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INTRODUCTION

In the last 2 decades, evidence that climate variabil-
ity can have a strong impact on the diversity and com-
munity structure of marine ecosystems in the North
Atlantic and its adjacent seas has grown (e.g. Beau-
grand et al. 2002, Richardson 2008). Also in the brack-
ish Baltic Sea, the alteration of the pelagic ecosystem
involving phytoplankton, zooplankton and fish has
been documented together with changes in the physi-
cal environment (Dippner et al. 2008). Long-term mon-
itoring programmes have observed large inter-annual

and inter-decadal fluctuations in the abundance and
biomass of pelagic zooplankton. In coastal areas and
the Gulf of Finland, the abundance of copepods of
marine origin, such as Temora longicornis and Pseudo-
calanus spp., generally declined in favour of brackish
or freshwater copepods, rotifers and cladocerans
(Viitasalo et al. 1995, Ojaveer et al. 1998, Vuorinen et
al. 1998). Large changes in the composition of the zoo-
plankton also occurred in the open central Baltic Sea.
Here, a steady decrease in the abundance of the for-
merly dominant species Pseudocalanus spp. since the
late 1980s contrasts with the increasing abundance of
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copepodites of Temora longicornis in the Bornholm Basin was studied from March 2002 to May 2003
to understand the overwintering, spring development and life cycle of this species in the Baltic Sea.
The analysis of the life cycle by means of stage structure, copepodite length and stage duration
revealed that T. longicornis produced 5 to 6 generations yr–1. The species overwintered in low abun-
dance as an active, slowly developing generation with adults appearing from February/March
onwards. The onset of the spring bloom in April triggered reproduction and initiated the first spring
generation (G1) with a strong rise in nauplii abundance. The stock biomass increased in May with the
occurrence of the copepodites of G1 and remained high during the succeeding generations G2 and G3

until August. The stock was distributed in the upper, brackish 30 to 60 m of the water column. In sum-
mer, copepodite stages concentrated in the cool intermediate water during daytime and migrated to
the surface at night. This seasonal submergence explains the persistence of T. longicornis in the
Bornholm Basin throughout the year because the average temperature experienced by the popula-
tion was low (5 to 14°C) compared with the unfavourable warm surface temperatures (>20°C). The
study further showed that the timing of the spring biomass increase of the species is associated with
the maturation of the first generation and can vary considerably between years. A delay of ~1 mo was
observed in 2003 when environmental conditions during the cohort development were unfavourable.
We conclude that the spring development of T. longicornis is complex and depends not only on
prevailing temperatures, but also on spring bloom timing and post-bloom food availability.
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T. longicornis and Acartia spp. (Dippner et al. 2000,
Möllmann et al. 2000). Changes in species composition
and biomass were also recorded in the phytoplankton
and fish fauna, which has recently been interpreted as
a shift in the ecological state of the Baltic Sea (e.g.
Alheit et al. 2005).

Oceanographic and hydrological factors appear to
be the principal control on the variations in the abun-
dance of copepod species of marine origin in the Baltic
Sea (Dippner et al. 2008). Temora longicornis, for
instance, has a wide geographical distribution in areas
ranging from sub-tropical to sub-polar coastal marine
waters (e.g. CPR Survey Team 2004). In the Baltic Sea,
T. longicornis is a key species in the ecosystem and
serves as the major diet for clupeid fish (Möllmann &
Köster 2002, Casini et al. 2004). Here, this euryhaline
and eurythermal species occurs at its physiological
limits with regard to salinity and is, therefore, found
primarily in offshore waters (Hernroth & Ackefors
1977, Viitasalo et al. 1995, Ojaveer et al. 1998). The
abundance of T. longicornis in the Finish Archipelago
Sea, the Gulf of Finland and the northern Baltic Proper
correlates with seawater salinity, which has decreased
in the last 2 decades due to increased precipitation and
freshwater runoff (Viitasalo et al. 1995, Vuorinen et al.
1998, Hänninen et al. 2003). As a consequence, T.
longicornis nearly disappeared in coastal areas and
displayed a general westward shift in its distribution
area (Ojaveer et al. 1998, Vuorinen et al. 1998). Other
studies, using in part the same data but with a focus on
long-term changes in the offshore basins, found pri-
marily a positive correlation of T. longicornis biomass
with surface water temperature particularly during the
spring (Dippner et al. 2000, Möllmann et al. 2003). A
significant correlation with salinity was found only
during summer. Apart from hydrography, eutrophica-
tion and changes in the top-down control by plankti-
vorous fishes, such as sprat Sprattus sprattus and her-
ring Clupea harengus, may also affect the population
dynamics of the Baltic zooplankton, although at pre-
sent their contribution to the long-term variations in
the biomass of T. longicornis is uncertain (e.g. Flink-
man et al. 1998, Möllmann & Köster 2002, Casini et al.
2009). Hydrographic conditions are generally found to
be sufficient in explaining the long-term variation in
the standing stocks of T. longicornis (Vuorinen et al.
2003, Dippner et al. 2008).

Seawater properties in the Baltic Sea depend
strongly on the prevailing climatic conditions over
northern Europe (Dippner et al. 2000, Hänninen et al.
2000), which suggests climate variability controls
Temora longicornis biomass (Hänninen et al. 2003,
Möllmann et al. 2003). During the positive phase of the
North Atlantic Oscillation (NAO) relatively mild win-
ters with above average surface water temperatures in

winter/spring prevail, while the seawater salinity
decreases due to increased precipitation and freshwa-
ter run-off (Hänninen et al. 2000, MacKenzie et al.
2007). In contrast to the straightforward effect of cli-
mate variability on the hydrographic condition in the
Baltic Sea, the mechanisms and processes that relate
the observed environmental changes to the long-term
changes in the abundance of T. longicornis are
unknown. It is assumed that hydrographic factors
immediately affect wintertime survival and springtime
reproduction, which are favoured by a higher salinity
and temperature (Dippner et al. 2000, Hänninen et al.
2003, Möllmann et al. 2003). However, present knowl-
edge on the life cycle and population dynamics of T.
longicornis in the open Baltic Sea lacks the required
detail to fully describe the effect of physical forcing.
While some early work by Hernroth & Ackefors (1977)
provides a general overview on the seasonal variation
of the species biomass, later work (e.g. Hansen et al.
2006) focused mainly on coastal areas or specific per-
iods in late spring and summer.

Here, we report the variation in abundance, biomass
and vertical distribution of nauplii and copepodites of
Temora longicornis, which was investigated with a
high temporal resolution from March 2002 to May 2003
in the Bornholm Basin of the central Baltic Sea. The
seasonal dynamics of the population are described in
relation to the physical and food environment, and a
life cycle of the species, consistent with observation, in
the Bornholm Basin is proposed.

MATERIALS AND METHODS

Study site. The investigation was performed
onboard the RV ‘Heincke’ (Alfred Wegener Institute,
Bremerhaven), RV ‘Alkor’ (Research Center for Marine
Geosciences [GEOMAR], Kiel) and RV ‘Alexander von
Humboldt’ (Institute for Baltic Sea Research, Rostock)
during a series of cruises to the Bornholm Sea from
March 2002 to May 2003 as part of the German Global
Ocean Ecosystem Dynamics (GLOBEC) programme
(Table 1). Samples were collected at approximately
biweekly to monthly intervals from a rectangular sta-
tion grid with a mean resolution of about 8 nautical
miles. At 9 stations with water depths ranging from 61
to 97 m, samples for CTD, seston, vertically integrated
zooplankton (Bongo net) and depth stratified zoo-
plankton (Multinet) were taken (Fig. 1). Sampling was
generally completed within 4 to 6 d except in winter
2002/2003 when the number of stations was reduced
due to bad weather conditions.

Sampling. At each station, samples for hydrography
and micro- and mesozooplankton were taken. A stan-
dard CTD probe (SeaBird 911+ or ADM) was lowered
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from the surface to near the seabed to obtain vertical
profiles of temperature and salinity. Additional vertical
profiles for January and February 2002 were obtained
from the database of the International Council for the Ex-
ploration of the Sea (ICES; available at www.ices.dk).

Seston samples for microplankton counts were taken
with a rosette of Niskin bottles at discrete water depths

and fixed with acidified Lugol’s solution (2% final con-
centration). About 25 to 50 ml of the sample was con-
centrated in settling chambers according to the
method described by Utermöhl (1958) and counted
with an inverted microscope at 200 to 400× magnifica-
tion. Organisms were classified into taxonomic cate-
gories and the cell dimensions of each category were
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Sampling date No. of profiles Nauplii Copepodites
(Multinet/ Nmin Nmax Mean Cmin Cmax Mean
Bongo net)

17–19 Mar 2002 5 / 6 860 18 676 6 199 11 598 35 789 19 939
04– 07 Apr 2002 9 / 9 18 480 152 340 73 196 5 648 19 631 10 434
19– 22 Apr 2002 9 / 9 29 048 602 912 283 286 2 324 27 658 12 113
06–09 May 2002 9 / 9 40 928 245 232 121 127 52 925 232 370 135 502
23–28 May 2002 9 / 9 53 408 219 664 145 068 375 851 1 982 295 1 178 068
12–17 Jun 2002 9 / 9 2 880 92 672 21 944 324 074 1 214 293 700 970
02–05 Jul 2002 – / 9 – 0 – 0 – 0 264 336 1 347 575 721 703
23–27 Jul 2002 9 / 9 44 528 283 615 166 234 216 801 1 166 312 456 395
13–16 Aug 2002 8 / 9 9 632 286 336 95 767 106 141 419 361 229 111
04–08 Sep 2002 9 / 9 6 476 149 904 61 592 67 997 191 327 147 025
02–10 Oct 2002 9 / 7 160 448 451 588 272 489 33 264 624 223 199 622
13–16 Nov 2002 9 / 9 43 517 113 008 82 660 87 993 302 512 168 992
14–22 Jan 2003 9 / 6 852 10 176 4 008 33 145 80 913 49 833
11–18 Feb 2003 9 / 9 1 288 11 964 4 164 26 172 35 496 32 628
10–15 Mar 2003 9 / 9 5 120 30 104 16 836 25 199 50 160 29 269
18–22 Apr 2003 9 / 9 242 304 518 848 341 475 8 104 103 864 22 838
21–29 May 2003 9 / 9 27 632 701 888 247 698 83 374 261 666 204 577

Table 1. Overview of cruise dates to the Bornholm Sea, the number of stations sampled for zooplankton profiles, minimum,
maximum and mean standing stock of nauplii (Stages N1 to N6, no. ind. m–2) and copepodites (Stages C1 to C6, no. ind. m–2) during

March 2002 to May 2003

Fig. 1. Study area and sam-
pling stations (s) in the Born-
holm Basin, Baltic Sea, during
GLOBEC cruises. The d de-
notes the central focus station
and the ×× marks Stn OM
BMKP K2 TF0213. The num-

bers give the water depth
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measured. Protist cell volume was converted to carbon
biomass according to the methods used by Edler (1979)
and Putt & Stoecker (1989). Additional data for October
2002 and April–May 2003 was obtained from the HEL-
COM monitoring programme for Stn OM BMKP K2
(IOW Stn TF0213, see Wasmund et al. 2003), which is
located close to the central focus station.

Zooplankton sampling was conducted using a Bongo
net with a 0.12 m2 mouth opening and 150 µm mesh
size. Double-oblique hauls were taken from the sur-
face to 5 m above the sea floor. The net was equipped
with a calibrated flow meter and was towed horizon-
tally at a ship speed of 1.5 m s–1 and vertically at 0.5 m
s–1. Vertical samples were taken with a 0.25 m2 multi-
ple opening and closing net (50 µm mesh size, Multi-
net, Hydrobios; vertical towing speed, 0.2 m s–1). The
gear was lifted from 5 m above the sea floor to the sur-
face in 10 m depth intervals except in April 2003 when
a vertical resolution of 5 m was chosen for the central
focus station. All zooplankton samples were preserved
in borax-buffered formalin (4% final concentration).

In the laboratory, the taxonomic composition was
analysed with a compound microscope. The sample
size was adjusted to provide at least 150 counts of
Temora longicornis. Individuals were identified to
nauplii, 5 copepodite stages (C1 to C5) and adult fe-
males and males. For each sampling month, the length
of 30 individuals was measured with a compound
stereo microscope at 50 to 100× magnification (resolu-
tion, 10 to 20 µm). Fewer individuals were sized in
months that had an insufficient number of stages (Jan-
uary to March in both 2002 and 2003). The measure-
ments were converted to biomass using a length–
weight conversion factor established by Köster (2003).
For nauplii, which were not separated by stage, a
mean weight of 0.40 µg C for N1 to N6 based on size
measurements for January to May 2003 (J. Dutz
unpubl. data) was used.

The abundance of copepodite stages C1 to C6 (no.
ind. m–3) was estimated from the integrated Bongo net
catches with zooplankton counts and filtered volumes
derived from flow meter readings. The standing stock
(no. ind. m–2) was calculated by multiplying the abun-
dance with water depth. The standing stock of nauplii
stages N1 to N6 (no. ind. m–3) was calculated from the
vertical Multinet catches by accumulating the stocks
for each depth interval, which was derived from nau-
plii counts, filtered volume and the length of the depth
interval.

The vertical distribution of nauplii and copepodite
stages was derived from Multinet samples. Due to the
strong seasonal variation in the standing stock, the ver-
tical distribution of development stages in day and night
profiles was calculated and displayed as the percentage
the stock in each depth contributed to the total standing

stock. About 50% of the vertical profiles were taken
either at day or at night, while the remaining 50% were
taken at dusk and dawn. As a further index of the
vertical distribution of the copepods, the weighted
mean depth (WMD, Bollens & Frost 1989) was computed
for each vertical profile from the equation:

where ni is the abundance of each stage (no. ind. m–3)
in each depth stratum i with the mean depth of di.

Construction of a life cycle of Temora longicornis.
Data on abundance was combined with estimates of
stage durations to construct a hypothetical life cycle of
Temora longicornis for the observation period. For this,
the occurrence of nauplii in samples was taken as a
starting point to predict the development of a cohort
from stage durations. When nauplii observed in the
field temporally overlapped with the projected matura-
tion of a preceding cohort, they were assigned to a new
generation. By starting the projection in March 2002, a
sequence of generations was constructed. The calcula-
tion of stage duration was based on Bělehrádek’s func-
tions for food saturation and limitation (Corkett &
McLaren 1970, Klein Breteler & Gonzales 1986); the
ranges of estimated durations and the average used for
the prediction are reported in Table 2. Average food
concentration and temperature values were used for
those depths where 90% of the population at day and
night were found (Table 2).

RESULTS

Hydrography

The water column in the Bornholm Basin was perma-
nently stratified into a brackish surface layer with a
salinity (S) of 7 to 8 (as measured on the practical salin-
ity scale) extending to about 50 m depth above a bot-
tom layer with S higher than 14 below 70 m and a halo-
cline ranging from ~45 to 70 m (Fig. 2). In 2002, mild
winter conditions with water temperatures of 3.1 to
3.3°C in January to March occurred. Temperatures
rose to 9.8°C by the end of May and the seasonal ther-
mocline (~7°C isotherm) developed at ~20 m depth
within the brackish layer, which separated a warm up-
per surface and the cooler intermediate layer (Fig. 2a).
During summer, surface temperatures exceeded 20°C
in August and September. The autumn cooling eroded
the thermal stratification and temperatures decreased
to 3.8°C in January. In 2003, the spring cooling was
more intense than in 2002 and resulted in minimum
temperatures of 1.7°C in the upper 30 m during March.
Similar to 2002, the onset of the vertical stratification

WMD
n

n
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∑
i i

i

d
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took place during April–May when surface tempera-
tures increased to 10°C.

The hydrographical conditions in the intermediate
and bottom water were mainly determined by several
subsequent inflow events of saline water (Feistel et al.
2003, Mohrholz et al. 2006). In short, exceptionally
warm water masses entered the Bornholm Basin in
September at 60 m depth (temperature [T], ~13°C; S,
~13) and in November at 90 m depth (T, ~11.6°C; S,
~16) and increased the temperature of the intermedi-
ate and the bottom water (Fig. 2b). This water was then
replaced by a deep inflow of cold, saline water (S, >17;
T, <4°C) at the end of January. The series of inflows
shifted the halocline/pycnocline (upper border S, ca. 8;
water density [σT], ~6) upwards by ~15 m and resulted
in a shallower upper mixed layer in spring 2003 than in
spring 2002.

Protists

The seasonal variation of the protist biomass in the
upper 30 m of the water column showed 3 major per-
iods: a spring maximum, an intermediate level
during summer to early autumn and a winter minimum
(Fig. 3a,b). In 2002, the annual biomass maximum had
started to develop at the end of March and resulted in
2 successive peaks of 9.9 and 13.7 g C m–2 in April. The
first maximum in early to mid-April consisted mainly of
the diatom Skeletonema costatum, while the second in

late April was formed by diverse ciliates, dinoflagel-
lates and flagellates. Following the decline in May, the
biomass fluctuated between 1.5 and 3.3 g C m–2 until
September 2002 and mainly consisted of ciliates dur-
ing May and during August to September, while
cyanobacteria and nanoflagellates were abundant in
June and July. During October 2002 to February 2003
the standing stock of protists was low (<0.7 g C m–2).

In 2003, the spring development of the protist bio-
mass occurred earlier than in 2002. The spring bloom
of Skeletonema costatum developed at the beginning
of March. Both dinoflagellates and ciliates contributed
substantially to the spring bloom. Biomass maxima of
8.6 g C m–2 were observed at the end of March fol-
lowed by a decline (6.5 g C m–2) during April to an
intermediate level at the beginning of May. In 2003, a
peak of diverse ciliates similar to that in 2002 was not
observed. Ciliate biomass was dominated by Myri-
onecta rubra. In both years, the protist biomass maxi-
mum developed at temperatures <5°C.

Temora longicornis

Abundance, stage structure

Temora longicornis nauplii (N1 to N6) and cope-
podites (C1 to C6) displayed irregular variations in
stock size in each month, which fluctuated by a factor
of 2 to 30 (Table 1). In general mean, maximum and
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Sampling date Temperature Food concentration Stage duration Mean duration 
(°C) (µg C l–1) (d stage–1) (d stage–1)

Mar–early Apr 2002 3.3–3.6 76–90 6–7 6
Early Apr–late Apr 2002 3.6–4.2 120–315 5–6 5
Late Apr–early May 2002 4.2–5.5 72–185 4–6 5
Early May–late May 2002 5.5–8.4 69–112 3–4 4
Late May–mid-Jun 2002 8.4–8.8 75–114 3 3
Mid-Jun–early Jul 2002 8.8–8.4 53–185 3 3
Early Jul–late Jul 2002 8.4–10.1 4.9–49 4–5 5
Late Jul—mid-Aug 2002 10.1–7.5 11.6–46 6–7 7
Mid-Aug–early Sep 2002 7.5–10.4 71–97 2–4 3
Early Sep—mid-Oct 2002 10.4–13.8 11.2–114 2–3 2
Mid-Oct–mid-Nov 2002 13.8–8.9 22.4 4–6 5b

Mid-Nov 2002–mid-Jan 2003 8.9–3.7 3.2–7.2 6–15 Nov 6, Dec 10c

Mid-Jan–mid-Feb 2003 3.7–3.1 3.1–14.2 15–23 20b

Mid-Feb–mid-Mar 2003 3.1–1.9 13.8–26.8 23–30 20b

Mid Mar–mid-Apr 2003 1.9–3.1 102–281 8–11 9
Mid-Apr–early May 2003 3.1–6.4 59–154 4–6 5
Early May–end May 2003 6.4–9.8 (44–89)a 7–8 7b

aIn early May only. bFood limitation. cFood limitation; months separated due to large difference in temperature

Table 2. Temora longicornis. Ranges of mean temperature (°C) and average food concentration (µg C l–1) at the depth where 90%
of the population were found and ranges of calculated stage duration for nauplii and copepodites (d stage–1) during March 2002
to May 2003. Stage duration is based on functions of generation time given by Corkett & McLaren (1970) and Klein Breteler &

Gonzales (1986). Food limitation was assumed when food concentration was <50 µg C l–1 (Harris & Paffenhöfer 1976)
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minimum stock size showed a consistent seasonal vari-
ation (Table 1, Fig. 4). Nauplii were observed through-
out the year with high numbers occurring from April to
November (145 × 103 to 280 × 103 nauplii m–2). The
stock decreased during late autumn and reached a low
in January–February 2003. Similar to 2002, nauplii

numbers had started to increase in March followed by
the spring maximum in April–May 2003.

In contrast to the nauplii, only a single maximum was
observed for the copepodite stages C1 to C5 in May
2002 (162 × 103 to 293 × 103 ind. m–2). While stages C1

to C3 increased from late April to early May, the stock

228

Fig. 2. Seasonal and vertical variation in (a) temperature (T , in °C), (b) salinity (S, measured on practical salinity scale) and 
(c) water density (σT) at the central focus station in the Bornholm Basin during January 2002 to August 2003. Bold lines in (b) and 

(c) embrace the upper halocline or pycnocline (S, 8 to 10; σT, 6 to 8)
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size of stages C4 and C5 rose from early May to
late May. The stock of females and males
increased also during May, but maxima of 148 to
314 × 103 ind. m–2 occurred later from June to
August. From August to November, the stock of
the copepodites and adults displayed little tem-
poral variation and fluctuated from 20 × 103 to 60
× 103 ind. m–2. During winter, C1 and C2 disap-
peared and C4 and C5 successively decreased,
while females and males maintained a low stock
of 6 × 103 to 10 × 103 ind. m–2. In spring 2003, only
a small increase in the stock of copepodites was
recorded from late April to late May, which was
restricted to the younger stages C1 to C4. More-
over, the stock of all copepodites was 1 order of
magnitude lower in May 2003 (260 × 103 ind.
m–2) than in May 2002 (1980  × 103 ind. m–2)
(Table 2, Cmax).

The variation in stage composition emphasises
the pronounced shift in the dominance from nau-
plii to a dominance of older stages that occurred
in spring and in autumn to winter (Fig. 5). In
spring 2002, the shift in the composition of the
stock was confined to May, while the overwin-
tering population showed a gradual shift from
younger stages to C4 to C5 and adults from Octo-
ber to February. In spring 2003, again the suc-
cession from nauplii to copepodite dominance
was observed. However, while the standing
stock was composed of few nauplii (11%) and
36% of late cope- podites (C4 to C6) in late May
2002, young stages (nauplii, copepodite stages
C1 to C3) made up more than 90% of the stock in
late May 2003.

Length and biomass

The prosome length of the copepodite stages varied
on a seasonal basis (Fig. 6). The largest copepodites
were found in the period from March to May in both
years. The length of all stages decreased from May to
July and the minimum length occurred during July to
August. It increased again in stages C5 to C6 during
late summer to autumn and in C1 to C4 during winter.
Mean prosome length showed significant differences
between months for all stages (1-way ANOVA, p <
0.001). The pairwise multiple comparison, however,
indicates that the prosome length increased or de-
creased gradually in most stages because length gen-
erally did not differ significantly from the preceding or
succeeding sampling (Tukey’s test, p > 0.05).

Total abundance and biomass showed a pronounced
spring increase from 80 × 103 to 1300 × 103 ind. m–2 and
from 0.08 to 2.21 g C m–2, respectively (Fig. 7). Due to

the clear succession from small nauplii to larger cope-
podites and adults, the increase in biomass occurred
about 1 mo later than did the peak abundance. The
second peak in abundance observed during October
did not translate into an elevated biomass due to the
dominance of small nauplii. Following the winter min-
imum, the increase in total abundance from March to
April was similar in 2002 and 2003. However, no fur-
ther increase was observed until the end of May 2003,
and the biomass remained low.

Vertical distribution and migration

Nauplii and copepodites of Temora longicornis
were distributed in the upper 60 m of the water col-
umn (Fig. 8a,b). The upper halocline appeared to limit
the downward extension of the stock because organ-
isms were rarely observed below isohalines with S of
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10 to 12. The weighted mean depth indicates that
nauplii showed a shallow distribution, while the resi-
dence depth of copepodites during daytime increased
with increasing stage. In spring, younger stages (nau-
plii and copepodites up to C4) occurred in the upper-
most 20 m of the water column, but during June to
August 2002 they were concentrated in narrow depth
horizons below the thermocline at a depth of 20 to
50 m. C5 females and males showed a similar shift
from a shallow depth distribution in spring (0 to 40 m)
to a deeper vertical position during early summer (20
to 60 m). From November 2002 onwards, all cope-
podite stages resumed the shallow vertical depth dis-
tribution (0 to 40 m) displayed during spring. The
strong cooling of the water column in March 2003 had
no clear effect on the distribution of nauplii and cope-
podites. Diel vertical migration was observed for all
stages except nauplii in the period from June to Octo-
ber when copepodites migrated from their deeper
daytime position into the depth of 10 to 20 m (Fig.
8a,b). Only in July, there was no evidence for vertical
migration.
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cate periods when fewer than 30
individuals had been sized due 
to low abundance of that stage
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Life cycle

The forward projection of cohort development sug-
gests that Temora longicornis produces a maximum of
5 to 6 generations yr–1 (Fig. 9). Based on calculated
stage durations, nauplii occurring in mid-March and
early to mid-April matured from late May onwards
until June (generation G1) and produced a new gener-
ation (G2) that matured during July to August. Two
more potential generations could be derived from nau-
plii occurring in July (G3) and in August–September
(G4), respectively. The calculated generation time was
shortest in G4 (~1 to 1.5 mo) due to warm temperatures
prevailing in September–October. In contrast, stage
durations during winter were long, suggesting that the
nauplii observed in October–November 2002 repre-
sented the start of the overwintering generation that
would mature from February 2003 onwards. Theoreti-
cally, a 5th generation could have occurred from late
September to November, but sampling intervals were
too long to provide evidence for the presence of nauplii
at the end of September.

DISCUSSION

Although Temora longicornis is a key species in
the Baltic Sea, its life cycle and population dynamics
are largely unknown. Earlier studies based on sea-
sonally limited data described the principal variation
in abundance or biomass with a winter minimum,
spring increase and summer maximum (Hernroth &
Ackefors 1977, Möllmann et al. 2000), which is typi-
cal for coastal copepods in environments charac-
terised by a large thermal amplitude (e.g. Colebrook
1985). After the hibernation period as copepodite
stages C4 to C6, a shift in stage composition from
nauplii and young copepodites to older copepodite
stages from spring to summer has been observed
(Hernroth & Ackefors 1977, Möllmann et al. 2000).
The seasonal development of T. longicornis in the
Bornholm Basin during 2002–2003 follows this basic
pattern, but the high resolution sampling reveals
more details regarding overwintering, spring devel-
opment of the population, number of generations per
year and potential causes for variability in spring-
time increase in biomass in the Baltic Sea.

Life cycle of Temora longicornis in 
the Bornholm Sea

The life cycle of Temora longicornis was con-
structed from the observed occurrence of nauplii and
the projected cohort development and forms the
basis for the identification of important processes in

the dynamics of the population that are sensitive to
environmental forcing. This projection suggests that
the species produced about 5 to 6 generations in 2002.
Some uncertainty in this scheme is associated with the
biweekly to monthly sampling schedule. The onset of
generations and magnitude of the peaks are impre-
cisely defined or could have been missed, particularly
during the warmer part of the year, and need to be
interpreted with caution. Uncertainty exists also in the
applicability of the Bělehrádek’s functions to the
brackish environment as they were initially derived
from observations in fully marine conditions. Potential
costs associated with osmoregulation may affect cope-
pod development (e.g. Goolish & Burton 1989). How-
ever, calculated stage durations and projected devel-
opment generally compared well with the observed
change in stage composition of the winter and spring
cohorts as discussed later. The effect of a reduced
salinity on development is, thus, assumed to be minor
and the hypothetical succession of generations match
the life cycle of T. longicornis at least during the colder
period of the year. Since 90% of the population was
distributed in the brackish water layer with S < 8, the

231

A
b

un
d

an
ce

 (×
10

3  
in

d
. m

–2
)

0

200

400

600

800

1000

1200

1400
Adult
C1-5

N1-6

Adult
C1-5

N1-6

B
io

m
as

s 
(g

 C
 m

–2
)

0.0

0.5

1.0

1.5

2.0

2.5

B
iom

ass (g w
et w

t m
–2)

0

2

4

6

8

10

12

14

16

18

1968–1970

MAMFJDNOSAJJMM A

20032002

Fig. 7. Temora longicornis. Mean abundance (no. ind. × 103 m–2,
upper panel) and biomass (g C m–2, lower panel) of nauplii (N1

to N6), copepodites (C1 to C5) and adults (both males and fe-
males) in the Bornholm Basin during March 2002 to May 2003.
Vertical bars show the mean biomass (g wet weight m–2) of the
species for the period from 1968 to 1970 (redrawn from Hernroth 

& Ackefors 1979)



Mar Ecol Prog Ser 406: 223–238, 2010

variation of temperature and food appear to be suffi-
cient to construct the life cycle.

During winter and spring of 2002–2003, Temora
longicornis overwintered as an active, but slowly de-
veloping population; there was no indication of a rest-
ing stage. This is reflected in the shift in stage compo-
sition from a dominance of nauplii and copepodite

stages C1 to C3 in November to a dominance of C4 to C6

in January to early March (Fig. 5). The shift was asso-
ciated with a strong reduction in nauplii stock and the
nearly complete disappearance of stages C1 to C3 and
C4 and C5 in February and March–April, respectively,
while the abundance of adults maintained a low but
constant level during winter and early spring (Fig. 4).
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The increase in the size of C4 to C6 stages during Janu-
ary to March also marks the active development of an
overwintering generation at low temperatures that
replaced the smaller survivors of late autumn (Fig. 6).
Due to unfavourable food concentrations (<26.8 µg C
l–1) and low temperatures (<3.7°C) during winter, esti-
mated stage durations were long (6 to 20 d, Table 2).
This suggests that the large, new females observed
in March originated from spawning in the period
October–November (G5 and G6, Fig. 9).

Following the winter minimum, the nauplii in-
creased from March to the end of April when they
dominated the standing stock by more than 90% in
both 2002 and 2003. This increase coincided with the
increase of food availability during the spring bloom,
which suggests that in situ egg production by the
recently matured females of the overwintering genera-
tion was the most likely origin of nauplii. The pro-
nounced peak of nauplii in April gave rise to the devel-
opment of the spring generation indicated by the
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occurrence of stages C1 to C3 in May and C4 in
May–June and the broader seasonal maxima of C5

females and males during June to July 2002 (Fig. 4).
Calculated stage durations and length data suggest
that this observed succession of stages from April to
July does not merely represent the development of a
single spring generation as indicated by the shift in
stage composition from a dominance of nauplii to
adults (Fig. 5). Instead, a succession of generations (G1

to G3) occurred within the observed peaks.
Females of the overwintering generation persisted

approximately from March until early May when they
disappeared as a result of lacking recruitment from the
vanished copepodite pool (Fig. 4). This gives a rela-
tively long period for the recruitment of the next gen-
eration (G1) of more than 4 wk (Fig. 9). In 2002, food
concentrations (70 to 300 µg C l–1) appeared sufficient
for optimal development until mid-June, but the low
temperatures prevailing from March to early May (3.3
to 5.5°C) probably caused long stage durations of 4 to
7 d stage–1 particularly for the early offspring (Table 2).
The forward projection suggests that the early nauplii
of G1 were spawned in late March and moulted to C1

during mid-April and to adults at the end of May
(Fig. 9). This compares well with the appearance of
new C1 to C3 stages of larger size at the end of April
and of new adults at the end of May in the field (Figs. 4
& 5). Similarly, the nauplii of G1 spawned in early and
late April were calculated to moult to adults during
early to mid-June, which is again well reflected by the
sequence of peaks of nauplii and stages C1 to C5 at the
end of April and the end of May, respectively, and the
large increase in adult abundance from May to June in
the field (compare Figs. 4 & 9). The strong decrease in
the size of females in June, in contrast, suggests the
arrival of females of the next generation (G2). Signifi-

cant differences in length of adults, which during
development are related to food abundance and,
inversely,  temperature, are generally used to separate
different generations of Temora longicornis (Evans
1977). However, calculated stage durations of about 3
d stage–1 during late May–June appear generally too
long for nauplii spawned by early females of G1 in late
May to develop into adulthood by mid-June. Thus, the
females collected in June probably originated from
nauplii of G1 spawned in April that developed from N6

or C1 onwards at increasing water temperatures during
May (5.5 to 9.4°C). They were, therefore, smaller than
the individuals spawned in late March, which devel-
oped at lower temperatures (Fig. 9, Table 2). The off-
spring spawned by G1 in May–June reached adult-
hood from the end of June onwards as indicated by the
further decrease in size (Figs. 5 & 9, Table 2). In the
field samples, generation G2 occurred as a small nau-
plii peak at the end of May and as elevated concentra-
tions of C4 to C6 during June and the beginning of July,
while stages C1 to C3 have apparently been missed
(Fig. 4). The minimum nauplii abundance in June coin-
cided with a high abundance of C5 and C6 and, there-
fore, might be caused by food limitation and cannibal-
ism (e.g. Daan et al. 1988, Peterson & Kimmerer 1994).
These nauplii potentially did not survive to adults.

As discussed above, the environmental conditions
and the development of G2 and subsequent genera-
tions in the field are difficult to assess because in the
monthly sampling intervals after July the water col-
umn got warmer. In addition, cyanobacteria domina-
ted the seston composition among the group of ‘others’
during June to August and their contribution to the
copepod diet and development is uncertain (e.g.
Meyer-Harms et al. 1999). While the temperatures
changed only little due to the submergence of the pop-
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ulation below the thermocline from June to September,
the food concentration was variable and did not
exceed 50 µg C l–1 during July and could have limited
copepod development (Table 2). Calculated stage
durations were, therefore, long during this period (5 to
7 d stage–1) and suggest that the females observed at
the end of July still belonged to G2. This observation is
supported by their small size, similar to that of females
occurring at the beginning of July (Fig. 5).

Although the stock of nauplii remained high during
the second half of the year with further peaks at the
end of July and during October, the stocks of stages C1

to C6 were generally low. The calculated stage dura-
tions suggest that another four overlapping genera-
tions could have followed: G3 from July to early Sep-
tember, G4 from late August to early October, G5 from
late September to early November and the overwinter-
ing generation G6 from October or November onwards
(Fig. 9). Stage durations of these hypothetical genera-
tions probably depended on the food availability,
which was variable from August to November, while
the environmental temperatures experienced by
Temora longicornis were always in the range optimal
for fast development and high survival (e.g. Klein
Breteler & Gonzales 1986). The increase in the size of
C5 to C6 from the minimum observed in July–August to
that in November reflects the increase in food avail-
ability during the period of August to October and
decreasing water temperatures following mid-October
(Table 2).

Comparison with the life cycle of Temora
longicornis in other areas

The life cycle of Temora longicornis in the Bornholm
Basin principally resembles the few earlier descrip-
tions of this species in marine environments such as
the North Sea and Long Island Sound (e.g. Marshall
1949, Deevey 1956, Evans 1977, Peterson 1985). Most
investigations suggest that T. longicornis — similar to
our observation in the Baltic — overwinters in low
abundance as an active population (Evans 1977, Hay et
al. 1991, Wesche et al. 2007). The stage composition of
the overwintering stock varied widely from a domi-
nance of nauplii and copepodites (Marshall 1949,
Evans 1977, Wesche et al. 2007) to a dominance of
older copepodites or adults (Digby 1950, the present
study). This variability might reflect the availability of
food during winter. Hay et al. (1991) observed a higher
biomass and winter reproduction of T. longicornis
related to higher chlorophyll a levels in the southeast-
ern region of the North Sea compared with the north-
western region. In the Bornholm Basin, food levels are
too low to enable a continuous winter reproduction like

that in the North Sea, but still are sufficient to allow the
slow development of a winter generation.

The increase in nauplii abundance in spring and the
onset of population development is generally related to
a burst in egg production by females in response to
phytoplankton blooms (Evans 1977, Bakker & van
Rijswijk 1987, Peterson & Kimmerer 1994). However,
Temora longicornis is also known to produce resting
eggs that hibernate in the sediment (Lindley 1990,
Castellani & Lucas 2003). The early occurrence of nau-
plii in spring, therefore, has been attributed to the
hatching of resting eggs (Marshall 1949, Bakker & van
Rijswijk 1987), but their contribution to spring recruit-
ment is poorly known. In the western Baltic Sea, evi-
dence for resting egg production of T. longicornis is
lacking (Madhupratap et al. 1996, J. Dutz unpubl.
data), which suggests that the first generation is initi-
ated by the egg production of overwintering females in
response to the spring phytoplankton bloom.

While the population development is initiated
through bursts in egg production triggered by the
spring bloom (Evans 1977, Peterson & Kimmerer 1994),
the spring biomass increase of the population is asso-
ciated with the occurrence of larger copepodite stages
(Fig. 7) and, thus, controlled by the temperature-de-
pendent development rate of the offspring. Temora
longicornis is adapted to temperate environments and
stage durations increase strongly at temperatures <5 to
7°C (Corkett & McLaren 1970, Klein Breteler & Gonza-
les 1986). Therefore, timing of the spring bloom and
the environmental temperatures during development
are important for the timing of the biomass maximum
of T. longicornis. In the North Sea, the spring bloom
occurs at mild temperatures; due to moderate stage
durations at 6 to 12°C generation times are short (<40
d) and the timing of the biomass maximum is related to
the timing of the temporally variable spring bloom (see
Marshall 1949, Bakker & van Rijswijkj 1987). The
spring bloom in the Baltic Sea or in Long Island Sound,
however, occurs at low temperatures (<2 to 4°C) at
which development rates and generation times are
long (>59 d). The biomass increase is delayed until the
warming of the water column occurs (Peterson 1985,
the present study).

The number of subsequent generations produced by
Temora longicornis is variable and apparently also
controlled by the environmental temperatures. In the
shallow Long Island Sound and the Oosterschelde
Estuary, which exhibit large amplitudes in the seawa-
ter temperature of 0 to >20°C, generally not more than
2 to 3 generations were reported; the species disap-
peared in summer when the temperature exceeded
17°C (Peterson 1985, Bakker & van Rijswijk 1987,
Peterson & Kimmerer 1994). In contrast, 4 to 6 genera-
tions were observed in areas characterised by small
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temperature amplitudes and maxima rarely exceeding
17°C, such as the Clyde Sea at Loch Striven, the Eng-
lish Channel or coastal waters off Northumberland
(Digby 1950, Evans 1977, McLaren 1978). Although
the surface temperatures in the Bornholm Basin also
showed a large seasonal variation that exceeded 20°C
during summer, T. longicornis produced 5 to 6 genera-
tions in 2002. This can be largely attributed to the ver-
tical thermal structure of the water column. Following
the onset of seasonal stratification, T. longicornis sub-
merged into the cooler intermediate water during sum-
mer and experienced a low temperature range of 3.8 to
13.8°C, which allowed the species to persist through-
out the year (Figs. 1 & 8). In autumn, secondary max-
ima in stock and biomass were observed, which are
characteristic for T. longicornis in areas with 4 to 6
generations (e.g. Digby 1950). They were mostly visi-
ble in nauplii or in copepodite stage C4, and could have
been missed in the other stages due to the monthly
sampling schedule. Predation might also have been
important in limiting the peaks in abundance.

Variable spring timing of Temora longicornis

Our study showed a pronounced difference in the
early spring development of the first generation
between the years 2002 and 2003. In May 2003, the
total biomass was low and the stage composition of the
stock indicated a retarded population development.
Nauplii still dominated the population structure, the
stock size of copepodites was small and new females 
of G1 were not present yet, in contrast to the mature
population structure in May 2002.

The timing of the spring bloom as a trigger for repro-
duction and the environmental temperatures during
development are both important factors that determine
the timing of the spring cohort in Temora longicornis.
One would, therefore, suspect that the cold winter and
spring conditions during 2003, with a minimum of
1.7°C in March, caused the retarded population devel-
opment in comparison with winter to spring 2002 when
temperatures did not fall <3.3°C. Such low tempera-
tures are expected to delay the thermal stabilisation of
the brackish water column and the vernal phytoplank-
ton bloom in the Bornholm Basin (Wasmund et al.
1998), and, thus, would also affect the onset of repro-
duction in T. longicornis. In addition, stage durations of
the offspring are strongly prolonged by small de-
creases in temperatures (Corkett & McLaren 1970).

A delay in the timing of the spring bloom and in the
onset of reproduction, however, did not become appar-
ent in our data. The spring bloom had already occurred
by the end of March and slightly earlier than during
the warmer winter of 2002. The shift in stage composi-

tion from adults to nauplii occurred accordingly in
March–April and indicated a similar timing of repro-
duction as that in 2002. The calculated stage durations
suggest that the development of nauplii was delayed at
the end of April (N4 to N5 in 2003 versus N6 to C1 in
2002; Fig. 9). However, the rapid spring warming of
the water column to 9.4°C until the end May 2003
(8.4°C in 2002) should have favoured a fast population
development. Assuming food saturation, the March
cohort should, therefore, have matured to adulthood
by the end of May, while the April cohort was pro-
jected to develop to C4 and C5 (see Fig. 9). The slow
development, however, can be explained when food
limitation during May is taken into account. The
March and April cohorts were then calculated to
develop to C3 and C4 and to N6 and C1, respectively,
which meets the stage composition of Temora longicor-
nis observed in the field (Fig. 9). Food limitation could
have been created by the early spring bloom, which
presumably was induced by the shallow mixing depth
following the inflows of saline water during autumn to
winter and the earlier onset of the food-limited period
typically following the spring bloom (e.g. Peter-
son1985, Klein Breteler & Gonzales 1986, the present
study). Unfortunately, estimates of food abundance
were not available for late May. However, the food
concentration in early May 2003 was already lower
than in 2002 and the protist community consisted
entirely of Myrionecta rubra, which is captured ineffi-
ciently by T. longicornis (Jakobsen et al. 2002). Thus,
food limitation was not unlikely and explains pro-
longed stage durations and the retarded population
development observed in spring 2003.

The analysis of the life cycle and stock dynamics of
Temora longicornis in the Bornholm Basin shows that the
timing of the spring biomass increase is associated with
the maturation of the first generation. The timing can be
variable and delayed when the prevailing environmen-
tal conditions during the cohort development from
March to May are unfavourable. Data provided by Hern-
roth & Ackefors (1978) on the biomass variation of T.
longicornis in the Bornholm Sea from 1968 to 1970 sup-
ports a strong variability in spring timing of the species
(Fig. 7). In comparison with 2002–2003, Hernroth & Ack-
efors (1977) recorded the spring increase and the bio-
mass maximum from the end of June to August–Sep-
tember, which is approximately 1 to 2 mo later than
during the present study. Our analysis suggests that the
spring development of T. longicornis is complex and de-
pends not only on the winter to spring temperatures, but
also on the spring bloom timing and food availability
during the post bloom phase. The interactions of these
factors and their implications for the species’ spring tim-
ing are not yet completely understood and require fur-
ther study. Nevertheless, the apparently strong variabil-

236



Dutz et al.: Life cycle and phenology of Temora longicornis

ity has important implications for the current interpreta-
tion of long-term changes in the Baltic Sea, which are at
present inferred from coarsely resolved monitoring in
February, May, August and November. The increasing
trend in the biomass of the species during the last 2
decades is interpreted as a numerical response of the
population to the warming of the surface water layers
(e.g. Alheit et al. 2005). However, it could also reflect the
earlier timing in the population development. Thus, it re-
mains to be investigated to what extent the observed
long-term changes are based on the earlier occurrence
of a similar population size or whether they reflect an
overall increase in population number.
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