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Variability in upwelling events may lead to periods of constrained food availability in the northern Benguela
upwelling system (NBUS), thereby affecting the physiological state and metabolic activity of euphausiids. Most
attention has so far been paid to seasonal effects but little is known about regional variability. Metabolic activity
(expressed by respiration and excretion rates) and physiological state (expressed by reproductive effort and
moult activity) in Euphausia hanseni were examined at different stations during austral summer (minimum
upwelling) and austral winter (maximum upwelling). Overall, regional differences in physiological state,
influencing metabolic activity, were greater than seasonal ones, indicating favourable conditions for growth
and reproduction year-round. Higher respiration rateswere found for females inmore advanced stages of sexual
development.Moult stage did not affect oxygen consumption rates, however. The physiological state of E. hanseni
at the time of capturemay serve as ameaningful indicator of the associated hydrographic conditions in the NBUS,
to be further used in eco-system analysis on seasonal or long-term time scales. A latitudinal comparison of
species highlights the extraordinary physiological plasticity of euphausiids.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

One of the four major Eastern Boundary upwelling systems, the
northern Benguela upwelling system (NBUS), is located off the west-
coast of Namibia. It is bordered in the north by the Angola-Benguela
front (~17°S) and in the south by the strong upwelling cell at Lüderitz
(26°S). The NBUS is characterized by perennial upwelling, with a
maximum during austral winter/spring and a minimum during austral
summer/autumn. Influenced by several atmospheric andoceanographic
processes, the NBUS is a complex and highly variable ecosystem
(Shannon and Nelson, 1996). In addition, wind-driven coastal upwell-
ing makes this area one of the most productive ecosystems in the
world's oceans. Fluctuations in upwelling intensity correlate with varia-
tions in the magnitude and direction of winds. Timing and duration of
upwelling events influence the physical and biological properties of
coastal seas, including the population biology of krill (Dorman et al.,
2005). In the NBUS the biomass and distribution of mesozooplankton
are spatially and temporally highly variable and upwelling intensity
shows a clear seasonal signal (Martin et al., 2014). Upwelling events
favour phytoplankton growth through nutrient input and subsequent
zooplankton blooms, thereby supporting omnivorous species like
Euphausia hanseni, the dominant krill species in the NBUS.
.
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Consequently, E. hanseni may show physiological adaptations to these
poly-pulsed, upwelling-mediated, plankton blooms. The adjustment of
metabolic rates in krill to (seasonal) differences in abiotic (e.g., temper-
ature, oxygen) and biotic (e.g., food availability) factors has been the
target of several studies (e.g., Buchholz and Saborowski, 2000; Kim
et al., 2010;Meyer et al., 2009, 2010; Saborowski et al., 2002). However,
the effects of regional variability in the physical and biological environ-
ment on euphausiid physiology are largely unknown.

Physiological processes such as growth and reproduction are influ-
enced by food availability. Accordingly, euphausiids adapt their repro-
ductive cycles to local feeding conditions (Tarling and Cuzin-Roudy,
2003); both egg production and length of the reproductive period are
controlled by temperature and trophic conditions (Cuzin-Roudy and
Buchholz, 1999). Furthermore, the recruitment success of krill species
depends both on adequate condition of the females prior to spawning
and favourable trophic conditions during larval development (Tarling
and Cuzin-Roudy, 2003). Growth in euphausiids is controlled mainly
by temperature and food supply (Huntley and Boyd, 1984) and
moulting accelerates both respiration and excretion rates (Ikeda and
Mitchell, 1982). Furthermore, seasonal changes in food availability can
alter the chemical composition of zooplankton, which in turn affects
respiration and excretion rates (Conover and Corner, 1968). The North-
ern Krill (Meganyctiphanes norvegica) for instance, tunes metabolic
activity to both thermal and trophic conditions: In the naturally oligo-
trophic Ligurian Sea growth and reproduction in M. norvegica are
al and regional comparison of physiological performance of Euphausia
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Fig. 1. Location of the northern Benguela upwelling system and stations sampled during
austral winter 2010 (dots) and austral summer 2011 (triangles). Lines represent positions
of transects: Walvis Bay (WB, 23°S), Rocky Point (RPt, 19°S) and Kunene (Kn, 17.25°S).
Stations used for regional comparison during austral winter 2010 are highlighted by
acronyms (see text). This map was created using the ODV4 software (Schlitzer, 2015).
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maximized during the short productive season (Buchholz and
Saborowski, 2000). The spatial and temporal availability of food con-
strains the physiological state of zooplankton. To better understand
the consequences of this variability for E. hanseni, seasonal comparisons
of the physiology of krill species are necessary. Such investigations are
aimed at assessing the potential effects of krill's physiological perfor-
mance on lower and higher trophic levels (e.g., the commercially
important horse mackerel Trachurus trachurus capensis) and the food
web structure in the NBUS as a whole.

In the present paper, seasonal (austral winter/summer) and regional
(mesoscale) differences in metabolic activity (respiration and excre-
tion) and physiological states (moult activity and reproductive effort)
of E. hanseniwere examined and are discussed in relation to upwelling
intensity/trophic conditions and to seasonal adaptations of other
euphausiid species such as Antarctic Euphausia superba and boreal
M. norvegica. Furthermore, the impact of growth, depicted by moult
stages and the influence of reproductive activity, depicted by sexual
developmental stages (SDSs), on the oxygen uptake in E. hanseni were
determined.

2. Materials and methods

2.1. Field sampling

Juvenile and adult Euphausiids were collected on board the RRS
Discovery in austral winter 2010 (10.09.–13.10.2010, cruise D356) and
on board the RV Maria S. Merian in late austral summer 2011 (30.01.–
07.03.2011, cruise MSM17/3 (Werner et al., 2012)). Specimens were
collected between Walvis Bay (23° S) and Kunene (17°25 S) in the
northern Benguela upwelling system off Namibia. Krill were caught at
different stations (8 stations during austral winter 2010; 5 Stations
during austral summer 2011, Fig. 1) during nighttime with a 1-m2

Multiple Opening and Closing Net with Environmental Sensing System
(MOCNESS, Wiebe et al., 1985). Nighttime sampling ensured compara-
ble catchdepths, oriented at verticalmigration in E. hanseni (seeWerner
and Buchholz, 2013) and prevented deep hauls causing stress on
experimental individuals. A large mesh size (2000 μm) and a large soft
closed cod-end bucket were used to further decrease stress on the
experimental animals.

Animals for metabolic measurements were randomly chosen and
transferred to aerated plastic aquaria filled with filtered seawater. All
adult E. hanseni used for experiments were actively swimming,
appeared healthy without obvious damage. The remaining animals
from each haul, or a representative subsample, were used to assess
the physiological state of E. hanseni in the field.

2.2. Hydrographic conditions

For seasonal comparison of sea surface temperatures (SST) and Chl a
concentrations Moderate-Resolution Imaging Spectroradiometer
(MODIS)-Aqua data, processed by the Ocean Biology Processing Group
(OBPG) at Goddard Space Flight Center, were used. Ferrybox data (an
automated monitoring system, especially for biological–chemical
parameters, where water is pumped from subsurface layers into
the measuring circuit of multiple sensors) provided by N. Lahajnar
(University of Hamburg, Germany) were employed to determine
small-scale differences in temperature (°C) and salinity at the different
sampling stations during austral winter.

2.3. Metabolic measurements

Respiration measurements were conducted using a closed respi-
rometry system with Oxygen-Microsensors (PreSens, Germany)
and a 4-channel micro-fibre optic oxygen transmitter (Oxy-4-
micro, PreSens, Germany) on board the research vessels. Specially
designed small tube-shaped chambers (volume 20 mL) were used
Please cite this article as: Werner, T., et al., Life in the sea of plenty: Season
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as respiration chambers optimized for krill (cf. Werner et al., 2012).
As E. hanseni is a strong diel vertical migrator (Barange, 1990;
Werner and Buchholz, 2013) respiration measurements were con-
ducted in a temperature-controlled water bath at three different
temperatures (5, 10 and 15 °C) reflecting the water temperatures
around Walvis Bay (23°S) between 50, 300 and deep water layers
and around 700 m respectively. Regional comparisons of metabolic
rates were conducted at 10 °C only. All experiments were performed
within 24 h of capture in order to minimize confounding effects due
to starvation (Huenerlage and Buchholz, 2013). E. hanseni adults
were first acclimated for approximately 12 h at 8–10 °C and then fur-
ther acclimated to the experimental temperatures in the respiration
chamber for 1 to 4 h. The oxygen uptake was monitored in the dark
over a period of 3 to 6 h. Each temperature experiment was run in
triplicate with an additional empty chamber to serve as the control.
The respiration chambers were placed in a water bath, which was
controlled by a lab cooler (±0.5 °C; Julabo F25, Germany). Filtered
seawater (0.2 μm Acropak™ 1000 Capsule, Pall Filtersystems
GmbH, Germany) was used to minimize bacterial oxygen consump-
tion. Since the metabolic rate of animals is known to vary both
interspecifically and intraspecifically with body mass, respiration
rates (RRO2) were standardized to units of comparison of μmol
O2 h−1 gww

−1 (gww: grammes wet weight). After each experiment
animals were sexed by identification of the thelycum (copulatory
structure on underside of thorax of female euphausiids) or the
petasma (modified endopodite of the first pair of pleopods of male
al and regional comparison of physiological performance of Euphausia
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euphausiids), measured for length (between the front of the eyes to
the tip of the telson using a millimetre scale under a stereomicro-
scope) and their moult stage and sexual developmental stage (SDS)
were determined (see 2.4). Thereafter animals were frozen and
stored at −20 °C for later determination of their wet mass using a
microbalance (Sartorius LA 230 S, d = 0.1 mg).

Measurement of respiration rates involved the analysis of 2mlwater
subsamples taken from the respiration chambers after each experiment
which were immediately deep-frozen in liquid nitrogen and stored at
−80 °C. At the home laboratory in Bremerhaven these subsamples
were analyzed for ammonia (NH4-N), themajor form of dissolved nitro-
gen excreted bymarine zooplankton (ENH4 in μmol NH4-N h−1 gww

−1),
using the phenol-hypochlorid method following Solorzano (1969). The
atomic O:N ratio was calculated by simple division between RRO2 and
ENH4 in order to determine the dominantly-metabolized substrate
(Mayzaud and Conover, 1988).

2.4. Moult stages and sexual developmental stages

The moult stage (MS) of E. hanseni specimen individuals was de-
termined following Buchholz (1982, 1991), derived from Drach's
method. At first, the hardness of the cuticule at the margin of the car-
apace was examined using fine forceps. Thereafter, one outer uropod
was gently removed and placed on a micro slide with a drop of
cooled sea water. Epidermal and cuticular structures were inspected
for the described features given in Buchholz (1982, 1991) using a
Zeiss microscope (100×–400× magnification). The moult cycle is
divided into MSs grouped into two phases: the postmoult period
consists of MS A, B and C and the premoult period consists of MS
D0, D1, D2 and D3, followed by ecdysis (E).

Sexual developmental stages (SDSs) of adult female E. hanseniwere
defined following a modified staging system by Cuzin-Roudy (1993),
which scores each stage according to the development of the ovaries.
Overall there are 5 different SDS stages, with SDSs 1 and 2 being charac-
terized by ovaries still in development and differentiation. SDS 3 is
defined by the occurrence of vitellogenesis and at SDSs 4 and higher,
the ovaries have reached their full extension and eggs become ready
to spawn (Table 1). At times animals were staged in increments of 1/3
and/or 1/2 (SDS of 3.5, 4.3, 4.5 and 4.7) to provide a more detailed
picture. The SDSs were determined on live female krill, using a Leica
MZ8 dissecting stereo microscope (10×–40× magnification) to
examine the extension and structure of the ovary. Sex ratio (female/
male) in a swarm was assessed from all the individuals caught at each
station, or a representative subsample and males and females were
checked for spermatophores.

2.5. Statistical treatment of data

Results are presented as means ± standard deviations (SD) for re-
gional comparison (equal sample size) and as means ± standard errors
(SE) for seasonal comparison (unequal sample size). Data were tested
Table 1
Maturity stages of adult krill females adapted to Euphausia hanseni.

SDS Description

1,0 1 or 2 spp⁎ attached to thelycum, ovary grown to 1/3 of full size
2,0 1 or 2 spp⁎ attached to thelycum, ovary grown to 2/3 of full size
3,0 1 or 2 spp⁎ attached to thelycum, ovary grown to 3/4 of full size
3,5 Ovary full size
4,0 Ovary full size, extension 1/3 into first abdominal segment
4,3 Mature oocytes begin to colour (orange)
4,5 Mature oocytes lightly coloured
4,7 Mature oocytes fully coloured, carapace swollen
5,0 Batch spawned, shrunk ovary

⁎ Sometimes spermatophores were not present, due to recent ecdysis.

Please cite this article as: Werner, T., et al., Life in the sea of plenty: Season
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for normality (Gaussian distribution) using the Kolmogorov–Smirnov
(small N) and/or the D'Agostino and Pearson omnibus normality test
(larger N). Either one-wayANOVAs or t-testswere performed according
to the number of groups compared. Tukey's multiple comparison post-
tests were also performed following ANOVAs. Where required, data
were transformed using log-transformation or were squared. If normal-
ization was not possible, non-parametric tests like Kruskal–Wallis test
with Dunn's post-test or a Mann–Whitney test were applied. F-tests
were used to compare fits (e.g., the impact of temperature on the
respiration rates between seasons). Tests for correlations between
parameters following Gaussian distributions were performed with
Pearson's correlation calculations. Spearman correlations were
conducted if the data did not show a Gaussian distribution. All tests
were performed using the GraphPad Prism software (Version 5.04).
The significance level was set at p b 0.05.

3. Results

3.1. Hydrographic and trophic conditions

Descriptions of the environmental dynamics in the NBUS are
given by Shannon (1985), Mohrholz et al. (2001), Monteiro et al.
(2008) and Hutchings et al. (2009). The hydrographic conditions
during the sampling periods are described in Buchholz et al. (2010;
report of cruise D356) and Lahajnar et al. (2011; report of cruise
MSM17/3).

Seasonal differences in SST between austral winter 2010 and austral
summer 2011 were apparent, as depicted by satellite images (MODIS-
aqua from Goddard Earth Sciences Data and Information Services
Center); however the trophic conditions (Chl a in mg m−3) during
both seasons were relatively similar (Fig. 2). During austral summer
2011 the region between 17°S and 23°S was largely covered by warm
upper water layers (N20 °C). In contrast, during austral winter 2010,
temperatures of the upper water layers ranged between 13 °C and
17 °C. During both seasons a narrow band of cooler water appeared
along the coast with temperatures around 18–20 °C in austral summer
2011 and 13–15 °C in austral winter 2010, suggesting recent coastal
upwelling. The Chlorophyll a content over the shelf was high (1–
10+ mg m−3) during both seasons. Trophic conditions offshore, con-
strued from Chl a concentrations, were more favourable during austral
winter 2010 compared to the conditions during austral summer 2011
(Fig. 2). Monthly Chlorophyll a values, derived from satellite images
(Modis-Aqua, GES DISC), over the course of one year (September
2010–September 2011) and integrated over the whole sampling area
(11–14°E, 17–23°S) ranged between 1.5–3.5 mg m−3, indicative of a
constant high phytoplankton biomass in the NBUS irrespective of the
prevailing upwelling situation. Highest Chl a values N3 mg m−3 were
observed from May to July 2011, whereas during the rest of the year
Chl a values fluctuated between 1.5–2.3 mg m−3.

An overview of the hydrographic conditions (temperature (°C) and
salinity), derived from Ferrybox-measurements at the different sam-
pling stations during austral winter 2010 is given in Table 2. Sampling
stations, RPt and Kun-S, were characterized by cold upper water layers
bearing low salinities, whereas RPt-N was influenced by slightly warm-
er and more saline surface water.

3.2. Seasonal comparison

3.2.1. Size frequency and sex ratios
Animals used for analyses of moult and sexual developmental

stages were also used for determination of length frequencies
(Fig. 3) and sex ratios. In general, mean length (mm) was slightly
larger during austral summer 2011 (22.6 ± 0.14 (SE); N = 188)
and sex ratios (f/m) was lower (1:0.8) compared to austral winter
2010 with 22.1 ± 0.13 (SE) and 1:0.6 (N = 397) respectively. Me-
dians of size did not differ significantly between austral summer
al and regional comparison of physiological performance of Euphausia
ttp://dx.doi.org/10.1016/j.seares.2015.06.018

http://dx.doi.org/10.1016/j.seares.2015.06.018


Fig. 2. SST (°C, A + B) and Chl a (mg m−3, C + D) data, derived from satellite images (Modis–Aqua, GES DISC), during austral winter 2010 (September–October; A + C) and austral
summer 2011 (February–March; B + D).
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and winter (Mann–Whitney U-test, p N 0.05) and females were sig-
nificantly larger than males (Mann–Whitney U-test, p b 0.05) in
both seasons.
Table 2
Temperature (°C) and salinity derived from Ferrybox-measurements at the three
sampling stations used for regional comparison during austral winter 2010. Given are
means ± SD.

Winter 2010 Temperature (°C) Salinity

RPt 15.1 ± 0.3 35.3 ± 0.04
RPt-N 17.6 ± 0.8 35.8 ± 0.21
Kun-S 16.2 ± 0.2 35.4 ± 0.03

Please cite this article as: Werner, T., et al., Life in the sea of plenty: Season
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3.2.2. Respiration, excretion and O:N ratio
Temperature (5–15 °C) had the same impact on oxygen uptake

in E. hanseni individuals during austral winter 2010 and late aus-
tral summer 2011. No significant differences were detected be-
tween the slopes of the linear regressions describing the
temperature/metabolism relationship (F-test, F = 0.027, p =
0.8846; Fig, 5). The relationships between temperature (5–15 °C)
and respiration rates shown in Fig. 4 can be expressed by linear re-
gressions:

RRO2 ¼ 0:6 � T−4:733 −austral summer 2011
al and regional comparison of physiological performance of Euphausia
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Fig. 3. Length-frequency distribution of E. hanseni males and females during (A) austral
winter 2010 and (B) late austral summer 2011.
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(N = 40; R2 = 0.85; data taken from Werner et al., 2012)

RRO2 ¼ 0:65 � T−4:933 −austral winter 2010
ðN ¼ 56; R2 ¼ 0:94Þ:

Neither were significant differences found between RRO2 at 5 °C
(unpaired t-test, df = 17, p N 0.05), 10 °C (df = 62, p N 0.05) and
15 °C (df = 11, p N 0.05) between austral summer and winter, nor
Fig. 4. Linear-regressions of mean oxygen uptake (μmol O2 h−1 gww
−1) at different

experimental temperatures (5–15 °C) during austral winter 2010 (circles and dotted
line, R2 = 0.85) and austral summer 2011 (triangles and straight line, R2 = 0.94; data
from Werner et al., 2012). Error bars denote SD.

Please cite this article as: Werner, T., et al., Life in the sea of plenty: Season
hanseni in the northern Benguela upwelling system..., J. Sea Res. (2015), h
showed ammonia excretion rates at 10 °C significant differences be-
tween austral winter and summer (unpaired t-test, df = 56, p N 0.05).
Likewise therewere no significant differences detected in the O:N ratios
between seasons (Mann Whitney test, p N 0.05).

3.2.3. Moult stages and sexual developmental stages
Moult activities in the E. hanseni populations were quantified as the

proportion of individuals within an active moult stage (A, B, D3 and the
ecdysis stage) at the time of sampling. In an average krill population,
this number is approximately 15% (Buchholz and Buchholz, 2010).
The populations sampled during austral winter 2010 showed 16% of
the animals in an active moult stage; 44% were in postmoult (A, B and
C) and 54% in premoult stages (D0, D1, D2, D3), 2% were present in
ecdysis. However, 50% of the animals were in “resting” stages
(Buchholz and Buchholz, 2010) C or D2. In contrast, during austral
summer 2011 34% of the animals were in an active moult stage, with
55% in postmoult and 45% in premoult stages. None were found in
ecdysis and only 38% were found in C or D2 (Table 3).

Most of the females during austral winter and summer were
vitellogenic, with 71% in austral winter and 60% in austral summer. In
austral winter 39% of E. hanseni individuals were in SDS 4 or 5, thus
“ready to spawn” (Cuzin-Roudy and Buchholz, 1999), whereas during
austral summer only 26% of the animals were in SDS 4 or 5. In austral
winter 2010 30% of the animals were still at the onset of the ovarian
development, with 15% being in SDS 1 (Oogenesis) and 15% being in
SDS 2 (Previtellogenesis). Slightly different percentages were observed
in austral summer, with 9% of females showing Oogenesis and 31%
being in Previtellogenesis. In both seasons most of the animals were in
SDS 3,with 32% in australwinter and 34% in austral summer respective-
ly (Table 4).

In austral winter season 2010 74% of females showed spermato-
phores attached to their thelycum, 26% were found without any sper-
matophores (N = 248). In males 90% (N = 150) were carrying
spermatophores in their ejaculatory ducts. Out of the 103 females ana-
lyzed during austral summer 2011 79% were bearing spermatophores,
whereas 100% of males (N = 83) were having fully developed sper-
matophores in their ejaculatory duct. An abstract of the comparison in
the physiological performance of E. hanseni between minimum and
maximum upwelling season is shown in Fig. 5.

3.3. Regional comparison

3.3.1. Size frequencies and sex ratios
E. hanseni at the three stations (RPt, RPt-N andKun-S, see Fig. 1) used

for regional comparison during austral winter 2010 differed significant-
ly in total length, weight and sex ratios. The mean krill length at RPt
(24.7mm±1.5 (SD), range 20–27mm,N=49)was significantly larger
than that at RPt-N (20.0 mm±2.1 (SD), range 14–25mm, N= 69) and
Kun-S (21.1mm±1.6 (SD), range 17–25mm,N=44) (Kruskal–Wallis
test with Dunn's post-test, H = 86.66, p b 0.01).

Accordingly, the mean weight of the krill was lowest at RPt-N
(53.9 ± 9.1 mg (SD), N = 10) followed by Kun-S (65.5 mg ± 10.2
(SD), N = 10). Highest mean weights were recorded at RPt
(111.7 mg ± 14.7 (SD), N = 10). The sex ratio (female/male) was
highest at RPt (1:0.2; N = 49) whereas the sex ratios at Kun-S (1:0.7;
N= 44) and RPt-N (1:0.8; N = 69) were considerably lower. Although
Table 3
Distribution (%) of moult phases of E. hanseni during austral winter 2010 and austral
summer 2011.

Postmoult
(%)

Premoult
(%)

Active stages
(%)

Resting stages
(%)

N

(A, B, C) (D0, D1, D2, D3) (A, B, D3, E) (C, D2)

Winter 2010 44 54 16 50 404
Summer 2011 55 45 34 38 189

al and regional comparison of physiological performance of Euphausia
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Table 4
Distribution (%) of sexual maturity stages (%) of E. hanseni during austral winter 2010 and austral summer 2011.

SDS 1–2
(%)

SDS 3–5
(%)

SDS 3
(%)

SDS 4–5
(%)

N

(Onset of ovarian development) (Vitellogenic) (Egg maturation) (Ready to spawn)

Winter 2010 30 71 32 39 233
Summer 2011 40 60 34 26 103
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specimens taken for determination of metabolic parameters (respira-
tion and excretion rates) were randomly chosen from the pool of
specimens at each station, size frequencies and sex ratios reflected the
in situ ratios at the sampling stations (unpaired t-tests with Welch's
correction, p N 0.05), except at RPtwhere the sex ratio of the experimen-
tal animals was more male-biased than the field sample.
3.3.2. Respiration, excretion and O:N ratio
No significant differences could be detected between females and

males in terms of their respiration rates (unpaired t-test, t = 0.6745,
df = 40, p N 0.05), excretion rates (df = 36, p N 0.05) and O:N ratios
(df = 36, p N 0.05). Thus, data from both sexes were pooled for subse-
quent analyses. Respiration rates of E. hanseni individuals at RPt-N
Fig. 5. Comparison of the physiological state (Resp, Excr, O:N) of E. hanseni during austral
winter 2010 andaustral summer 2011 (left) andbetweendifferent sampling stations (RPt,
RPt-N, Kun-S) during austral winter 2010 (right). Asterisk indicates significant differences
between seasons or stations (ANOVA with Tukey's Multiple Comparison Test).
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were significantly lower compared to the other stations (ANOVA with
Tukey's post-test, F2,27 = 19.96, p b 0.01). However, no significant
differences were found between mean excretion rates (ANOVA with
Tukey's post-test, F2,23 = 3.633, p = 0.9). Calculated O:N ratios ranged
from 9–16 at RPt-N, from 14–53 at RPt and from 10–36 at Kun-S. The
O:N ratio at station RPt-N was significantly different from that at RPt
and Kun-S (ANOVA with Tukey's post-test, F2,23 = 8.774, p b 0.01).
3.3.3. Moult stages and sexual developmental stages (SDS)
At RPt-N, 59% of the animals sampled (N = 69) were in postmoult

stages and 41% in premoult stages. 14% of the animals investigated
were in an active moult stage, with 6% present in ecdysis. 55% of the
population was in resting stage C or D2. At RPt (N = 49) only 27% of
the population was in postmoult stages and 73% in premoult stages,
with 51% of the animals being in stage C or D2. No animals were found
in an active moult stage. Kun-S (N= 44) showed 45% of the population
in postmoult and 52% in premoult stages. 27% of the population was in
active moult stages, with 2% shedding their shell. 43% of the animals
caught at this station were in resting stages (Table 5).

The sexual developmental stage of the females at RPt-N was signifi-
cantly lower compared to the two other stations (ANOVA with Tukey's
post-test, F2,13=27.21, P b 0.01). Here, 79% of femaleswere at the onset
of ovarian development and no animals were found “ready to spawn”.
In contrast, at station RPt 60% and Kun-S 84% of the females were
“ready to spawn” and almost no animals were found to be at the onset
of their ovarian development (Table 6). An overview of the physiologi-
cal performance of E. hanseni at different sampling stations during
upwelling season is shown in Fig. 5.
3.4. Influence of MS and SDS on oxygen uptake

Animals collected at additional stations during austral winter 2010
were used to study the influence of MS and SDS on the respiration
rate of E. hanseni. Irrespective of regional differences, most of the
animals investigated were in MS C (33%). However, moult stages did
not significantly affect the metabolic activity of E. hanseni (ANOVA,
F5,53 = 1.32, p N 0.05; Fig. 6), but a trend may be noted for a higher
oxygen demand during active moult stages (A, B, D3 and E) compared
to non-active (D0, D1) and resting stages (C, D2; ANOVA; F2,53 = 2.86,
p = 0.056).

Respiration rates regressed against SDS (Fig. 7) showed a non-linear
relationship (r2 = 0.42) expressed by:

one‐phase association : RRO2 ¼ −6:761þ 18:981
� 1− expð−1:114 � SDSð ÞÞ:

The oxygen uptake was lowest at SDS 1, increased until SDS 3 and
then levelled off. The high variability associated with oxygen uptake at
SDS3 should be noted (Fig. 7). Significant differences were found
between SDS 1 and SDS 3+ (ANOVA with Tukey's post-test, F8,34 =
4.968, p b 0.01). There was a significant and positive correlation
between SDS and oxygen uptake in E. hanseni individuals (Spearman
correlation, rs = 0.74, N = 46, p = 0.023).
al and regional comparison of physiological performance of Euphausia
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Table 6
Distribution (%) of sexual maturity stages of E. hanseni at different sampling stations (RPt,
RPt-N and Kun-S) during austral winter 2010.

SDS 1–2
(%)

SDS 3–5
(%)

SDS 3
(%)

SDS 4–5
(%)

N

(Onset of ovarian
development)

(Vitellogenic) (Resting stage) (Ready to spawn)

Rpt 0 100 40 60 40
Rpt-N 79 21 21 0 33
Kun-S 4 96 12 84 25
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4. Discussion

Adjustment of metabolic rates, in terms of respiration and excretion,
as well as adaptations of growth and reproduction of E. hanseni to
seasonal and regional differences in environmental conditions in the
NBUS are discussed in relation to food availability and upwelling condi-
tions. The influence of differentMSs and SDSs on the respiratory activity
is considered as well. Overall, seasonal differences in the physiological
state of E. hanseni in theNBUS off Namibiawere small, whereas substan-
tial regional differences were found.

4.1. Seasonal comparison

Seasonal differences between minimum and maximum upwelling
conditions were apparent in SDS and moult activities but were neither
found in respiration, excretion rates nor in O:N ratios. As shown for
M. norvegica in the Kattegat and Clyde Sea (Saborowski et al., 2002),
the lack of seasonal adjustments of metabolic rates may indicate
favourable trophic conditions throughout the year. In the Kattegat and
Clyde Sea, respiration rates of M. norvegica were mainly affected by
temperature. MediterraneanM. norvegica in contrast, increased oxygen
uptake strongly, but only during the short period of high primary
production in an area with otherwise oligotrophic conditions, the
Ligurian Sea (Saborowski et al., 2002). In comparison, the trophic
conditions for E. hanseni in the NBUS appear favourable year-round
and independent of the ups and downs of upwelling phases, as neither
seasonal depression nor increase inmetabolic rates were observed. This
notion is further supported by the satellite images (Fig. 2) recorded
duringminimum (austral summer) andmaximum (austral winter) up-
welling, which show only minor variations in Chl a values. Consequent-
ly, we did not find a close temporal coupling between upwelling
conditions and primary productivity (cf. Martin et al., 2014). The
constancy in Chl a levels may be explained by strong mixing and
turbulence in the upper water layers during intense, long-lasting
upwelling events, inhibiting primary production (Bartholomae and
van der Plas, 2007). Furthermore, monthly averages of Chl a values
varied between 1.5–3.5 mg m−3 similar to blooming conditions in
most of the world's oceans, where Chl a values typically range from
less than 0.1 up to 1 mg m−3 (mean 0.19 mg m−3; Antoine et al.,
1996). It is most likely, that in the NBUS nutrient input is high enough
to sustain a sufficiently large (phyto-) plankton biomass throughout
the year, thus providing constant and favourable feeding conditions
for herbivorous and omnivorous zooplankton species, such as E. hanseni.

E. hanseni caught during austral summer 2011, i.e., the off-peak
upwelling season, showed a higher percentage of animals in actively
moulting and fewer animals in resting stages compared to austral
winter conditions, i.e., the upwelling maximum. More specimens were
found at the onset of ovarian development, with fewer females close
to a spawning event. These findings may point to a seasonal adjustment
of growth and reproduction, as shown for many other euphausiid spe-
cies (Cuzin-Roudy and Buchholz, 1999; Meyer et al., 2010; Pinchuk
and Hopcroft, 2007). During austral summer, animals may make use
of higher water temperatures in the upper water layers (see Fig. 2), as
growth in zooplankton, including euphausiids, is mainly triggered by
temperature and food (e.g., Clarke and Peck, 1991; Hirst and Bunker,
Table 5
Distribution (%) of moult phases of E. hanseni at different sampling stations (RPt, RPt-N
and Kun-S) during austral winter 2010.

Postmoult
(%)

Premoult
(%)

Active stages
(%)

Resting stages
(%)

N

(A, B, C) (D0, D1, D2, D3) (A, B, D3, E) (C, D2)

Rpt 27 73 0 51 49
Rpt-N 59 34 14 55 69
Kun-S 45 52 27 43 44
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2003; Huntley and Boyd, 1984). Nevertheless, many vitellogenic
females and the occurrence of more than 70% females bearing
spermatophores during both seasons indicate continuous breeding in
E. hanseni throughout the year, as suggested by Barange and Stuart
(1991). High somatic and moult productivity rates during the off-peak
season were also found in other important krill species, such as
Euphausia mucronata, in the Humboldt Current upwelling system
(Riquelme-Bugueno et al., 2013). Despite of strong seasonal differences
in upwelling intensity, E. mucronata shows continuous year-round
production and reproduction, likewise not restricted by season.
Generally, as omnivorous species, E. hanseni as well as E. mucronata
may receive sufficient food to perpetuate growth and reproduction in
these highly productive upwelling ecosystems. From the euphausiid
perspective it appears that the NBUS supports life in a 'Sea of Plenty',
with a high moult and reproductive activity year-round and no need
for seasonal reversal of metabolic activities.
4.2. Regional comparison

Krill swarms caught at station RPt and Kun-S showed similar respi-
ration rates (12.1–13.0 μmol O2 h−1 gww

−1) and either high moult ac-
tivities and/or a high SDS of females. At RPt no animals were in an
active moult stage, however, this may be explained by the high SDSs
of the females at this station. It is likely, that these animals were close
to a spawning event which was denoted by many females showing an
ovary with an orange hue (pers. obs.) indicating imminent spawning.
In contrast, the animals at station RPt-N had significantly lower respira-
tion rates, lower O:N ratios and showed ‘normal’ moult activity and
low SDS. Studies on E. superba indicated that food availability affects
moult frequency (Buchholz and Buchholz, 1989) and that higher
temperatures decrease the intermoult period (Buchholz, 2003). Since
Fig. 6. Moult stages of Euphausia hanseni and corresponding respiration rates
(μmol O2 h−1 gww

−1) at 10 °C. Bars represent mean values (N = 2–18) with standard
deviations.
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Fig. 7. Box and whisker plots of the sexual developmental stages (SDS) of Euphausia
hanseni females (N = 4–9) and corresponding respiration rates (μmol O2 h−1 gww

−1)
at 10 °C fitted with a non-linear regression [black line: y = −6.761 +
18.981 ∗ (1 − exp(−1.114 ∗ x))].
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favourable trophic conditions promote synchronized moult activities
(Buchholz et al., 1996) and reproduction (Tarling and Cuzin-Roudy,
2003), highmoult or reproductive activitymay be considered indicative
of favourable food conditions prior to sampling. Accordingly, it is
assumed that animals at station RPt-N were exposed to unfavourable
environmental conditions, e.g., trapped in nutrient-poor eddies with
low productivity (Gruber et al., 2011), leading to reduced oxygen con-
sumption and lower O:N ratios. Frequent oceanic features of upwelling
systems, such as filaments and eddies, may lead to pronounced meso-
scale differences in hydrographic and trophic conditions affecting the
physiological state of zooplankton. The lack of females being in SDS
4–5 at that station further supports the assumption of poor trophic
conditions prior to sampling. Reduced metabolism is a common way
of zooplankton to save energy under starvation and could reflect de-
pression of several physiological processes at the same time (see
below). Nevertheless, we cannot entirely reject the possibility that the
animals just passed a spawning event, resulting in low SDS.
Huenerlage and Buchholz (2013) have shown that under experimental
food deprivation E. hanseni immediately down-regulates metabolic pa-
rameters such as respiration and excretion rates. This fits our findings
only partly, as respiration rates at station RPt were reduced but excre-
tion rates remained unchanged. We suggest that E. hanseni, as opportu-
nistic omnivores, unlike in starvation experiments, seldom or maybe
never, experience complete food absence over a longer period in the
NBUS, leading to comparable excretion rates at the different stations.

4.3. Influence of MS and SDS on oxygen uptake

In E. hanseni no significant differences in respiration rates were de-
tected between the postmoult and premoult phases or between active
and non-active moult phases. This held true even after all females
were excluded from the analyses, to avoid biasing the results by differ-
ent SDSs. The high RRO2 found during the active moult phases D3 and
Ecdysis may point to accelerated metabolic activities during the actual
moult in E. hanseni. However, most of the animals investigated during
this study were in MS C. Under unfavourable conditions (e.g., starva-
tion) or at the onset of sexual maturation, the time span of this moult
stage can be prolonged (Buchholz, 1982). Accordingly, stage C is consid-
ered as a “resting stage” in themoulting process, analogous to SDS 1+3
in female reproductive development, and can be viewed as an immedi-
ate starting point for moulting when conditions become suitable.
Buchholz (2003) reviewed that the intermoult period (IMP) of
E. superba decreases with increasing water temperatures, and that this
species can quickly adjust its IMP and size increment at moult (INC) to
Please cite this article as: Werner, T., et al., Life in the sea of plenty: Season
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the prevailing feeding conditions. Moulting is influenced by several fac-
tors, includingwater temperature and food supplywhich in turn can re-
late to oxygen uptake and demand. Accordingly, other factors such as
the nutritional state of the animals may have interfered with the detec-
tion of different energy requirements between moult phases.

However, our results show that the SDS of E. hanseni females posi-
tively influenced respiration rates (Fig. 7), and that moult stage in
both sexes did not affect the oxygen uptake (Fig. 6), even when the
actual ecdysis seemed to require higher energy expenditure. Thus, the
observed differences in the metabolic activity between regions may be
mainly due to differential reproductive effort. Most of the females at
RPt-N were in a SDS of 1 or 2, stages where ovaries are still developing
and differentiating. Ovaries of females from the other stations were
mostly fully developed (SDS 3 and higher) and some even displayed
an orange hue, an indicator of egg maturation. High frequencies of
SDS 3+may be seen as an indication for suitable trophic conditions.
The significantly lower oxygen uptake of both sexes at RPt-N com-
pared to the other stations may suggest a reduction of metabolic
rates corresponding to low reproductive effort within the whole
swarm.

Respiration rates were highly variable in SDS 3 (vitellogenesis). The
low oxygen uptake in some SDS 3 females could indicate a “waiting for
favourable conditions” strategy, whereas the high rates observed in
other SDS 3 females may point to a “kick-off” in the spawning cycle.
Both do not reject the scenario of a “waiting” stage in the reproductive
cycle, where krill females with nearly fully developed oocytes “wait
for favourable conditions”, followed by the initiation of maturation
and spawning if conditions allow. The strategy of waiting for favourable
conditions is most likely an adaptation to periodic short time-scale
upwelling events, which could boost reproductive success in
E. hanseni. Species such as M. norvegica go through multiple egg
production cycles during the reproductive season, followed by a longer
period of sexual rest (Cuzin-Roudy and Buchholz, 1999). Under
experimental conditions, M. norvegica females showed oosorption
after 2 days of starvation (Cuzin-Roudy and Buchholz, 1999), allowing
to re-start egg preparation when trophic conditions improved. Howev-
er, reproductive scheduling in other krill species coincides with periods
of optimal feeding conditions (Cuzin-Roudy and Buchholz, 1999). Thus,
a “waiting” stage, where females bear fully developed oocytes yet wait
to spawn, may allow them to respond quickly to improving trophic
conditions and couldwell evolve in poly-pulsed systemswith perennial
upwelling events. Ideally, vitellogenesis should only occurwhen trophic
conditions are optimal in order to promote strong non-feeding stages of
larvae, due to the optimal development and condition of eggs (Tarling
and Cuzin-Roudy, 2003). The quality and quantity of food influence
growth rates in feeding stages of krill larvae and accordingly, the
onset of upwelling would be a critical period for this developmental
stage (Siegel, 2000). Our results agree with observations in other krill
species. In the southern Benguela Current, Euphausia lucens spawned
before the onset of upwelling and the spring phytoplankton bloom
associated with it (Pillar and Stuart, 1988), thereby ensuring that the
larvae hatched during a period of high food supply. Dorman et al.
(2005) showed that short time-scale fluctuations in Chl a concentra-
tions due to changes in the upwelling state positively affect the amount
of eggs spawned by Euphausia pacifica. Spawning intensities for
E. pacificawere highest during upwelling events due to high food supply
(Brinton, 1976; Smiles and Pearcy, 1971). The subsequent zooplankton
bloom may be of further importance for omnivorous species like
E. lucens (Siegel, 2000) and E. hanseni. Upwelling events often induce
phytoplankton blooms in the NBUS and also correlate with high SDSs
in E. hanseni, as similarly observed in E. lucens and E. pacifica. Prolonged
upwelling-favourable winds decreased the reproductive effort and
abundance of E. pacifica both on short- and inter-annual time scales
(Dorman et al., 2005). Accordingly, there may be an optimal upwelling
intensity which supports reproduction in euphausiids by favouring
primary and secondary production without advecting plankton too far
al and regional comparison of physiological performance of Euphausia
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off-shore (Dorman et al., 2005), especially in species such as E. hanseni,
which releases eggs in the surface layerswhich are then transported off-
shore (Barange and Pillar, 1992). However, further analyses are needed
to detail the ovarian development cycle in E. hanseni females as it relates
to upwelling and food availability and to clarify whether this species
spawns continuously or in multiple discrete periods (Siegel, 2000).

4.4. Species comparison

Euphausiids are distributedworldwide, ranging from tropicalwaters
to high latitude polar regions and are key components of the pelagic
food web. Euphausiids exert top-down control on a large variety of
pelagic invertebrates and phytoplankton and at the same time are a
food basis for awide range of fish, birds and alsomammals. They inhabit
marine ecosystems with marked differences in (seasonal and spatial)
trophic conditions.

The well-studied species M. norvegica is wide spread, ranging
from boreal to sub-tropical North Atlantic waters and adjacent
seas. E. superba, with a lifespan of up to 6 years, is restricted to the
Antarctic ring ocean and constitutes the largest stock of crustacean
biomass in the world's ocean. E. hanseni inhabits coastal Atlantic wa-
ters at the margin of the African continent at both sides of the equa-
tor (Mauchline and Fisher, 1969). The seasonal changes in food
availability therefore differ greatly between M. norvegica, E. superba
and E. hanseni and this is reflected in their metabolic and physiolog-
ical adaptations. M. norvegica encounters different trophic regimes
both spatially and seasonally (e.g., Mediterranean Sea). E. superba
mainly experiences drastic seasonal differences in food availability
(favourable in austral summer, poor in austral winter). Trophic con-
ditions for E. hanseni are comparably favourable and consistently
good throughout the year, largely controlled by upwelling events.
Thus, this species experiences both spatial and temporal meso-
scale fluctuations, like e.g., E. mucronata in the Humboldt Current
System. All three species are omnivorous, reflecting their capability
to adapt to the highly variable trophic conditions in their environ-
ments (cf. Buchholz and Saborowski, 2000). The seasonal adjust-
ments of metabolic rates in relation to food availability in these
krill species from different climatic zones are discussed below.

InM. norvegica, metabolic adaptations, asmeasured through respira-
tion and excretion rates, were recorded in response to the variable
trophic conditions prevailing in the Mediterranean Sea, where a short
productive season is followed by a long period of oligotrophic
conditions. Enhanced somatic growth, reproductive activity and
development correlated with favourable trophic conditions during the
short period(s) of increased food availability (Saborowski et al., 2002).
In contrast, animals from areas with comparably constant food supply,
such as the Kattegat and the Clyde Sea, displayed no seasonal adjust-
ment of respiration and excretion rates (Saborowski et al., 2002). In
the case of the Kattegat and Clyde Sea populations, predominantly tem-
perature affected metabolic rates positively. In general, M. norvegica
preferentially displays long-term adaptations to prevailing environ-
mental conditions rather than short-term adjustments of metabolic
rates. In E. superba, respiration ratesmay be reduced by up to 60%during
austral autumnandwinter, the periods of limited food supply (Atkinson
et al., 2002; Meyer et al., 2010; Torres et al., 1994). Reduced metabolic
activity accompanied by reduced feeding and growth are considered
adaptations to austral winter conditions in Antarctic waters. Reduced
metabolic activity and the accumulation of large lipid reserves allows
E. superba to survive periods without an autotrophic food supply in
the water column (Meyer et al., 2010). Furthermore, low omnivorous
feeding activities account for a sufficient energy input during winter
(Meyer et al., 2010). Thus, E. superba displays pronounced seasonal
adaptations of metabolic rates as a function of food availability dur-
ing austral winter. According to our results metabolic activity,
growth, and reproductive effort in E. hanseni are adapted to the spa-
tial mesoscale variability in trophic conditions. Upwelling events
Please cite this article as: Werner, T., et al., Life in the sea of plenty: Season
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influence growth and reproduction which in turn affect metabolic
rates. This species directly invests energy into reproduction and
growth, without storing large lipid reserves (Huenerlage and
Buchholz, 2013). E. hanseni in the NBUS can be considered as living
from hand-to-mouth but well adapted to life in a 'Sea of Plenty'.

All three species are well adapted to the highly variable trophic
conditions in their particular environment/ecosystem and their
physiological performance directly reflects the prevailing conditions.
Different time scales of changes in environmental conditions be-
tween these species may have led to different acclimatization pat-
terns in E. hanseni, E. superba and M. norvegica: E. hanseni reduces
metabolic activity under food limitation and immediately enhances
physiological performance when food conditions improve, though
only in response to short-term and meso-scale events. E. superba
shows a drastic seasonal reduction of metabolic rates correlated
with low food availability, whereas M. norvegica only shows
enhanced metabolism during the spring phytoplankton bloom in
areas with seasonal food shortages. Overall, krill species are able to
quickly respond to improving environmental conditions and effi-
ciently convert energy surplus into growth and reproduction
(Buchholz and Saborowski, 2000). Accordingly, euphausiids may
serve as useful indicators of short-term or small scale changes in en-
vironmental conditions (e.g., food availability and temperature) as
well as long-term and large-scale differences (e.g., climate related
changes).
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