all copepodite

Figure 2. Average temperature (0–50 m, °C), NAO and AO
annual indices (a) and salinity (b) over the sampling stations
in Svalbard and northern Iceland.

Figure 3. The average start day of the spring phytoplankton
bloom in Svalbard and northern Iceland (a) and in situ Chl a
concentration in northern Iceland (b). The spring bloom start
was estimated from the remote sensors data on Chl a concen-
tration. For the details of the calculation of the start day of the
bloom, see text.
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abundances were relatively low in Svalbard – less than
17% of maximal observed abundance of copepodite
stages (Figure 4).

In northern Iceland, early copepodites dominated in
the population, and the highest abundance of early
copepodites was observed in 2003 and 2005, but low
(<5% of maximal observed abundance of copepodite
stages) in the preceding years 2002 and 2004 (Figure
4). Older copepodite stages (CIVs to adults) occurred
in low abundances (<13% of maximal abundance of
copepodite stages observed) throughout the time
series in northern Iceland (Figure 4).

Phenological indices

In Svalbard in July, CVT (the proportion of copepodites
CV) ranged from 0.06 in 2009 to 0.48 in 2006 (Figure 5).
CVT remained low between years 1996 and 2001
(around 0.12). CVT in northern Iceland in May was
very low throughout the study period (range = 0.01–
0.09).

PDI (the population development index) was gener-
ally lower in Svalbard in July (range 0.02–0.13) than in
northern Iceland in May (range 0.27–0.93) (Figure 5).
Interannual variability in PDI in Svalbard mirrored that
of CVT. PDI peaked in 2009 (0.68), when the CVT was
very low, and the lowest PDI (0.23) coincided with
the highest CVT value in 2006. In northern Iceland,
PDI was high in 1996, 1998, and 2002 ( ̴ 0.93), but
was very low in 1995 (0.26).

AWS (The average weighted stage) in Svalbard
ranged from 3.06 in 2008 to 4.18 in 2006. AWS was gen-
erally lower in northern Iceland than in Svalbard and
ranged from 1.70 in 1998 to 4.15 in 1995. AAD (the
average age in days) in Svalbard varied from 38.17 in
2003 to 61.14 in 1999. In northern Iceland, AAD was
lowest (27.37) in 2000 and peaked in 1995 (100.38)
(Figure 5).

CVT and PDI correlated negatively in Svalbard, while
CVT and AWS correlated positively (Table II). AAD did
not correlate with other phenological indices in Sval-
bard (Table II). In northern Iceland, all phenological
indices correlated (Table II). Correlations were positive
between CVT and AWS, between CVT and AAD, and
between AWS and AAD, while all indices correlated
negatively with PDI.

Phenology and environmental variability

In Svalbard, CVT correlated positively with temperature
and AO, while PDI correlated negatively with both
temperature and AO (Table III). In northern Iceland,
CVT correlated positively with the spring bloom start,

while PDI correlated negatively with the spring bloom
start. AWS correlated positively with AO and tempera-
ture in Svalbard, and positively with the spring bloom
start and Chl a concertation in northern Iceland.
While AAD correlated negatively with AO and salinity
in Svalbard, it was negatively related only to salinity
in northern Iceland (Table III).

Discussion

While large-scale climate effects on phenology were
observed in Svalbard only, our results indicate that
local environmental variability (hydrography and the
timing of the phytoplankton spring bloom) was an
important driver of interannual phenological variability
in Calanus in both study areas. This agrees with pre-
vious findings in the North Atlantic, which show that
zooplankton phenology is mainly driven by local temp-
erature (Mackas et al. 2012).

The relationship between Calanus phenology and
ambient temperature in Svalbard (Table III) implied
that during sampling in July the population contained
more of the older copepodite stages in years when
water temperature was relatively high (2002, 2006;
Figure 2). In Kongsfjorden, high water temperature is
usually observed in years with significant influxes of
warm Atlantic waters from the West Spitsbergen
Current (Cottier et al. 2005; Walczowski et al. 2012;
Figure 1). Increased water temperature probably con-
tributed to faster development of C. finmarchicus
(Campbell et al. 2001), and thus, a larger fraction of
the population had developed through early copepo-
dite stages at sampling time (July) in relatively warm
years, provided that reproduction occurred at approxi-
mately the same time each year. Faster development
and thus, shorter stage durations (Corkett et al. 1986),
resulted in a lower AAD, contributing to correlation
between higher salinity, as an indicator of Atlantic
water masses, and low AAD (Table III).

In addition, the influx of Atlantic water masses to the
western Svalbard shelf is associated with advection of
C. finmarchicus from the Norwegian Sea (Daase et al.
2007). C. finmarchicus cohorts advected from the
south, spawn earlier than the local population (Kwas-
niewski et al. 2003), further contributing to high pro-
portions of older copepodites of C. finmarchicus in
years with large Atlantic inflow.

Although variability in water masses likely affected
phytoplankton bloom dynamics, we did not observe
correlations between the timing of the phytoplankton
spring bloom and Calanus phenology in Svalbard. We
speculate that the lack of correlation between phyto-
plankton bloom dynamics and Calanus phenology in
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Figure 4. Average copepodite stage abundances from Svalbard in July (left), and in northern Iceland in May (right). CI, CII, CIII, CIV,
CV denote copepodite stage abundances I through V, and CVI is the sum of adult male and female abundances. Error bars denote
95% bootstrapped confidence intervals.
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Svalbard can be attributed to relatively late sampling
time in Svalbard (July), several months after the phyto-
plankton bloom and main spawning of Calanus (Melle
and Skjoldal 1998). Therefore, the effect of spring

bloom on Calanus phenology may have been diluted
compared to northern Iceland, where sampling was
done earlier, in spring, and thus, closer to the occurrence
of both Calanus reproduction and the spring bloom.

Figure 5. Yearly averages of de-trended phenological indices in Svalbard in July (left) and northern Iceland in May (right). Pheno-
logical indices are abbreviated as follows: CVT – the proportion of copepodites CV to total abundance; PDI – population develop-
ment index or the proportion of copepodites CI through CIII to total abundance; AWS – average weighted stage; AAD – average age
in days. Error bars denote 95% bootstrapped confidence intervals.
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We suggest that the relationship between AO and
C. finmarchicus phenology in Svalbard reflected local
climate and hydrography changes driven by AO varia-
bility. In the Arctic, high AO is associated with elevated
temperatures (Kerr et al. 1999). Higher temperatures, in
turn, accelerate Calanus growth and development, but
this effect is probably complicated and difficult to
discern, due to additional effect of Atlantic water
inflow.

The correlation between CVT, AWS, PDI and the
spring bloom start in northern Iceland, indicated that
spawning of C. finmarchicus was timed with the onset
of the spring bloom, as in the other locations in the

North Atlantic (Diel and Tande 1992; Durbin et al.
2000). Thus, in years with a later spring bloom start
(e.g. 1999; Figure 3), the abundance of older stages in
May was high relative to the abundance of early cope-
podites (CI to CIII).

The interaction between the inflows of Atlantic and
Arctic water masses in northern Iceland is a key
driver of the variability in C. finmarchicus abundance
(Gislason 2005). Advection of warmer Atlantic waters
from the south-west off Iceland transports some
C. finmarchicus to northern Icelandic waters, but also
promotes primary productivity and C. finmarchicus
spawning (Astthorsson et al. 1983). Increased primary
productivity, thereby may have further contributed to
higher abundances of early C. finmarchicus copepo-
dites during sampling in spring in years with high
Atlantic waters inflow.

In contrast, years when Arctic water masses domi-
nate in northern Icelandic ecosystem, are characterized
by reduced planktonic productivity (Thórdardóttir
1984). Although the spring phytoplankton bloom
may start earlier in such years, it often ends already
in early May (Gudmundsson 1998). The early and rela-
tively short phytoplankton bloom may result in a
reduced C. finmarchicus spawning due to low food
availability, as was also observed in the Norwegian
Sea (Niehoff et al. 2000). In turn, reduced egg pro-
duction results in lower recruitment of early life
stages to the population and a delayed development
from nauplii to early copepodites. Altogether, low
recruitment and delayed development may explain
relatively high abundances of overwintering stages
and low total C. finmarchicus abundance observed in
1995 in northern Iceland. Similarly, negative correlation
between AAD and salinity (Table III) indicated that in
colder years, when the inflow of less saline, Arctic
waters increased (Gudmundsson 1998), reproduction
and recruitment of C. finmarchicus was reduced, and
the population still largely consisted of the older, over-
wintered individuals in spring.

An optimal timing of seasonal events such as arousal
from overwintering and the start of reproduction, can
vary between Calanus individuals originating from
different locations (Fiksen 2000; Varpe et al. 2012). Such
life-history differences can be observed as phenological
differences between Calanus originating from different
water masses. In the southern Norwegian Sea,
C. finmarchicus usually starts reproduction earlier in
locations influenced mainly by Atlantic water masses
than in locations influenced primarily by Arctic waters
(Gaard and Nattestad 2002). The differences in
C. finmarchicus phenology between the two oceano-
graphic domains are in turn indicated by the population

Table II. Significant correlations (Kendall’s rank correlation,
P≤ 0.05) between de-trended phenological indices of
C. finmarchicus from Svalbard and northern Iceland. The
negative and positive values stand for negative and positive
correlation, respectively. NS = not significant correlation.
Location Phenological indices

Svalbard CVT PDI AWS
CVT
PDI −0.63
AWS 0.59 −0.73
AAD NS NS NS
Northern Iceland
CVT
PDI −0.54
AWS 0.49 −0.75
AAD 0.17 −0.39 0.39

Notes: Abbreviations for phenological indices are: CVT – proportion of
copepodites CV to total abundance; PDI – population development
index or the proportion of copepodites CI through CIII to total abun-
dance; AWS – average weighted stage; AAD – average age in days.

Table III. Statistically significant correlations between
phenological indices of C. finmarchicus from Svalbard and
northern Iceland and environmental parameters AO (Arctic
Oscillation), T (temperature), S (salinity), Bloom (start date of
the phytoplankton spring bloom), Chl a (in situ chlorophyll a
concentration); τ, Kendall’s rank correlation coefficient; P,
significance level of the rank correlation test; df, degrees of
freedom.

Location
Phenological

index
Environmental

variables df τ P

Svalbard CVT AO 48 0.31 0.002
T 48 0.42 < 0.001

PDI AO 48 -0.37 < 0.001
T 48 -0.34 < 0.001

AWS AO 48 0.23 0.024
T 48 0.24 0.016

AAD AO 48 -0.37 < 0.001
S 48 -0.30 0.002

Northern
Iceland

CVT Bloom 81 0.22 0.005
PDI Bloom 81 -0.19 0.015
AWS Chl a 129 0.13 0.022

Bloom 81 0.26 0.001
AAD S 129 -0.32 < 0.001

Notes: Abbreviations for phenological indices are: CVT – proportion of
copepodites CV to total abundance; PDI – population development
index or the proportion of copepodites CI through CIII to total abun-
dance; AWS – average weighted stage; AAD – average age in days.
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stage structure: a higher proportion of early
C. finmarchicus copepodites in spring is observed in
locations with prevailing Atlantic water masses than in
locations with a higher Arctic water masses inflow (Kris-
tiansen et al. 2016). In our locations, the effect of water
masses on phenology was analogous – a more advanced
phenological development was observed when Atlantic
water masses dominated in the study locations.

Temperature or its correlates – salinity or the
dynamics of primary production in spring, appeared to
be significant drivers of C. finmarchicus phenology in
both locations (Table IV), supporting the notion that
temperature plays a key role for inducing phenological
variability in a range of marine and terrestrial animals
(Sparks et al. 2000; Hays et al. 2005; Menzel et al.
2006). Temperature effects on plankton are often con-
sidered in studies of climate effects (Edwards and
Richardson 2004; Feng et al. 2018), and the results of
these studies suggest that plankton tend to follow an
‘earlier when warmer’ strategy (Mackas et al. 2012). A
similar tendency was found in our study. In Svalbard,
this strategy likely implied faster development and
earlier recruitment to copepodite stages in years with
higher water temperature, while in northern Iceland,
earlier development was likely mediated by an earlier
spawning of C. finmarchicus during warm years than
during cold years.

Although climate drives phenology of many marine
and terrestrial organisms (Parmesan and Yohe 2003;
Körner and Basler 2010; Asch 2015), climate (as
indexed by AO) was a correlate of C. finmarchicus
phenology only in one of the two locations in this
study. However, climate effects on Calanus populations
can be lagged or masked by overlaying effects of local
hydrographic variability (Espinasse et al. 2017). In north-
ern Iceland, Calanus variability is largely driven by the
strength of Atlantic water inflow (Gislason et al. 2014),
which is affected by the local wind regime rather than
by direct effects of NAO or AO (Stefánsson and Gud-
mundsson 1969). In line with these findings, we did
not observe direct correlation between C. finmarchicus
phenology and climatic indices in northern Iceland in
our data set. Similarly, the lack of correlation between
Calanus phenology and NAO in Svalbard may be
caused by the time lag between main NAO effects on
hydrography in the North Atlantic (Visbeck et al. 2013)
and responses of Articmarine biota to such effects (Espi-
nasse et al. 2017).

Comparison of the phenological indices

The CVT index is used in several studies to time the sea-
sonal peak abundance of copepods (Mackas et al. 1998;

Mackas et al. 2007). In our study, we analysed data col-
lected over a relatively short time each year and we
could not identify seasonal abundance peak. Thus,
we applied CVT more as a proxy for population devel-
opment progression, because the proportion of older
copepodites in C. finmarchicus tends to be low during
recruitment and is usually higher when the main repro-
duction season is over (Conover 1988).

As the data series fromSvalbard andnorthern Iceland
were collected at different times of year, they rep-
resented populations that were at different stages of
seasonal development. In Svalbard, where data were
collected in July, CVT was relatively high and showed
considerable variability between years (Figure 5), thus
CVT in Svalbard is a suitable indicator of interannual
phenological variability (Table IV). In northern Iceland,
where data were collected close to the peak of
C. finmarchicus spawning, CVT was small and showed
limited variability between years. Thus, phenological
shifts occurring during this season may not be detected
by the CVT index. The PDI index, on the other hand,
reflects the proportion of early copepodites. High rela-
tive abundance of early copepodites can be observed
about a month after the main spawning event in
C. finmarchicus (Campbell et al. 2001). PDI, thus, is a
more suitable phenology index in the northern Iceland
data set (Table IV), where C. finmarchicus population
was largely consisted of early copepodite stages.

AWS seemed to be less dependent on the sampling
season than CVT and PDI, as it showed comparable
variability in both locations. Also, AWS strongly corre-
lated with both CVT and PDI in all locations (Table II),
suggesting that this index can be useful in cases when
the application of either PDI or CVT is problematic.

The variability in AAD reflected ambient tempera-
ture fluctuations in the study locations. In 1999 and
2004, low surface water temperatures in Svalbard
(Figure 2) concurred with a peak in AAD, which
implied that in cold years, the development from
nauplii to older copepodite stages took relatively
longer time. Similarly, in northern Iceland, the com-
paratively cold year 1995 coincided with a highest
AAD (Figures 2 and 5).

In the coldest year in northern Iceland in our study
(1995), both the lowest PDI and highest AWS and
AAD occurred. However, in years with near-average
temperature, the variability in AAD was not always
synchronous with the variability in the other indices
(Figure 5). The discrepancy in the synchronization
between AAD and other phenological indices probably
occurred because copepodite stage composition
and duration of copepodite stages are non-linearly
related to small changes in temperature. However,

762 M. ESPINASSE ET AL.



the question of how population age and stage struc-
ture relate to temperature needs more investigation,
as currently, the function describing the responses of
the population age to temperature assumes constant
ambient temperature during copepodite stages devel-
opment (Corkett et al. 1986) and does not account for
temperature changes due to water masses advection.

Because index AAD combines information on both
population development (copepodite stage structure)
and age (developmental time), it provides an alterna-
tive index, that can be useful in combination with
more season-dependent and copepodite stage struc-
ture-based indices such as PDI or CVT. Thus, regardless
of the season of sampling, at least two indices can be
included in phenological studies where several pheno-
logical metrics are required (Table IV).

Concluding remarks

Similar to interannual variability in population abun-
dances (Espinasse et al. 2017), phenological variability
in C. finmarchicus reflected environmental variability,
most notably, water temperature or spring bloom
dynamics (Table IV). Large-scale climate effects, as indi-
cated by AO variability, were important for Calanus
phenology in the Svalbard population only, and likely
affected Calanus populations indirectly, through the
variability in hydrography, local climate, and primary
production.

Our results show that the application of multiple
phenological proxies enhanced the identification of
environmental factors affecting interannual variability
in the seasonal development of C. finmarchicus,
although both data series were limited to one sampling
period each year. We propose that at least two indices
should be applied to phenological studies of Calanus
populations, where the first index (CVT or PDI) is

chosen according to the sampling period, and the
second is AAD, because AAD is a less season-depen-
dent index, directly reflecting temperature effects on
phenology (Table IV).

Although not considered in this study, internal
drivers such as the level of lipid accumulation, are
additional factors that may influence Calanus phenol-
ogy. Lipid reserves are essential for maturation of
older copepodites (Hirche 1993), but may also be
used to start reproduction earlier, before the main
event of the spring phytoplankton bloom (Irigoinen
2004; Bandara et al. 2018). The amount of accumulated
lipids before overwintering may have an indirect effect
on the timing of reproduction, and in turn, on the
recruitment of the next generation. Thus, future
studies may be able to disentangle more of the pheno-
logical variability in Calanus if in addition to environ-
mental factors they account for the amount of
energetic reserves of Calanus copepodites prior to
overwintering.

The role of predation on Calanus phenology could
not be assessed in this work. The lack of predator
data in our study is unfortunate, as predation plays
an important role for Calanus seasonality (Varpe et al.
2007; Atkinson et al. 2015). Moreover, if temperature
also affects abundances and seasonal timing of preda-
tors (Durant et al. 2007), mismatch, or lack of temporal
overlap, may develop between the seasonal peak of
zooplankton and ecologically important planktivores,
such as early stages of fish. Eventually, seasonal preda-
tion pressure on Calanus may also change. However,
the responses of Calanus phenology to the variability
in predation pressure are not fully resolved (Varpe
2012). Thus, further studies on Calanus phenology
should also include data on phenology of the main pre-
dators to provide a more comprehensive picture of
Calanus seasonal variability.

Table IV. Suitable phenological indices and suggested environmental drivers of C. finmarchicus phenology in Svalbard and northern
Iceland. Potential mechanisms linking environmental variability to C. finmarchicus phenology are indicated.
Location and month Suitable vertical indices Main drivers of phenology Mechanisms of relationships

Svalbard, July CVT, AAD Temperature The inflow of warm Atlantic water masses
accelerates the development of
C. finmarchicus

AO Warmer temperatures during high AO – faster
development of copepodites

Northern Iceland, May PDI, AAD Hydrography and bloom dynamics The inflow of Arctic waters decreases
reproduction and development of early life
stages. The inflow of warmer Atlantic waters
has an opposite effect on C. finmarchicus
phenology.
Early and longer spring bloom positively
affects timing and intensity of C. finmarchicus
reproduction

Notes: Abbreviations for phenological indices are: CVT – proportion of copepodites CV to total abundance; PDI – population development index or the pro-
portion of copepodites CI through CIII to total abundance; AWS – average weighted stage; AAD – average age in days.
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