
Mäkinen et al. Helgol Mar Res  (2017) 71:11 
DOI 10.1186/s10152-017-0491-1

ORIGINAL ARTICLE

Fatty acid composition and lipid 
content in the copepod Limnocalanus macrurus 
during summer in the southern Bothnian Sea
K. Mäkinen1*  , M. Elfving1, J. Hänninen1, L. Laaksonen2, M. Rajasilta1, I. Vuorinen1 and J.‑P. Suomela3

Abstract 

The lipid reserves and occurrence of the cold-stenothermic, omnivorous copepod Limnocalanus macrurus were 
studied in the Bothnian Sea (northern Baltic Sea) during spring and summer 2013–2014 with a special emphasis 
on the fatty acid composition of adults and their potential food. The individual total wax ester (WE) content, deter‑
mined from the size of oil sacs in the prosoma, ranged on average from 1.3 to 2.6 µg, and showed a decreasing trend 
towards September. Lipids were dominated by fatty acids 16:0, 18:1(n-9), 18:2(n-6), 20:5(n-3) and 22:6(n-6), forming 
56–61% of total fatty acids in June–September. Decreasing abundance of adults and reduction of the lipid storage 
implied that during summer adults suffered from starvation and, as a result, became eliminated from the population. 
The lipid content and dietary fatty acid markers suggested that in May, adult L. macrurus utilized the phytoplankton 
bloom, consisting mainly of diatoms and dinoflagellates, but later, during July–September, consumed either algae or 
heterotrophic organisms sinking from upper water layers or crustaceans inhabiting the same deeper water layers as 
L. macrurus. In the face of the climate change, the rising temperatures may force L. macrurus permanently to deeper 
water levels. If also the food resources are limited, we conclude that the summer season may act as a bottleneck limit‑
ing the propagation of L. macrurus and having implications further along the food web.
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Background
Limnocalanus macrurus (Sars 1863) is a cold-stenother-
mic, omnivorous copepod with a wide distribution in 
brackish coastal waters and freshwater lakes in the north-
ern America, Europe and Asia [1]. In the Baltic Sea, L. 
macrurus occurs abundantly in low-salinity areas, such 
as the Bothnian Bay and the Bothnian Sea, where it is 
one of the most important species of the pelagic ecosys-
tem [2, 3]. The main reproductive period of L. macrurus 
in the Baltic Sea is in winter and early spring, before the 
spring phytoplankton bloom [3–6]. As prey organisms 
are scarce in winter, maturing adults need to collect 
and store energy during summer in order to be able to 
reproduce [7, 8]. Like many high-latitude copepods, L. 

macrurus accumulates substantial lipid reserves in the 
body, which are stored in oil sacs or oil droplets mainly 
in the form of wax esters (WE) [8, 9]. These stored lipids 
have many important functions, serving for example as 
energy reserves when food availability is low [e.g., 10]. 
In addition to energy, L. macrurus requires essential 
fatty acids (EFAs), to ensure growth, survival and suc-
cessful reproduction [11]. Of these, especially eicosapen-
taenoic acid (EPA; 20:5(n-3)) and docosahexaenoic acid 
(DHA; 22:6(n-3)) are crucial [10], as copepods cannot 
synthesize them [11, 12] and have to get them from food. 
Therefore, the abundant availability of good quality food 
is important for copepods as the composition of lipids 
is species- or taxon-specific and, also, dependent on the 
environmental conditions where they are produced [13].

In the Baltic Sea, the on-going climate change has 
caused a decline of salinity and a slight increase of water 
temperature [14]. As L. macrurus mostly lives in cold 
waters below thermocline [15], the temperature may not 
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have affected its abundance this far. Instead, freshening 
of the water has likely brought about an increase of its 
biomass in the Bothnian Sea and the Bothnian Bay since 
1990 [16]. Projections for the future development of the 
Baltic Sea suggest a further decline of salinity [17, 18], 
which may cause species that originate from a high-salin-
ity environment to disappear and freshwater and glacial 
relict species, such as L. macrurus, to increase in num-
bers [18]. However, with consequent rising temperatures, 
the propagation of L. macrurus requires that the popu-
lation is able to reproduce and grow in its distributional 
areas. More information is needed on the quantity and 
quality of lipids in L. macrurus and also, on other charac-
teristics relevant to its reproduction and dispersal poten-
tial, in order to foresee this development.

In calanoid copepods, visible lipid depositions provide 
a rapid method for evaluating the nutritional status and 
energy reserves of an individual [19, 20]. In L. macrurus, 
oil sac length has been used for the determination of the 
lipid content by Vanderploeg et al. [8] in Lake Michigan, 
and by Dahlgren et al. [6] in the Bothnian Bay. The qual-
ity of lipids in L. macrurus is poorly known, as the studies 
are few and they have mainly focused on populations that 
live in lakes [21] or in Arctic coastal waters [22, 23]. In 
the Baltic Sea, the only study investigating the fatty acids 
of L. macrurus gives no information about their seasonal 
variation but indicates some differences from the lake 
populations of the same latitude [21].

In the present study, we examine the lipid content 
and fatty acid composition of adult L. macrurus in 
the southern part of the Bothnian Sea (60°42′14.6ʺN 
20°41′3.04ʺE), in an area, characterized by uneven 

bottom topography and a water depth ranging between 
20 and 60 m. Due to an isolating effect of the Archipelago 
Sea in the south and direct river runoff from the Finn-
ish coast, the impact of freshwater is strong in the area. 
Due to this, halocline is weak and water stratification is 
mainly controlled by temperature variations [24]. The 
two-year study was carried out during the main produc-
tion period of the plankton community [25], which is 
also the main feeding period of L. macrurus in this sea 
area. Following the studies by Vanderploeg et al. [8] and 
Dahlgren et al. [6], we used oil sac length as a proxy for 
lipid content. Fatty acids were determined over summer 
from adult L. macrurus and plankton samples, composed 
of a mixture of phytoplankton and zooplankton species, 
in order to study if the trophic relationships between L. 
macrurus and its food could be detected using fatty acid 
trophic markers [26]. We also examined the vertical dis-
tribution of L. macrurus, as the feeding conditions are 
likely to differ by depth and, therefore, affect its lipid 
reserves, abundance, and reproduction.

Methods
Hydrological and plankton sampling
Limnocalanus macrurus was collected for fatty acid anal-
yses on May 23, June 12, July 1 and September 9, 2013 
(Table  1). Several vertical hauls were taken from the 
bottom (50 m depth) to the sea surface using a 150-μm 
standard plankton net (ø 35 cm). The contents of the net 
were emptied to 3-L glass vials, which were filled with sea 
water and covered with a perforated aluminium foil to 
ensure aeration. The vials were transported to a labora-
tory in insulated containers, having some ice to keep the 

Table 1  Sampling dates, sampling depth (m) and  methods used in  collecting Limnocalanus macrurus (LM; ind./m3) 
and mixed plankton samples (PL; ind./m3) from the Bothnian Sea for different analyses

See text for further explanations

FA fatty acid analysis, A abundance, Vd vertical distribution, n number of samples, SN standard net, CN closing net

Season Date Variable Depth (m) Method used Analyses

Spring May 23, 2013 LM 0–50 SN (150 μm) FA (n = 3), A (n = 1)

PL 0–10 SN (50 μm) FA (pooled)

Summer June 12, 2013 LM 0–50 SN (150 μm) FA (n = 1)

PL 0–10 SN (50 μm) FA (pooled)

Summer July 1, 2013 LM 0–50 SN (150 μm) FA (n = 3), A (n = 1)

PL 0–10 SN (50 μm) FA (pooled)

Summer Sept 9, 2013 LM 0–50 SN (150 μm) FA (n = 3), A (n = 1)

PL 0–10 SN (50 μm) FA (pooled)

Spring May 20, 2014 LM 0–25, 25–50 CN (150 μm) A, Vd (n = 3)

Summer July 1, 2014 LM 0–25, 25–50 CN (150 μm) A, Vd (n = 3)

Summer July 22, 2014 LM 0–25, 25–50 CN (150 μm) A, Vd (n = 3)

Summer Aug 15, 2014 LM 0–25, 25–50 CN (150 μm) A, Vd (n = 3)

Summer Sept 16, 2014 LM 0–25, 25–50 CN (150 μm) A, Vd (n = 3)
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temperature low. In the laboratory, the plankton mate-
rial was poured through a 2-mm plankton sieve and 
gently washed to a Petri dish, where the organisms were 
lightly anesthetized with carbon dioxide to facilitate sort-
ing. Living adult L. macrurus were picked individually 
into 4-mL cryogenic glass tubes, which were filled with 
3–4  mL of chloroform: methanol (2:1; v/v) and sealed 
with a Teflon cap to prevent lipid oxidation. At each sam-
pling date, with the exception of June 12, 3 replicate sam-
ples were collected, each containing 30–32 individuals. 
On June 12, we were able to obtain only one sample with 
30 individuals due to rough weather conditions. After 
collection, the samples were stored at −80  °C until the 
fatty acid analysis.

Concurrently with the L. macrurus samples, profiles 
of salinity (PSU) and temperature (°C) were taken with 
a CTD—probe at the depth of 0–50  m. Also, plankton 
(referred as “mixed plankton”) was sampled in order to 
compare the fatty acid compositions between L. macru-
rus and its potential prey. At each sampling date, a 50-μm 
standard plankton net was horizontally hauled at variable 
depths (0–10 m) until a sufficient amount of material was 
obtained (Table 1). The hauling speed was 2–3 knots. The 
samples were treated in a similar way as that of L. macru-
rus, except that in the laboratory, the plankton mass was 
sieved through a 50-μm plankton net to remove excess 
water. After that, the plankton mass was moved to an alu-
minium foil, freeze-dried and stored at −80 °C until the 
fatty acid analysis. In order to determine the species com-
position and their relative abundance, the samples were 
gently mixed before freeze-drying and a 2–3-mL random 
sample was taken from the mixture and preserved in 4% 
buffered formalin. The preserved samples were then ana-
lyzed under an inverted microscope and determined to 
species or genus level, whenever possible. The relative 
abundance of different taxonomic groups was estimated 
as (+++)  =  highly abundant, (++)  =  abundant and 
(+) = present in low numbers.

In order to estimate the abundance of L. macrurus, 
mesozooplankton samples were collected in 2013 and 
2014 (Table 1). In 2013, one vertical haul was taken from 
the bottom (50 m depth) to the surface with the 150-μm 
standard plankton net. In 2014, three replicate samples 
were collected in a similar manner but with a 150-μm 
closing plankton net (ø 30  cm) from two water layers 
(0–25 and 25–50  m) separately, in order to also study 
the vertical distribution of L. macrurus. All samples were 
preserved in buffered 4% formalin and examined under 
an inverted microscope. The number of L. macrurus in 
the samples was counted using three identification cat-
egories (adults, copepodites, and nauplii) and abundance 
was expressed as number of individuals per m3.

Somatic measurements
Total body (BL; without antenna and setae of the furca), 
prosome and oil sac lengths were measured in 2013–2014 
from a sample of 15–55 adult L. macrurus/date using an 
inverted microscope and an ocular micrometer (preci-
sion 25 μm). During measuring, the presence of spermat-
ophores in adult females was recorded as an indicator of 
reproduction. Following Dahlgren et al. [6] and Vander-
ploeg et  al. [8], oil sac length in adult L. macrurus was 
measured from oil sacs found in the prosome region and 
used as a proxy for the lipid mass. The oil sac length was 
measured from the anterior edge to the posterior edge of 
an oil sac. The measured lengths were summed if multi-
ple oil sacs were present. Similarly to Vanderploeg et al. 
[8] and Dahlgren et al. [6], oil sacs were assumed to con-
sist mainly of WE and calculated as total WE content (μg/
ind.) and concentration (WE % of dry weight) in order to 
make comparisons with different studies. The WE con-
centration was calculated by first converting the prosome 
length to carbon biomass (CB) using a length-CB regres-
sion (r2 =  0.41), given by Kankaala and Johansson [27], 
and then converting it to dry weight (DW) assuming that 
DW is 2.5 times the CB [28]. The oil sac length was con-
verted to total WE content according to the regression 
proposed by Vanderploeg et al. [8]: y = exp(3.07x), where 
y is WE (μg) and x is the oil sac length (mm).

Fatty acid analyses
Lipids were extracted from samples of L. macrurus 
(n  =  1–3/sampling date) and mixed plankton (pooled 
sample) by a modified Folch method using chloroform/
methanol (2:1, v/v) [29]. Each sample of L. macrurus, 
containing 30–32 adults, and mixed plankton, contain-
ing 5–20  mg of plankton mass, were homogenized and 
the chloroform–methanol solution was poured into a 
glass tube where an internal standard (triheptadecanoin; 
Larodan Fine Chemicals AB, Malmö, Sweden) and 200-
µL amount of 0.88% potassium chloride solution (Merck 
KGaA, Darmstadt, Germany) had been added. Nitrogen 
was then added to the tubes to prevent fat oxidation, 
after which tubes were capped and shaken at 460 U/min 
for 1  h. After that, 0.88% potassium chloride was again 
added to the tubes so that the proportion of chloroform, 
methanol and potassium chloride solution was 8:4:3 (by 
vol.). The samples were mixed and the lower phase in 
each sample was collected into a tared glass vial, evapo-
rated to dryness and weighed. The samples were dis-
solved in 1 mL of chloroform and stored at −80 °C until 
the preparation of fatty acid methyl esters (FAME).

FAME were prepared in 92  °C by boron trifluoride 
(~10% in methanol, p.a.; Fluka, Buchs, Switzerland), 
which catalyzed transesterification from the lipid extracts 
after the solvent was evaporated under nitrogen [30, 31]. 
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FAME (dissolved in hexane) were analyzed by gas chro-
matography with flame ionization detection (GC-FID) 
(PerkinElmer AutoSystem, Norwalk, CT) by using a 
DB-23 column (60 m × 0.25 mm i.d., 0.25 µm film thick-
ness; Agilent Technologies, Palo Alto, CA) and identified 
with help of 68D FAME mixture (Nu-Chek-Prep, Inc.). 
This approach enabled identification of fatty acids in all 
samples, with the exception of those of L. macrurus, col-
lected in May, where exceptional peak characteristics 
were observed in the chromatograms. Therefore, the 
samples of L. macrurus were further analysed using gas 
chromatography-mass spectrometry (GC-MS), which 
showed overlapping peaks of fatty acids 16:1(n-7), 20:0, 
20:2(n-6) and 22:1(n-9) with a homologous series of 
saturated hydrocarbons, having 22–28 carbon atoms. 
Because of this, the exact quantity of these fatty acids 
could not be determined from the May samples of L. 
macrurus. Conversely, for the samples that were collected 
in June–September, a percentage composition of fatty 
acids (FA weight percentage (%) of total fatty acids) was 
calculated on the basis of their gas chromatographic peak 
areas. The fatty acids of L. macrurus were also expressed 
as concentration per adult (µg/ind.), when appropriate.

Statistical analyses
All statistical analyses were done with R statisti-
cal software version 3.2.0 [32]. One-way analyses of 
variance (ANOVA) were used to detect differences in 
log10(x  +  1)-transformed abundance (ind./m3) of L. 
macrurus among sampling dates and depths (0–25 m and 
25–50 m depth). Also, differences in the total body length 
(μm), total WE content (μg/ind.) and proportion of WE 
(% DW) were tested between sampling years and dates 
using the ANOVA. Monthly variation of selected fatty 
acids in L. macrurus (μg/ind.) (18:1(n-9), EPA and DHA) 
was also tested in a similar manner. In addition, Pearson 
correlation was used to study the correlation between the 
oil sac and body and prosome lengths.

Principal component analysis (PCA) was used to com-
pare the fatty acid composition of L. macrurus and mixed 
plankton, and to identify those fatty acids that accounted 
for most of the variation of fatty acids between them. All 
fatty acids from June 12, July 1 and September 9, 2013, 
were included in the analysis. PCA was carried out with 
the VEGAN package 2.2-1 in R [33]. In particular, the 
function prcomp was used because it uses singular value 
decomposition (SVD) technique that allows computation 
of PCA even in cases when there are as many, or more 
variables than there are samples [34]. Prior to their inclu-
sion to the PCA, the data (% of total FAs) was standard-
ized to a mean of zero and unit variance. Sample scores 
extracted from principal component 1 (PC1) and 2 (PC2) 
were compared between L. macrurus and mixed plank-
ton using one-way ANOVA.

Results
Salinity and temperature
During the study period, the temperature ranged 
between 2 and 18 °C. In 2013, depending on the month, 
the water temperatures were on average 2–5  °C lower 
than in 2014 (Table 2). In both years, thermocline devel-
oped approximately at 10–20 m depth after May. Salinity 
varied between 4 and 7 and halocline was very weak or 
absent. No large differences were observed among salin-
ity levels in 2013 and 2014 (Table 2).

Abundance, vertical distribution and WE content of L. 
macrurus
In May–June, adult stages of L. macrurus were present in 
high abundances, but their abundance decreased towards 
July–September (Fig.  1). The samples, collected from two 
depth layers in 2014, showed that adults had a clear prefer-
ence for deep water (Fig. 1). In May, adults were found in 
the whole water column, but in higher abundances below 
25  m than above it. Conversely, in the beginning of July, 
adults had almost vanished from the upper water layer and 
occurred mostly in deep water (Fig.  1). This observation 

Table 2  Temperature (T; °C) and salinity (S; PSU) at 0–25 m and 25–50 m depth in the southern Bothnian Sea during sam-
plings in May–September 2013 and 2014

Mean and ± SD (in parenthesis) are shown; (–) = no data obtained

Depth (m) 2013 2014

May 23 June 12 July 1 Sept 1 May 20 July 1 July 22 Aug 15 Sept 16

T

 0–25 5.7 (1.9) 15.0 (3.2) 15.0 (3.2) 15.0 (3.2) – 10.7 (1.2) 14.7 (5.1) 18.2 (3.9) 14.2 (2.4)

 25–50 2.5 (0.4) 4.1 (0.4) 4.1 (0.4) 4.1 (0.4) – 6.0 (1.5) 5.9 (0.9) 7.3 (0.4) 5.5 (0.7)

S

 0–25 5.0 (1.4) 5.1 (1.4) 5.5 (0.1) 5.5 (0.0) – 5.7 (0.1) 5.5 (0.3) 4.6 (1.7) 5.4 (0.1)

 25–50 5.6 (0.1) 5.8 (0.1) 5.5 (0.0) 5.8 (0.1) – 5.7 (0.1) 5.7 (0.1) 6.6 (0.2) 5.7 (0.1)
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was supported by one-way ANOVA, yielding a significant 
difference in the abundance of adults between months 
when analyzed separately for both water layers (0–25  m: 
F(4,10)  =  12.47, p  <  0.001; 25–50  m: F(4,11)  =  32.91, 
p  <  0.001). The abundance also differed between the two 
depth layers (F(1, 28) =  10.25, p =  0.003). Adult females 
carried spermatophores in July and September, with a fre-
quency of 3–6% (number of females examined  =  183), 
whereas no spermatophores were found in May and August 
(Fig.  1). In both study years, copepodites were found 
abundantly only in May, and like adults, they were more 
numerous in deep water than in the surface layer (Fig. 1). 
The abundance of nauplius-stages varied during sum-
mer, as shown in 2014 when sampling was more frequent 
than in 2013. A clear peak in the abundance of nauplii was 
observed on July 22 and another one in September, when 
they were found mainly in the deeper water layer (Fig. 1).

The mean body length (BL) of adult L. macrurus differed 
between the years (F(1, 156) =  16.44, p  <  0.001). BL also 
varied among months in both years (2013: F(2, 38) = 8.01, 
p < 0.001; 2014: F(3, 113) = 10.26, p < 0.001). In 2014, the 
largest adults were found in May, while in 2013, the larg-
est values were found in the beginning of July (Fig.  2a). 
Throughout the study period, BL was highly correlated 
with the prosome length (r =  0.98; p  <  0.001; df =  156). 
In May 2013 and 2014, all adults had either large or 
medium-sized oil sacs in their prosome, but the frequency 

of individuals, having no oil sacs greatly increased during 
summer in both study years (Fig. 2a). The oil sac length also 
varied substantially among adults. Correlation between 
the oil sac and prosome length was positive and significant 
only in May and September 2014 (May: r = 0.56; p < 0.001, 
df = 44; September: r = 0.43, p = 0.01, df = 32). Conse-
quently, the between-individual variation was high also in 
the estimates of total content (WE μg/ind.) and concentra-
tion of WE (WE  % DW). These values showed no differ-
ences between the years (F(1, 194) =  0.48, p =  0.49; F(1, 
194) = 0.01, p = 0.91, respectively) (Fig. 2b). The total WE 
content (μg/ind.) and WE concentration (WE % DW) dif-
fered significantly by months in 2014 (F(3, 148) =  15.53, 
p < 0.001; F(3, 148) = 15.40, p < 0.001, respectively), when 
samples were obtained from May to September, but not in 
2013, when the sampling period was shorter (Fig. 2b). Both 
the total WE content and WE concentration were lower 
May 2013 than in 2014, but in the beginning of July showed 
equal amounts in both years (Fig. 2b). From July 2014, the 
WE content and concentration remained rather constant 
until September with the exception of June 22 when the 
values were much higher than in other dates (Fig. 2b).

Relative fatty acid proportions in L. macrurus and mixed 
plankton
The fatty acid composition of L. macrurus showed a 
high diversity in the number of single fatty acids, but 

Fig. 1  Abundance (mean ± SD ind./m3) of Limnocalanus macrurus adults, copepodites, and nauplii in the southern Bothnian Sea. Upper pan-
nels indicate abundance at 0–50 m depth in May–September 2013 and 2014. Lower panels indicates the abundance at different water layers in 
May–September 2014. S = the prevalence of spermatophores attached to the females in May–September 2013 and 2014 (frequency; % of females 
examined); grey circle = 2013; black circle = 2014; (+) = <1 ind./m3. Note different scales of y-axis
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as majority of them were identifiable only as traces or 
they had a very low proportion of the total FAs (<0.5%), 
they were expressed as a pooled group called “Others” 
(Table  3). This group seemed to include several satu-
rated fatty acids (e.g., 11:0, 12:0, 15:0, 19:0, 21:0, 22:0, 
23:0, 24:0), but also traces of polyunsaturated fatty 
acids, such as arachidonic acid (20:4(n-6)), were found. 
In June–September, lipids were dominated by a high 
proportion of 16:0, 18:1(n-9), 18:2(n-6), EPA and DHA 
(Table 3). Of the polyunsaturated FAs, EPA had a maxi-
mum value in June and a low value in September, while 
DHA in turn, showed an opposite trend with a low pro-
portion in June and a higher proportion in July and Sep-
tember (Table 3).

The samples of mixed plankton were composed of a 
large variety of plankton organisms typical of the sea-
son (Table  4). Cyanobacteria were present in all sam-
ples, while diatoms and dinoflagellates had the highest 
relative abundance in May. Rotatorians, cladocerans and 
adult copepods were abundant in the samples mainly in 
June and July, while copepod nauplii and copepodites 
were found in all months. In September, the samples 
contained a high number of the ciliate Helicostomella 
subulata, but also dinoflagellates and Acartia spp. nau-
plii were present (Table 4). The fatty acid composition of 
mixed plankton was dominated by 14:0, 16:0, 16:1(n-7) 
and EPA, each having a relative proportion of >10% of the 
total FAs (Table 4). The proportion of fatty acids showed 

Fig. 2  a Total body length (BL; mean ± SD μm) of adult Limnocalanus macrurus and frequency (F %) of adults with no oil sacs, b concentration (WE 
μg/ind.; mean ± SD) and percentage (WE % DW; mean ± SD) of wax esters in adult L. macrurus at different dates in 2013 and 2014 in the southern 
Bothnian Sea. Total number of individuals examined each year is shown at the top of the columns
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relatively little variation among months, with the excep-
tion of 16:1(n-7), which was the dominant fatty acid in 
May, but later in summer, decreased to clearly lower lev-
els (Table 3).

The PCA analysis separated the samples of L. macru-
rus from those of mixed plankton (Fig. 3). The first two 
principal components (PC) explained 74% of the variance 
extracted by the PCA (weight percentage (%) of total FAs) 
(PC1—60% and PC2—14%). The sample scores extracted 
for PC1 were significantly different (F(1, 8)  =  171.06, 
p < 0.001), whereas the sample scores for PC2 were not 
(p = 0.7). According to the loadings of PC1, the separa-
tion was caused by high proportions of 14:0, 16:0 and 
16:1(n-7) in the mixed plankton samples (high positive 
loadings) and high proportions of 18:2(n-6), 18:4(n-3), 
20:3(n-3) and 24:1(n-9) (high negative loadings) in the L. 
macrurus samples.

Fatty acid content of L. macrurus
In June–September, an adult L. macrurus contained 
on average 3–6  µg fatty acids per individual. The con-
tent of most single fatty acids did not vary seasonally 
and only a few fatty acids suggested patterns during the 
study period. One of these was DHA, which increased 

from 0.33  ±  0.08  µg/ind. in May to 0.79  ±  0.08  µg/
ind. in September (one-way ANOVA; F(3,6)  =  7.73, 
p = 0.02). Also, 18:1(n-9) and EPA varied among months 
(F(3,6) = 7.04, p = 0.02; F(3,6) = 30.07, p < 0.001, respec-
tively). EPA showed its highest values in June (1.14  µg/
ind.) and 18:1(n-9) increased from lower levels in May–
July (0.16–0.32  µg/ind.) to higher ones in September 
(0.79 ± 0.23 µg/ind.).

Discussion
The reproductive cycle of L. macrurus has been described 
by Kankaala [5] and Lindqvist [3] in the Bothnian Sea and 
by Dahlgren et  al. [6] in the Bothnian Bay. According 
to Lindqvist [3], males and females copulate during the 
winter months; nauplii hatch before or during the spring 
phytoplankton bloom and develop into copepodites and 
adults in late spring and early summer. The studies out-
line the reproductive cycle of the species only broadly, 
but it is considered univoltine like in some lakes [e.g., 7, 
35], with minor reproduction in other seasons than in 
spring. In the present study, sampling was started in May 
when the naupliar phase was mostly over and the major-
ity of the generation born earlier in spring had devel-
oped into copepodites and adults. By the beginning of 

Table 3  Relative proportions of major fatty acids (% of total FAs; mean ± SD) in adult Limnocalanus macrurus and mixed 
plankton during summer 2013 in the southern Bothnian Sea

n = number of samples (containing 30–32 ind./sample); P = pooled sample; (−) = not detected; (+) proportion <0.5%; included in the group “Others”

Fatty acid L. macrurus Mixed plankton

June 12
(n = 1)

July 1
(n = 3)
mean ± SD

Sept 9
(n = 3)
mean ± SD

May 23
(P)

June 12
(P)

July 1
(P)

Sept 9
(P)

14:0 2.7 2.0 ± 0.5 1.5 ± 0.6 11.6 8.6 8.3 7.9

16:0 9.0 10.7 ± 1.0 8.7 ± 1.4 17.0 20.7 25.1 20.0

18:0 2.9 3.6 ± 0.5 2.4 ± 0.6 0.7 4.4 6.1 3.3

20:0 0.8 + + 4.1 0.9 3.5 5.2

16:1(n-7) 1.1 1.2 ± 0.5 1.6 ± 0.1 22.9 7.5 5.4 6.7

18:1(n-7) 1.0 1.5 ± 0.4 1.8 ± 1.4 − 1.1 1.7 2.3

18:1(n-9) 6.3 9.7 ± 3.0 15.6 ± 2.1 8.0 6.7 5.8 5.0

20:1(n-9) − + + 5.2 0.9 − 0.9

22:1(n-9) 0.8 2.3 ± 2.0 0.8 ± 0.2 0.7 1.8 2.4 0.5

24:1(n-9) 1.3 0.8 ± 0.0 1.0 ± 0.0 + + + +
20:2(n-6) 1.4 1.8 ± 0.9 3.3 ± 0.8 − + − −
20:3(n-3) 1.0 1.6 ± 0.6 2.8 ± 0.6 − + − −
18:2(n-6) 8.3 9.4 ± 2.3 10.5 ± 0.8 1.7 4.5 4.2 2.7

18:3(n-3) 4.3 4.5 ± 0.7 4.6 ± 0.2 1.5 6.7 6.2 6.8

18:4(n-3) 3.9 3.9 ± 0.4 3.5 ± 0.6 − − − −
20:5(n-3) 22.9 11.2 ± 0.6 10.1 ± 0.9 12.1 11.2 12.6 15.7

22:6(n-3) 9.9 18.3 ± 1.1 16.1 ± 1.4 8.6 15.2 13.9 13.2

Others 22.4 17.8 ± 6.2 15.4 ± 0.3 5.9 9.8 4.8 9.8

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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July, practically all copepodites had become adults. The 
presence of spermatophores, although only in 3–6% of 
the females, suggested that part of the spring generation 
attained sexual maturity and reproduced during July. As a 
consequence, the abundance of nauplii clearly increased 
at the end of July, although their abundance can be con-
sidered only indicative due to the used sampling net, 
which catches mainly the largest naupliar phases. Never-
theless, the observed peak did not result in an increase of 
copepodites as can be expected.

In May–July, the abundance of adult L. macrurus was 
200–770 ind./m3, which is higher than that in the Both-
nian Bay in the same months (200–300 ind./m3) [6]. 

However, by the end of July, the population of adults 
decreased strongly, for an unknown reason. In May, 
adults were rather dispersed in the water column but 
descended to deep water when the water temperature 
at sea surface started to rise. For a cold-stenothermic 
species, moving down to lower temperatures is under-
standable but could also be influenced by the presence of 
planktivores such as the Baltic herring (Clupea harengus 
membras), which in the Bothnian Sea preys heavily on 
adult L. macrurus during May and June [36]. In order to 
avoid the visually foraging fish, adults move from surface 
to deep water, but as a trade-off, they may suffer from a 
scarcity of food because their prey organisms occur at 
higher abundances closer to the surface [37, 38].

Like many other species of the copepod genera, L. 
macrurus stores lipids mainly in the form of WE in 
large oil sacs or oil droplets in the body, which enables 
them to survive long periods of starvation and to pro-
vide energy for reproduction [10]. In the current study, 
the WE content of L. macrurus in May–September was 
on average 1.3–2.6 μg/ind., which is more than what is 
reported for Pseudocalanus acuspes (0.9–1.8  μg/ind) 
[39], the preferred prey species of the Baltic herring in 
the Central Baltic Sea [40]. In spite of these apparently 
large energy reserves, the frequency of oil sacs and WE 
content varied between months as well as among indi-
viduals, collected on the same day, implying that food 

Table 4  Major taxonomic groups identified from plankton 
samples (“mixed plankton”) used in  fatty acid analyses 
in 2013

Relative abundance is expressed as follows: (+++) = highly abundant; 
(++) = abundant; (+) = present in low numbers

 n. nauplius, cop. copepodite, ad. adult

Taxonomic group Date

May 23 June 12 July 1 Sept 9

Aphanizomenon flos-aquae + ++ + ++
Nodularia spumigena + +
Anabaena sp. +
Gonyaulax spp. +++ + +
Dinophysis spp. +++ + + ++
Peridinium spp. +
Chaetoceros wighamii ++ +
Achnanthes taeniata + +
Thalassiosira baltica + + +
Helicostomella subulata + +++
Tintinnopsis lobiancoi + + + +
Keratella quadrata + ++ +
K. cruciformis + +
Synchaeta baltica + ++ +++
S. monopus +++
S. curvata ++
Pleopsis polyphemoides ++ +
Bosmina coregoni ++
Evadne nordmanni + ++ +
Acartia spp. n. + + ++
Acartia spp. cop. + +
Acartia spp. ad. ++ ++ +
Eurytemora sp. n. + + +
Eurytemora sp. cop. +
Eurytemora sp. ad. + ++ + +
Temora longicornis n. ++
T. longicornis ad. +
Limnocalanus macrurus n. + +
Polychaeta larvae +
Lamellibranciata larvae +

Fig. 3  PCA Biplot of fatty acid proportions (% of total fatty acids) of 
Limnocalanus macrurus (LM) (number of samples; n = 7) and mixed 
plankton (PL) (n = 3), collected in the southern Bothnian Sea in June 
12, July 1 and September 9 2013. Prior to the PCA, data was standard‑
ised to a mean of zero and unit variance
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resources were not equally partitioned within the popu-
lation. In both study years, all adults examined had oil 
sacs in their body in May, suggesting that there was 
enough food in the environment to be collected and 
stored for later use. However, from May onwards, the 
frequency of individuals with no oil sacs increased, and 
by the end of the summer, 50–70% of the adults had no 
energy reserves at all. To a degree, the reduction of the 
energy reserves could be a result of reproduction pro-
cesses such as egg production, requiring a great deal of 
energy and materials [10]. However, the low proportion 
of females with spermatophores versus the high pro-
portion of adults with no energy reserves suggests that 
the reduction was largely caused by factors other than 
reproduction. The parallel trends between the abun-
dance of adults and the frequency of oil sacs among 
them suggests that adults suffered from starvation and, 
as a result, became eliminated from the population. This 
idea of high mortality due to starvation is supported 
by Webster et  al. [37], who suggested that high preda-
tion pressure and increasing temperature at sea surface 
force adults downwards, with the result that the popu-
lation concentrates in a smaller space where competi-
tion for food resources increases. If only a part of the 
adults survives and reproduce in these conditions, the 
summer season could, therefore, act as a bottleneck for 
the population growth of L. macrurus, despite it is the 
main production period of its food resources [25]. High 
mortality due to starvation could also explain the low 
abundance of copepodites in late summer, but this is 
not known as their nutritional status was not examined.

It is possible that some oil sacs remained undetected 
in microscopic scrutiny due to their small size, poor vis-
ibility or awkward position within the carapax. Therefore, 
the size of oil deposits is not necessarily an exact meas-
ure of the energy reserves and could explain part of the 
between-individual variation in the content and con-
centration of WE. Nevertheless, the average values of 
WE content in our study agree well with those reported 
previously by Dahlgren et al. [6] from the Bothnian Bay 
in the same season (1.7–2.2 μg/ind.). The concentration 
of WE, instead, is somewhat higher in our study, espe-
cially in May when WE formed 46–52% of DW in com-
parison to the 14–19% observed in the Bothnian Bay [6]. 
The difference could be caused by variation in body size, 
which varied significantly on seasonal and annual basis, 
as shown by our study. In adult L. macrurus, the pro-
some length was closely related to the total body length, 
whereas oil sac length varied independently on it in most 
months. In our samples, large individuals did not always 
have the largest oil sacs, although in some dates (May 
20 and July 1, 2014) this was the case. Therefore, the oil 
sac length could express the energy reserves of adult L. 

macrurus better when expressed as total WE content 
than if converted to concentration on DW basis.

In the northern Baltic Sea, L. macrurus predominantly 
feeds on calanoid copepods throughout the year [6]. 
In the present study, the lipids of an adult L. macrurus 
contained fatty acids typical of an omnivorous and car-
nivorous copepod, generally characterized by high rela-
tive amounts of 14:0, 16:0, and 18:1(n-9) and low levels 
of long-chained monounsaturates such as 20:1(n-9) [26]. 
Out of all fatty acids, 16:0, 18:1(n-9), 18:2(n-6), EPA 
and DHA were the most abundant, together accounting 
approximately 56–61% of all fatty acids in June–Septem-
ber. In large part, our findings are in line with that of Hil-
tunen et al. [21] who studied the fatty acid composition 
of L. macrurus in the Bothnian Sea in August. Similar to 
our study, Hiltunen et al. [21] reported high proportions 
of these fatty acids, especially EPA and DHA. Conversely, 
in the arctic Laptev and Kara Seas, much lower propor-
tions of PUFAs have been reported [22, 23] and were 
probably caused by high reliance on diatoms [21].

The fatty acid composition of L. macrurus clearly dif-
fered from that of mixed plankton, further underlining 
the species uniqueness in the local plankton community. 
In May, the large lipid reserves of adult L. macrurus were 
evidently a result of good feeding conditions, provided 
by the observed phytoplankton spring bloom in the sur-
face water layer. In the Bothnian Sea, like generally in 
the northern Baltic, diatoms and dinoflagellates are the 
major component of the phytoplankton community in 
spring [41] and hence were expected to be the origin of 
lipids in L. macrurus in May, too. In May, mixed plank-
ton contained elevated proportions of phytoplankton and 
diatoms markers 14:0, 16:1(n-7) and EPA [26, 42, 43] and 
the prevalence of these fatty acids as markers was sup-
ported by the abundant occurrence of these groups in 
the sample analysed. In May, L. macrurus also contained 
high concentrations of EPA, which together with 16:1(n-
7) suggests diatom uptake. However, the concentration 
of 16:1(n-7) in L. macrurus at this date was uncertain, 
because the analysis was disturbed by saturated hydro-
carbons whose quantity could not be determined and 
origin can only be speculated. In marine ecosystems, 
hydrocarbons of varying chain lengths are produced by 
different micro-organisms such as cyanobacteria and dia-
toms [44, 45] and their abundant presence in the mixed 
plankton in May suggests that hydrocarbons were trans-
ported to L. macrurus from the environment with phy-
toplankton food. Alternatively, these hydrocarbons could 
be biosynthetic products of L. macrurus itself as fatty 
acid-hydrocarbon compounds are known to act as phero-
mones for instance in insects [46] and in crustaceans, 
pheromones have been found on the surface of the cara-
pax, to be transmitted through physical contact [e.g., 47]. 
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Chemoreception plays an important role in the behav-
iour copepods [48, 49]. Therefore, for L. macrurus, which 
spends most of its adult life in deep water where visibility 
is poor, these chemical substances could act as a principal 
method for signalling between individuals and for detec-
tion of food particles and, hence, be found in its lipids.

In comparison to May, the fatty acid composition of L. 
macrurus in June–September suggested that the species 
was opportunistically feeding on various types of prey. 
For example, the lipids of L. macrurus contained fatty 
acids 18:2(n-6) and 18:3(n-3), which, in some studies, are 
considered as an indication of a cyanobacteria-based diet 
[50]. These fatty acids were also found in the mixed plank-
ton through the summer, which is understandable, as for 
instance species such as Aphanizomenon flos-aquae was 
relatively abundant in all of the samples. In June–Septem-
ber, L. macrurus also contained high proportions of dia-
tom and dinoflagellate markers EPA and DHA [26], whose 
concentration also increased from June to September. A 
marker for carnivorous and detritivorous feeding, 18:1(n-
9) [10, 12], was also abundantly present with an increasing 
concentration towards September. These three fatty acids 
were also found in the mixed plankton samples, which 
included diatoms, dinoflagellates, herbivorous copepods 
and the ciliate H. subulata. Tracking definite trophic rela-
tionships from the fatty acid compositions of L. macrurus 
and mixed plankton is difficult, because the lipid signatures 
of L. macrurus may originate from various sources [6] and 
fatty acids can also be synthesized de novo by copepods 
[e.g., 51]. Nevertheless, the fatty acid composition can indi-
cate trophic relationships at least at major taxonomic levels 
as has been shown for other omnivorous and carnivorous 
zooplankton species [see e.g., 26, 52, 53]. In July–Septem-
ber, adult L. macrurus were located in deeper water levels 
and, based on the low number of oil sacs in them, were 
probably unable to migrate to upper water layers, as sug-
gested by Lindqvist [3] and Webster et al. [37]. Therefore, 
it is possible that in July–September L. macrurus fed on 
ciliates and phytoplankton, sinking from the upper water 
layers or, alternatively, preyed on organisms inhabiting the 
same water layers. A similar phenomenon was suggested by 
Peters et al. [39] for P. acuspes in the Central Baltic Sea.

Conclusions
In the Bothnian Sea, L. macrurus has been suggested to be 
a key species responsible for improving the physiological 
condition of herring in spring and early summer [36]. As 
shown by our study, the WE content of an adult L. macru-
rus is higher than that of P. acuspes [39], the preferred prey 
species of the herring in the Central Baltic Sea [40]. In spite 
of the apparent large energy reserves, we conclude that the 
summertime WE content and survival of adult L. macru-
rus seems to be connected to the abundant availability 

of good quality food. This is important in the face of the 
on-going climate change as climate change scenarios for 
the Baltic Sea predict that the plankton community will 
change towards smaller-sized and poor-quality taxa as a 
consequence of a further decline in sea water salinity and 
an increase of water temperature, stratification, river flow 
and nutrients [14]. These changes, such as a further rise 
in water temperature, may force L. macrurus to submerge 
permanently to deeper water where the concentration of 
food is low. If also the quality of food is poor, the growth of 
the population is most likely suppressed, causing the sum-
mer period to act as a bottleneck for population growth 
despite summer is the main production period of its prey 
organisms. However, our study does not tell about the 
interannual variation of the WE content in L. macrurus and 
no such information is found, to our knowledge, in the lit-
erature either. Therefore, interannual data on the WE con-
tent and fatty acid composition of L. macrurus should be 
collected in order to foresee these changes and to provide a 
more accurate picture of the trophodynamics.
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