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Abstract

Long-term data sets are essential to understand climate-induced variability in marine ecosystems. This study provides the
first comprehensive analysis of longer-term temporal and spatial variations in zooplankton abundance and copepod
community structure in the northern Benguela upwelling system from 2005 to 2011. Samples were collected from the
upper 200 m along a transect at 20uS perpendicular to the coast of Namibia to 70 nm offshore. Based on seasonal and
interannual trends in surface temperature and salinity, three distinct time periods were discernible with stronger upwelling
in spring and extensive warm-water intrusions in late summer, thus, high temperature amplitudes, in the years 2005/06 and
2010/11, and less intensive upwelling followed by weaker warm-water intrusions from 2008/09 to 2009/10. Zooplankton
abundance reflected these changes with higher numbers in 2005/06 and 2010/11. In contrast, zooplankton density was
lower in 2008/09 and 2009/10, when temperature gradients from spring to late summer were less pronounced. Spatially,
copepod abundance tended to be highest between 30 and 60 nautical miles off the coast, coinciding with the shelf break
and continental slope. The dominant larger calanoid copepods were Calanoides carinatus, Metridia lucens and Nannocalanus

minor. On all three scales studied, i.e. spatially from the coast to offshore waters as well as temporally, both seasonally and
interannually, maximum zooplankton abundance was not coupled to the coldest temperature regime, and hence strongest
upwelling intensity. Pronounced temperature amplitudes, and therefore strong gradients within a year, were apparently
important and resulted in higher zooplankton abundance.
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Introduction

The Benguela Current upwelling region, extending along the

South West African coast from 17 to 34uS, belongs to the four

major eastern boundary currents in the world [1]. It is one of the

most productive marine ecosystems reaching an average annual

primary production of about 400–900 g C m22 yr21 [2–4].

Coastal upwelling of cold, nutrient-rich waters is a prerequisite for

its high productivity, supporting large, economically important fish

stocks, which have been severely exploited since the 1950s [1,5].

As a unique feature, the Benguela Current upwelling system is

bordered by warm, (sub-)tropical water masses, both at its

northern and southern margins, i.e. by the Angola Current to

the North and by the Agulhas Current and its retroflection zone to

the South [6]. As part of the South Atlantic subtropical gyre,

hypoxic, nutrient-rich South Atlantic central water (SACW)

intrudes into the northern Benguela subsystem in summer,

whereas oxygen-rich Eastern SACW is transported northwards

during winter [7]. The permanent upwelling centre at Lüderitz

(27–28uS) divides the Benguela ecosystem into a northern and a

southern subsystem. Upwelling-favourable, south-easterly trade

winds are most pronounced during spring and summer (Septem-

ber to March) in the southern Benguela Current (SBC) system and

during winter and spring (July to November) in the northern

Benguela Current (NBC) region [8]. The NBC region is

characterized by highly variable upwelling intensities depending

on local bathymetry, wind speed, wave action and frequent

intrusions of tropical Angola Current waters [1]. Usually, the

Angola-Benguela frontal zone (ABFZ) is situated between 14uS

and 17uS, separating the oligotrophic tropical ecosystem from the

nutrient-rich Benguela upwelling system [1]. The ABFZ is not a

strong barrier, but periodically injects tropical waters into the

surface layer of the NBC system [7,9]. The central Namibian

region (19–24uS) is often affected by onshore or alongshore flows

of tropical waters from the North and oceanic waters from the

West to Northwest [10–12].

As dominant primary consumers, zooplankton provide an

important link from lower to upper trophic levels [13]. Copepods

are the most abundant (55–95%) and diverse components of

mesozooplankton communities in all marine regions [13]. In the

NBC region they usually dominate zooplankton communities by

70–85% [14]. Thus, they play an important role in sustaining
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marine fish stocks, as they are the principal food source of sardines,

anchovies and other pelagic fishes including their larval stages [2].

Long-term trends in, and relationships between, zooplankton,

small pelagic fish stocks and environmental parameters have

attracted growing interest in the context of climate change effects

on marine ecosystems [15]. Due to its historical importance for

Namibia’s fishing industry, the area around Walvis Bay called

‘‘Walvis Bay routine area’’ (21–24uS) was studied most intensively

in the past [16–18]. Between 1972 and 1982 the study area was

expanded from 18 to 26uS during the South West African Pelagic

Egg and Larval Surveys (SWAPELS) (for details see [19]).

However, only a small fraction of these data have been analysed

and published with regard to zooplankton, particularly copepod

community composition [15].

The National Marine Information and Research Centre

(NatMIRC) in Swakopmund, Namibia, is responsible for studying

and managing the NBC ecosystem. In this context, they regularly

monitor hydrographic parameters and plankton composition

along several transects off the Namibian coast. Since March

2005, zooplankton samples were collected regularly along with

oceanographic data, such as temperature, salinity, oxygen and

chlorophyll a concentration in the upper 200 m along a transect at

20uS. This study provides the first analysis of these data with

special reference to temporal and spatial variations in zooplankton

abundance and copepod community structure from 2005 to 2011.

The spatial and temporal distribution of total copepods as well as

dominant calanoid copepod species was analysed and evaluated in

relation to environmental factors.

Materials and Methods

Ethics Statement
Zooplankton samples have been collected by scientists from the

National Marine Information and Research Centre (NatMIRC) in

Swakopmund, which is part of the Ministry of Fisheries and

Marine Resources and as such the responsible governmental

agency for marine research in Namibia. This study on zooplank-

ton does not include protected or endangered species. The

deployment of WP2 nets has a negligible and non-measurable

impact on the zooplankton community.

Sampling
Zooplankton samples were collected along a transect at 20uS off

Namibia approximately every other month starting in March

2005. The stations were always located at the same positions at 2,

5, 10, 20, 30, 40, 50, 60, and 70 nm from the coast (Fig. 1). For

this study, stations within 5 nm from shore are referred to as

‘‘inshore stations’’, while stations between 10 and 30 nm are on

the continental shelf, thus ‘‘shelf stations’’, and stations beyond

40 nm from the coast are referred to as ‘‘offshore stations’’.

Zooplankton samples were collected on board the research vessel

‘‘Welwitchia’’ using a WP2 net (0.25 m2 mouth opening, 200 mm

mesh size) deployed from 200 m (or 10 m above the bottom if

bottom depth ,200 m) to the surface. The flow was measured by

a calibrated flowmeter mounted within the mouth of the net. In

addition, oceanographic data such as temperature, salinity and

oxygen profiles were measured concomitantly with a conductivity

temperature depth (CTD) sensor (Fig. 2). At each station

chlorophyll a concentration was calculated with a Model 10

Turner design fluorometer from water samples collected at four

depth levels between 2 and 30 m. A mean value was taken for

each station and converted to surface chlorophyll a concentration

(mg m22). Zooplankton samples were preserved in 5% borax-

buffered formaldehyde for subsequent taxonomic identification.

Larger jelly-fish were removed from the samples before preserva-

tion. Mesozooplankton was identified and enumerated with special

attention given to copepods. Several subsamples were taken using

a Hensen Stempel pipette and analysed until about 500 individuals

in total were counted from each station. Larger copepods (.

1.5 mm) were identified to genus or even species level if possible

and counted separately. Smaller species, including Clausocalanus

arcuicornis, Paracalanus parvus, Paracalanus crassirostris, Ctenocalanus

vanus etc., were combined under the category ‘‘small calanoid

copepods’’. Estimates of abundance per surface area (no. m22)

were calculated from the respective water volume filtered and

maximum sampling depth. The total copepod abundances

reported here include adult and copepodite stages CI-CVI. The

sampling map as well as three dimensional figures were created

with Ocean Data View 4 [20] using DIVA gridding as gridding

method. A general linear model (GLM) was applied to explore the

relationship of log transformed copepod abundances (totals and

individual species) with several physical, temporal and spatial

variables, but revealed no conclusive results.

Principal component analysis
Variation in environmental data was explored applying

principal component analysis (PCA) to identify environmental

gradients throughout the study period. Potential environmental

factors influencing copepod distribution were temperature, salin-

ity, oxygen concentration (taken from the CTD data at 10 m

depth) and chlorophyll a. Environmental parameters were

standardized (log(x+1)) and normalized prior to PCA. Years were

added as quantitative supplement, while the different months and

sampling regions (inshore, shelf and offshore; for definition see

above) were added as categorical supplement. The correlation

Figure 1. Location of the monitoring transect at 206S off
Namibia and approximate position of the Angola Benguela
Front (ABF).
doi:10.1371/journal.pone.0097738.g001

Variability of Copepod Abundance in the Northern Benguela Current

PLOS ONE | www.plosone.org 2 May 2014 | Volume 9 | Issue 5 | e97738



matrix was used to calculate eigenvectors and principal compo-

nents (PCs), which were ranked in order of significance. The

contribution of each variable to each PC was estimated. In

Figure 3, inshore, shelf and offshore stations are marked with

different symbols (triangles, dots and squares, resp.), while months

are pooled in quiescent (light grey: February-April), transition

(dark grey: December and May), and upwelling (black: June-

November) periods for a better overview (January was not

monitored).

Results

Hydrography
At the 20uS transect, temperature and salinity showed a clear

seasonal cycle with highest mean temperatures in March and

lowest in September/October (Figs. 2 and 4). In March and April

temperatures at 10 m depth ranged from 15u to 22uC. Coastal

upwelling generally started in May or June with temperatures

dropping below 15uC. From July to November temperatures were

below 14uC, and coastal upwelling was strongest from September

to November (,13uC). Cold, upwelled water was characterized by

low salinities between 35.0 and 35.3, while maximum tempera-

tures above 20uC were associated with salinities $35.7. Temper-

ature generally increased from inshore to offshore stations by 3–

4uC. However, there were substantial interannual variations in

upwelling intensity and intrusions of tropical warm waters.

Extensive warm-water intrusions of the Angola Current in late

summer and autumn occurred in the same years as strong

upwelling in spring. Therefore, years could be characterised

according to the temperature amplitude with either high or low

temperature gradients between spring and autumn. The years

2005/06 and 2010/11 showed comparatively wide temperature

amplitudes (Figs. 2 and 5). In contrast, 2008/09 showed a rather

weak gradient, with less intense upwelling in July and September

2008 accompanied by weak warm-water intrusions in April 2009

(Figs. 2 and 5). The years 2006/07, 2007/08 and 2009/10 cannot

be clearly assigned to either of these two categories. Oceano-

graphic data are missing in autumn 2007 and 2010, as well as in

spring 2007 due to technical failure of the temperature and

conductivity sensor of the CTD during these cruises. Because of

these data gaps, the intensity of Angola Current intrusions in

autumn 2007 is uncertain, but upwelling intensity was strong in

spring 2006 and temperatures were below average in September

and November 2006 (Figs. 2 and 5). In contrast, the upwelling

intensity in spring 2007 was not recorded reliably, but the

intrusion of tropical water in autumn 2008 was weak. However,

temperatures in July 2007 were above average, whereas December

2007 and April 2008 were colder than usual (Fig. 5). Likewise,

Figure 2. Horizontal and temporal distribution of a) temperature, b) salinity and c) oxygen concentration at 10 m and d) mean
chlorophyll a concentration in the upper 30 m along the monitoring line at 206S from March 2005 until September 2011. Black dots
represent actual sampling positions and white areas indicate data gaps.
doi:10.1371/journal.pone.0097738.g002
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temperatures were above average in spring 2008 and 2009, thus,

reflecting weaker upwelling intensity, whereas temperatures in

April 2009 were below average (Fig. 5). However, the extent of

warm-water intrusions was not recorded properly during these

years; especially in autumn 2010 data are missing. Besides

indicators of either weak upwelling or weak warm-water intru-

sions, inshore temperatures above 14uC each July from 2007/08

until 2009/10 may indicate years of low temperature gradients. In

contrast, inshore temperatures below 14uC were measured in July

2005, 2006, 2010 and 2011, years of high temperature gradients.

Oxygen concentration was generally low within the first 10 nm

on the shelf and the permanent oxygen minimum zone (OMZ) (,

1.4 ml L21) was more pronounced during quiescent months due

to intrusions of low-oxygen Angola Current waters. The OMZ was

usually observed between 40 and 60 m water depth, but oxygen

concentrations below 1.4 ml L21 even occurred at 10 m depth at

2 nm in March, September and November 2005, February 2007,

April 2009 and November 2010 (Fig. 2). Chlorophyll a concen-

tration in the upper 30 m was usually lower during the years

2005/06 and 2006/07, except for the peak value at 2 and 5 nm

from shore in April 2006 of 540 mg Chl a m22. From the year

2007/08 onwards maximum concentrations of .200 mg Chl a

m22 were measured on the shelf in July 2007, April, May and July

2008, September 2009 throughout April 2010, September 2010

and March/April 2011. In contrast, such high concentrations were

present in the offshore region only in December 2007, September

2009 and April 2010 (Fig. 2). In general, chlorophyll a

concentration was higher in the inshore or shelf region compared

to the offshore region and showed highest monthly means in

February and April (Fig. 4).

Principal component (PC) analysis identified three main

components, which were determined by temperature, salinity,

oxygen and chlorophyll a concentration and accounted for 95% of

the variance in the environmental data set (Fig. 3). The first PC

mainly represents temperature and salinity followed by oxygen

concentration (p-values ,0.0001) with positive eigenvectors (47%

of variance explained). In the first categorical dimension the

offshore stations in March, April and May had positive, whereas

inshore stations in the upwelling months from July to November

had negative effects (p-values ,0.0001, except May: p-value

= 0.04). The second PC is mostly represented by chlorophyll a,

oxygen concentration and salinity, for which chlorophyll a and

oxygen content exhibited positive and salinity negative eigenvec-

tors (p-values ,0.0003; 28% of variance explained). Stations on

the shelf in February and December were positively correlated

with the second categorical dimension (p-values ,0.004), while

inshore stations in March, April and May showed negative effects

(p-values,0.04). In Figure 3, inshore stations monitored from July

to November coincided with colder temperatures and lower

chlorophyll a concentrations, whereas inshore stations in Decem-

ber and May were associated with intermediate temperatures and

higher oxygen and chlorophyll a concentrations. In contrast,

inshore stations in February, March and April were characterized

by warmer temperatures and lower chlorophyll a concentrations.

In general, temperatures increased from inshore to offshore

stations.

Mesozooplankton community structure, abundance and
distribution
Total mesozooplankton abundance ranged from 36103 m22 at

the 70 nm station in July 2010 to 9436103 m22 at 30 nm in May

2011 (Fig. 6). In 2005/06 and 2006/07, zooplankton abundance

was highest (Figs. 6 and 7), while 2005/06 was characterized by a

pronounced temperature gradient from spring to late summer

(Figs. 2 and 5). In contrast, zooplankton abundance was lowest in

2008/09 and 2009/10 (Figs. 6 and 7), which were characterized

by low seasonal temperature amplitudes. In 2010/11, upwelling

intensity increased again, followed by massive warm-water

intrusions in autumn and high zooplankton abundances, partic-

ularly at 30 nm from shore (Figs. 6 and 7). Copepods usually

dominated the zooplankton community and, on average, account-

ed for 78% of total zooplankton abundance. Hence, the

distributional pattern of total copepods reflected that of total

zooplankton (Figs. 4–7). The only exceptions were observed at the

10 nm station in September 2006 and March 2008, when

echinoderm larvae dominated the zooplankton catch and between

2 and 10 nm from shore in May 2011, when cyclopoid copepods

prevailed (Fig. 6). Apart from 2010/11, mean annual copepod

abundance was generally higher in the offshore region, but was not

significantly different from mean abundances on the shelf (Mann-

Whitney U test, p-values $0.054). In contrast, annual copepod

abundance averages were significantly lower at the 2 and 5 nm

stations in the year 2006/07, 2008/09 and 2009/10 compared to

the shelf and offshore stations in the same years (Mann-Whitney U

test, p-values #0.018). In general, total copepod densities

increased from inshore towards offshore regions with maxima

usually occurring between 30 and 50 nm, albeit with strong

interannual variations (Figs. 4, 6 and 8). Extremely high copepod

densities were recorded at 30 nm from shore in September/

December 2010 and July/September 2011 explaining the

maximum value in Figure 8.

Total copepod abundance ranged from 36103 m22 at 70 nm

from the coast in July 2010 to 8576103 m22 at 30 nm in May

2011. Maxima of more than 5006103 m22 were encountered in

May 2007 and 2011 as well as in July 2006. Copepod densities of

300–5006103 m22 occurred between March and May 2005,

2007, 2008, 2011, in July 2006, 2007, 2011 and in September

2011 as well as in November-December 2005 and 2010. No

obvious seasonal cycles were observed throughout the year.

Figure 3. Inshore (triangles), shelf (circles) and offshore
(squares) stations arranged according to the first two principal
components. For a better overview, upwelling months (June-
November) are black, while quiescent months (February to April) are
light grey. Data of May and December are marked in dark grey, since
these months showed a distinct oceanographic regime compared to
the other months (start and end of upwelling period).
doi:10.1371/journal.pone.0097738.g003
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Abundances were usually highest in November and December and

in March and May (Fig. 4), but the pattern varied from year to

year. On average, the copepod community was dominated by

calanoid copepods (56%), 40% belonged to cyclopoid copepods (of

which 79% were Oithona spp. and 19% Oncaea spp.) and 4% were

harpacticoid copepods. Maximum numbers of calanoid copepods

reached 4326103 m22 at 50 nm from shore in May 2007 and

3386103 m22 at 30 nm in July 2011.

Calanoid community structure, abundance and
distribution

Dominant species. Among the larger calanoid copepods,

Calanoides carinatus, Metridia lucens and Nannocalanus minor clearly

dominated. Spatial and temporal distribution patterns of the

dominant and consistently abundant calanoid species are shown in

Figure 9. The majority of C. carinatus was observed in patches

between 10 and 50 nm from shore. Maximum numbers of 100–

1806103 m22 were observed inshore and on the shelf in

December 2005, 2010 and in March 2006. High abundances

between 20 and 906103 m22 were concentrated at 30–50 nm

from shore in March 2005, April 2008, May 2007, 2011,

November 2010 and at 5 nm from shore in December 2009. C.

carinatus occurred regularly in large patches until the end of 2007/

08 (Figs. 5 and 9). Annual abundance was highest in 2005/06,

whereas the population decreased in 2008/09 and 2009/2010 and

increased again from November 2010 onwards (Fig. 7). Generally,

higher abundances across the transect were found in March and

December as well as inshore and on the shelf in November, but

also in the shelf and offshore region in May (Fig. 4). Maximum

numbers occurred mainly during November and December, when

temperatures were intermediate and chlorophyll a concentrations

were high (Figs. 10 and 11). In some years high abundances also

occurred in March (especially 2006 and 2008), when temperatures

were high and chlorophyll a had already decreased (Figs. 10 and

11). During upwelling months (July to October), densities of C.

carinatus were generally lower (Fig. 4).

The majority ofMetridia lucens was found between 20 and 50 nm

from the coast (Fig. 9). Maximum abundance of 2236103 m22

was found 50 nm from shore in May 2007, whereas abundances of

50–1006103 m22 were recorded at 30 nm in November 2005 and

July 2011, as well as at 40 nm in December 2008. Highest annual

abundances were observed in 2005/06 and 2006/07. From 2007/

Figure 4. Monthly means (±SD) of a) temperature at 10 m, b) chlorophyll a, c) total zooplankton, d) total copepods, e) calanoid
copepods, f) Calanoides carinatus, g) Metridia lucens and h) Nannocalanus minor. Note different scales.
doi:10.1371/journal.pone.0097738.g004
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08 onwards annual densities decreased, and in 2009/10 and

2010/2011 M. lucens was almost absent (Figs. 7 and 9). Only in

July 2011 higher abundance occurred again at 30 nm from the

coast (Figs. 5 and 9). No clear seasonal cycle was observed, but

highest densities along the transect were usually observed in

November and in the offshore region in May (Fig. 4). Highest

abundances generally coincided with higher chlorophyll a

concentrations and intermediate temperatures. However, higher

densities also occurred during intensive upwelling in July and

September, and throughout March and April, the warmest

months (Fig. 10).

Nannocalanus minor was much more evenly distributed during the

monitoring period (Fig. 7). Maximum abundances were present in

the years 2005/06 and 2009/10, but mean annual abundance was

more or less stable throughout the years (Figs. 7 and 9). Before

2007/08, the majority of the population was found between 40

and 70 nm from shore, whereas in 2008/09 and 2009/10 N. minor

mainly occurred between 20 and 50 nm, which were years

characterized by low temperature gradients between spring and

late summer. From 2010/11 onwards, highest densities were

caught at 30 nm and further offshore. In general, monthly

abundances were higher offshore, except for November, Decem-

ber and February, when mean abundances were elevated on the

shelf (Fig. 4). Maximum abundance of 626103 m22 was recorded

at 30 nm from the coast in November 2010, while abundances

between 50 and 606103 m22 were found at 50 to 60 nm from

shore in March, April and July 2006. High densities of 20–

506103 m22 co-occurred with warm-water intrusions in Decem-

ber 2005, 2008, 2010, February 2010 and March and April 2008

(Figs. 2 and 9). However, such high numbers of N. minor were also

observed during upwelling months in July 2006, May and July

2007, July 2008, May-November 2009, and July and September

2011. Abundances were quite evenly distributed across the first

two principal components without evidence of a seasonal cycle

(Fig. 10).

Less abundant species. The distribution of Centropages spp.

was patchy throughout the entire monitoring period except for the

year 2006/07, when they were almost absent (Fig. 6). The majority

of Centropages spp. was found between 20 and 50 nm from shore.

However, maximum abundance of 206103 m22 was recorded at

5 nm from shore in December 2009. High abundances of

116103 m22 occurred at 30 nm in September 2007, while

Figure 5. Log-transformed monthly anomalies between 2005 and 2011 of a) temperature at 10 m, b) chlorophyll a, and abundance
(no. m22) of c) total zooplankton, d) total copepods, e) Calanoides carinatus, f) Metridia lucens, and g) Nannocalanus minor.
doi:10.1371/journal.pone.0097738.g005

Figure 6. Abundance (no. m22) and distribution of a) total zooplankton, b) total copepods, c) cyclopoid copepods and d) calanoid
copepods shown for each year along the transect.
doi:10.1371/journal.pone.0097738.g006
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96103 m22 were recorded around 40 nm from March-July 2005

and at 30 nm in July 2011. No clear seasonal cycle was observed.

Generally, abundance was highest during upwelling months each

year, and in some years in December (2005, 2009, 2010), when

upwelled water was warming up. However, high densities also

occurred between February and April (2005, 2006, 2008, 2009,

2010), when temperatures were higher but still #19.5uC.

The distribution of Rhincalanus nasutus was very patchy between

10 and 50 nm from shore throughout the whole monitoring period

(Fig. 6). Maximum abundance of 106103 m22 occurred at 50 nm

Figure 7. Mean annual abundance (no. m22
6103

±SD) of a) total zooplankton, total copepods, cyclopoid and calanoid copepods
and the dominant species b) Calanoides carinatus, Metridia lucens and Nannocalanus minor for each year recorded.
doi:10.1371/journal.pone.0097738.g007

Figure 8. Mean abundance of total copepods (±SD) along the transect for upwelling (black) and quiescent (grey) months for the
years 2005/06 and 2010/11 with extreme temperature gradients and the years 2008/09 and 2009/10 characterized by weak
gradients. The total mean over all years was added (red).
doi:10.1371/journal.pone.0097738.g008
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from shore in May 2005. Abundances between 3 and 66103 m22

were recorded on the shelf in March and May 2005 and

September 2008 as well as offshore in December 2005, May

and July 2007 and September 2009. From December 2009

onwards, densities did not exceed 36103 m22. R. nasutus was

associated with cooler, upwelled water from May to November

each year and in some years with stratifying water masses in

December (2005, 2008 and 2010). However, higher abundances

were also recorded in March 2005, 2006, 2008 and 2010, when

surface temperatures were high, but usually still below 20uC (only

.20uC in March 2006).

Discussion

The Benguela Current is a highly productive eastern boundary

current upwelling system [19]. Due to high seasonal and

interannual variability in wind field structure and thus upwelling

intensity, as well as strength and directions of ocean currents, the

structure and dynamics of plankton communities are complex and

may only be understood by continuous long-term monitoring [21].

In contrast to the southern Benguela Current system (SBC),

plankton data are still scarce for the northern Benguela Current

region (NBC), especially considering long-term dynamics [15].

This paper presents the first detailed study of a monitoring

programme of temporal and spatial variability in zooplankton

abundance and copepod community structure along a transect at

20uS, where at certain times the influence of tropical Angola

Current waters can be strong [22]. Spatial, interannual and

seasonal variations in copepod abundance and community

structure were analyzed in context with changes of the environ-

mental conditions.

Hydrographic regime
Hydrographic patterns reflected the general annual upwelling

cycle in the northern Benguela Current region off Namibia,

exhibiting a strong seasonal cycle with maximum temperatures in

mid to late austral summer and lowest temperatures in mid to late

spring [23,24]. This seasonality correlates with the general wind

pattern with lowest velocities of southerly winds and a stronger

westerly component in January and February, whereas highest

wind velocities were generally recorded in October [23]. In the

present study lowest temperatures (#13uC) and salinities (#35.3)

were recorded inshore from July to November indicating

maximum coastal upwelling, with increased chlorophyll a

concentrations across the shelf during this time, except for spring

2009, when extremely high chlorophyll a values were also

measured beyond the shelf. May and December were generally

characterized by intermediate temperatures and salinities as well

as high chlorophyll a concentrations. In contrast, March and April

were the warmest months with highest temperatures and salinities,

but lower chlorophyll a concentrations. During austral summer

(December-March), oligotrophic waters from the Angola Current

Figure 9. Monthly abundances (no. m22) of the dominant copepods a) Calanoides carinatus, b) Metridia lucens, c) Nannocalanus minor,
d) Centropages spp. and e) Rhincalanus nasutus along the transect 206S between March 2005 and September 2011. Note different
scales.
doi:10.1371/journal.pone.0097738.g009
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intrude into the northern Benguela region, whereas during late

winter and spring (July-September) cool, nutrient-rich waters may

extend from the Benguela Current far north into Angola waters

enhancing primary production [25].

Copepod abundance and distribution
With an average of 78%, copepods represented the most

abundant component within the mesozooplankton community,

which is in line with previous studies in the NBC [14,22].

Maximum copepod abundance was observed at 30 nm from shore

in May 2011 reaching 8576103 m22, while typical values ranged

from 300–5006103 m22, which is similar to published data

[14,22,26]. In October 1979, maximum abundance of

7006103 m22 was estimated at a cross-shelf transect between

20–21uS to 100 nm offshore using a WP-2 net [26]. In April 1986,

total copepod abundances of 300–8006103 m22 were recorded

off Walvis Bay, while 100–3006103 m22 were collected further

north at 20uS using a multiple opening-closing rectangular

midwater trawl (1 m2 mouth opening) [22]. In December 2000,

a maximum of 5206103 m22 was reported at 20 nm off Walvis

Bay (23uS) (WP-2 net with 200 mm mesh size; [14]).

Highest copepod abundances were generally observed between

30 and 50 nm from shore on the 20uS transect. This peak in

zooplankton abundance over the shelf break and above the

continental slope is in line with observations further south at 25u S

[27]. However, in the present study, high abundances were also

observed on the shelf during December, whereas lowest abun-

dances generally occurred inshore from July to November. This

agrees with observations made around Walvis Bay in 2000 [14],

where highest abundances of copepods occurred around 40 nm

from July to November and between 10 and 30 nm in December.

Strikingly low densities of copepods were recorded within

upwelling water masses at inshore stations from July to November

[14]. Between 20 and 21uS, low abundances occurred closer

inshore, increasing in the shelf region and peaking between 70–

100 nm from shore between October and November 1979 [26].

In the present study, the coldest water masses occurring inshore

from September to November were also depleted in copepods. In

Figure 10. Abundances (no. m22) of a) Calanoides carinatus, b) Metridia lucens, and c) Nannocalanus minor for each station along the
first two principal components PC1 and PC2 as shown in Fig. 3. The area of each circle is proportional to the abundance shown in the legend.
doi:10.1371/journal.pone.0097738.g010

Variability of Copepod Abundance in the Northern Benguela Current

PLOS ONE | www.plosone.org 10 May 2014 | Volume 9 | Issue 5 | e97738



contrast, warmer water masses that had been transported further

away from shore, exhibited higher copepod abundances during

upwelling months. This is in line with the generally observed

succession process from initial upwelling via phytoplankton blooms

to subsequent zooplankton development [15]. Maximum phyto-

plankton abundance usually occurs two days after an upwelling

event followed by increasing copepod abundance about 20–23

days after initial upwelling [26]. For example, the exceptionally

low number of copepods in December 2007 may be explained by

a delay of the upwelling period in this year. Temperatures in July

2007 were above and in December 2007 below average

throughout the whole transect, while chlorophyll a concentration

was unusually high in the offshore region in December 2007. Our

study emphasises that zooplankton abundance is highly variable in

space and time. This pronounced variability with its multiple

peaks during each year seems to be affected by the influence of

Angola Current water as well as by fluctuating, diffuse upwelling

processes, which are often disrupted by plumes and filaments and

have been observed especially in the NBC [14,22].

Total copepod abundance in the NBC was lower at the near-

shore stations (usually 306103 to 1006103 ind m22) than in the

Humboldt Current Upwelling System off Chile (1506103 to

3006103 m22, [28]), where total copepod abundance was strongly

dominated by the neritic species Paracalanus parvus (106103 to

1006103 m22) and most of the species showed high abundances at

the very near-shore stations [28]. In contrast to the Humboldt

upwelling system, there was no pronounced cross-shelf gradient in

total copepod abundance off Namibia [28]. The biomass species

Calanus chilensis, however, occurred in numbers of several hundred

to thousand individuals per square meter off northern Chile [28],

also exhibiting lower abundances at the very near-shore stations

during the upwelling season [29], similar to the ecologically

comparable Calanoides carinatus off northern Namibia.

Interannual variability and seasonal cycles
Our study indicates a decline in copepod abundance for the

years 2008/09 and 2009/10. This decrease coincided with low

spring to late summer temperature gradients, thus, less pro-

nounced upwelling in spring and only moderate warm-water

intrusions in late summer (Figs. 2 and 6). In contrast, years with

strong upwelling in spring and extensive warm-water intrusions in

later summer, as in 2005/06 and 2010/11, were characterized by

high copepod abundances suggesting a strong link between

zooplankton distribution and physical forcing. By contrast,

zooplankton abundance was positively correlated to upwelling

intensity in the SBC [30]. A 100-fold increase in mesozooplankton

abundance was reported in the SBC between 1950 and 1995 [30],

while upwelling intensities also increased during this time period

[31]. Since 1995 zooplankton densities, particularly those of larger

copepods, have decreased again in the SBC, accompanied by an

increase in anchovy biomass [15,30]. In contrast to the SBC, the

NBC has not been studied regularly making long-term assessments

difficult to date [14,16,18,21,22,26,27,32,33]. However, studies in

the NBC indicate that zooplankton abundance decreased slightly

from the 1950s to the early 1980s, whereas a long-term increase in

zooplankton abundance was observed from 1983 onwards [15].

Total copepod densities increased 6-fold along a 70 nm transect

off Walvis Bay (23u S) between 1978 and 2004 followed by a

decline after 2005 [15,25]. Recently, contradictory long-term

trends have been observed in the major upwelling regimes of the

world. For example, macrozooplankton abundance decreased

severely off southern California during the last half century, while

sea surface layers warmed by 1.5uC and stratification increased

[34,35]. However, no long-term decrease of calanoid copepods

was observed off southern California from 1951 to 1999, while the

calanoid species composition in spring remained stable over the

entire monitoring period, except for six anomalous years [35].

The seasonal signal of total copepod abundance in the present

study was similar to previously observed patterns, although much

more diffuse and variable from year to year, despite the evident

seasonal upwelling cycle. Maxima of total copepod abundance

were mainly recorded in November and December (2005, 2008,

2009, 2010) and in March and May (2005, 2006, 2007, 2011).

However, in 2006 and 2007 peaks were also observed in July. No

direct correlation between upwelling intensity (temperature),

phytoplankton activity (chlorophyll a) and zooplankton abundance

emerged, which is in line with previous observations in the Walvis

Bay region [15]. In the SBC at St. Helena Bay (32uS), a clear

seasonal signal of zooplankton abundance was observed with a

maximum abundance in late summer followed by a sharp decline

in autumn [36]. Contrarily, in the ‘‘Walvis Bay routine area’’ (21–

24uS), two annual peaks of zooplankton abundance were observed

during a three year period in the 1950s: A primary peak from

November to December in late spring to early summer, and a

secondary peak from March to June during late summer and

autumn [18], which corresponded to peaks in maximum

phytoplankton concentrations [16]. In contrast, low copepod

densities were observed off Walvis Bay from March to June in the

year 2000, whereas abundances increased from July to December

in the same year, indicating that seasonal cycles in the NBC are

not as obvious as in the SBC [14].

Seasonal variations in abundance of the dominant copepods

were also less pronounced in the Humboldt Current system [37].

Off southern California, most of the dominant copepods exhibited

higher abundances in spring during the upwelling season than in

winter, whereas Metridia pacifica, the second most dominant

copepod in this region, occurred in comparable numbers

throughout the two seasons [35]. Even during a 27 day time

series at St Helena Bay in the southern Benguela Current system,

daily changes of zooplankton biomass appeared to be uncorrelated

with upwelling cycles [38]. Our study further clarifies, that

Figure 11. Abundances (no. m22) of Calanoides carinatus in
relation to chlorophyll a concentration and temperature at
10 m depth. The area of each circle is proportional to the abundance
shown in the legend.
doi:10.1371/journal.pone.0097738.g011
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fluctuations in abundance of most species cannot be explained by

upwelling processes alone, but that behavioural responses (e.g. diel

vertical migrations) and biological interactions (e.g. predation and

mortality) need to be considered to fully understand life cycles and

distributional patterns of copepods in upwelling regions [37–39].

To disentangle these complex relationships, a much higher

temporal resolution of biological and oceanographic data is

suggested for future monitoring in the NBC region, including

process studies of shorter duration with sampling coverage of days

to weeks [38].

Copepod community structure
Long-term changes in copepod community structure and size

composition have been observed for the southern Benguela system

[30] and have been indicated for the NBC off Walvis Bay [14].

The eight dominant species described for the NBC were Centropages

brachiatus, Calanoides carinatus, Metridia lucens, Nannocalanus minor,

Clausocalanus arcuicornis, Paracalanus parvus, Paracalanus crassirostris and

Ctenocalanus vanus [14,30]. Earlier studies in surface waters (100–

0 m) of the ‘‘Walvis Bay routine area’’ in 1962–63 reported P.

crassirostris and Paracartia africana as strictly neritic species, while C.

carinatus, P. parvus, M. lucens and C. brachiatus dominated the cool-

water community on the shelf in order of decreasing abundance

(N70 net, 195 mm mesh size) [16,18]. In contrast, N. minor was

most abundant in offshore warm-water communities [18].

Between 1985 and 1990, the four dominant species in Namibian

waters were C. carinatus, R. nasutus, M. lucens and C. brachiatus in

order of decreasing abundance (180 mm mesh size) [21,27], while

in 2000 M. lucens prevailed over Rhincalanus nasutus (200 mm mesh

size) [14]. In the present study area further north off Walvis Bay at

20uS, community composition was highly variable between years

and months, but seven calanoid species always dominated the shelf

and offshore region. The three larger species competing for the

first rank were C. carinatus, M. lucens and N. minor followed by

Centropages spp., Calocalanus spp. and, depending on the month,

Eucalanus hyalinus, Candacia spp. and Rhincalanus nasutus. Off

Oregon, in the California Current system, on- and off-shelf

variations in copepod biomass and community structure reflected

the origins of the source water currents while the copepod

assemblage could be divided into a nearshore and a midshelf to

outer shelf group [40]. In our study, no such clear zonation pattern

was identified.

In general, C. carinatus prevailed especially on the shelf in

March, November and December, whereas M. lucens and

particularly N. minor were more evenly distributed and did not

show seasonal patterns. Around Walvis Bay, C. carinatus exhibited

higher abundances inshore between June and August at the onset

of upwelling and peaked during October and December at the end

of the upwelling season [14]. Species-specific temperatures (,

13uC) and low salinity preferences were identified for C. carinatus

characterizing recently upwelled waters [12]. Hence, this species

was referred to as cold-water species [14,27]. However, our study

does not show such a clear distributional pattern due to strong

interannual variations (Fig. 9). Abundances of C. carinatus were

generally high in May at the onset of the upwelling season and in

November and December at the end of the upwelling season, but

also in March during the quiescent season (Fig. 4). However, this

pattern was not consistent over the years, e.g. extremely low

densities occurred in December 2007 which may be due to

delayed upwelling during this year. During upwelling months,

high abundances of C. carinatus were correlated with intermediate

temperatures and higher chlorophyll a concentrations above the

shelf break and further offshore, which characterize stabilizing and

sun-warmed offshore-moving, water masses sometime after the

actual upwelling event (Figs. 10 and 11). In December, C. carinatus

also occurred inshore and on the shelf, while temperatures were

intermediate and chlorophyll a levels high. In March and April, C.

carinatus was associated with high temperatures but lower

chlorophyll a concentrations.

In contrast to previous studies mentioned above, N. minor

represented one of the three dominant species. In the years 2008/

09 and 2009/10, when C. carinatus and M. lucens populations had

decreased, N. minor dominated the calanoid community. These

years were characterised by weaker upwelling allowing stronger

mixing with oceanic waters, which could explain the consistently

higher densities of N. minor during this period. N. minor is usually

considered a warm-water species with low abundances off Walvis

Bay, where this species was associated with intrusions of warm

oceanic waters onto the shelf in periods of weak upwelling

[18,27,41]. During upwelling months, N. minor occurred only in

low abundance at the most oceanic stations (160 nm) off Walvis

Bay [41]. In contrast, in the northwesternmost part of the study

area around Walvis Bay (,22uS), N. minor took over the dominant

role in the copepod community [18]. During the Benguela Niño in

1963, when unusually high sea surface temperatures and salinities

moved southwards from Angola into the northern Benguela

region, abundances of N. minor increased considerably [17]. Along

the monitoring line at 20uS, the influence of Angola Current water

is even more pronounced than around Walvis Bay and generally

higher abundances of N. minor are expected [19,22].

These observations underline that zooplankton dynamics in the

NBC are highly complex and do not follow well-defined patterns.

The present study elucidates that plankton dynamics in this region

are driven by non-linear interactions between wind, upwelling

events, solar radiation, regeneration and recycling of nutrients,

biological interactions and species-specific response and develop-

ment times of the organisms [15], which exacerbates attempts to

model such a highly variable ecosystem. It emphasises the

necessity of long-term studies with consistent high-resolution

monitoring and analyses of the driving forces and key species to

disentangle their interactions and dynamics. This is particularly

important in order to understand ecosystem functioning and

predict future changes with potentially severe impacts on such

highly productive ecosystems.
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a b s t r a c t

The majority of global ocean production and total export production is attributed to oligotrophic oceanic
regions due to their vast regional expanse. However, energy transfers, food-web structures and trophic
relationships in these areas remain largely unknown. Regional and vertical inter- and intra-specific dif-
ferences in trophic interactions and dietary preferences of calanoid copepods were investigated in four
different regions in the open eastern Atlantic Ocean (38�N to 21�S) in October/November 2012 using a
combination of fatty acid (FA) and stable isotope (SI) analyses. Mean carnivory indices (CI) based on
FA trophic markers generally agreed with trophic positions (TP) derived from d15N analysis. Most cope-
pods were classified as omnivorous (CI �0.5, TP 1.8 to �2.5) or carnivorous (CIP 0.7, TPP 2.9).
Herbivorous copepods showed typical CIs of 60.3. Geographical differences in d15N values of
epi- (200–0 m) to mesopelagic (1000–200 m) copepods reflected corresponding spatial differences in
baseline d15N of particulate organic matter from the upper 100 m. In contrast, species restricted to lower
meso- and bathypelagic (2000–1000 m) layers did not show this regional trend. FA compositions were
species-specific without distinct intra-specific vertical or spatial variations. Differences were only
observed in the southernmost region influenced by the highly productive Benguela Current.
Apparently, food availability and dietary composition were widely homogeneous throughout the
mesotrophic oceanic regions of the tropical and subtropical Atlantic. Four major species clusters were
identified by principal component analysis based on FA compositions. Vertically migrating species
clustered with epi- to mesopelagic, non-migrating species, of which only Neocalanus gracilis was
moderately enriched in lipids with 16% of dry mass (DM) and stored wax esters (WE) with 37% of total
lipid (TL). All other species of this cluster had low lipid contents (<10% DM) without WE. Of these, the
tropical epipelagic Undinula vulgaris showed highest portions of bacterial markers. Rhincalanus cornutus,
R. nasutus and Calanoides carinatus formed three separate clusters with species-specific lipid profiles, high
lipid contents (P41% DM), mainly accumulated as WE (P79% TL). C. carinatus and R. nasutus were
primarily herbivorous with almost no bacterial input. Despite deviating feeding strategies, R. nasutus
clustered with deep-dwelling, carnivorous species, which had high amounts of lipids (P37% DM) and
WE (P54% TL). Tropical and subtropical calanoid copepods exhibited a wide variety of life strategies,
characterized by specialized feeding. This allows them, together with vertical habitat partitioning, to
maintain high abundance and diversity in tropical oligotrophic open oceans, where they play an essential
role in the energy flux and carbon cycling.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The Atlantic Ocean is the second largest ocean on earth hosting
diverse ecosystems from polar to tropical latitudes and oceanic to

coastal regions (Aiken et al., 2000). The Atlantic trade wind biome
alone produces about 4.6 Gt C y�1 (Longhurst et al., 1995). Due to
strong vertical stratification and thus limited nutrient supply from
below the thermocline, primary production rates in the North and
South Atlantic subtropical gyres are generally low with 18–362 mg
C m�2 d�1 compared to 500–1000 mg C m�2 d�1 in upwelling
regions (Longhurst et al., 1995; Marañón et al., 2000). However,
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more than 80% of global ocean production and 70% of total export
production is contributed by oligotrophic oceanic regions due to
their enormous regional expanse (Platt et al., 1989; Karl et al.,
1996). The subtropical gyres alone comprise more than 60% of
the total ocean surface and contribute more than 30% to the global
marine carbon fixation (Longhurst et al., 1995). Thus, understand-
ing key processes of ecosystem functioning in these areas is crucial
for predictions of biogeochemical cycles (Marañón et al., 2000).

Copepods comprise 50–95% of mesozooplankton communities
worldwide (Longhurst, 1985), and thus, they play a major role in
shaping marine food webs and nutrient cycles (Longhurst and
Harrison, 1989; Frangoulis et al., 2005). In oligotrophic open
oceans, the contribution of zooplankton excretion to nutrient
regeneration is high, providing more than 40% of the nutrients
required by phytoplankton. In contrast, this portion is lower in
more productive upwelling regions (<40%), where nutrients
become replenished in the euphotic zone from deeper layers
(Frangoulis et al., 2005). In general, the majority of nutrients are
recycled through the microbial loop (Bode and Varela, 1994).
Trophic relationships are complex, as most copepod species do
not merely interlink primary producers and higher trophic levels,
but are usually opportunistic omnivorous feeders (Kleppel, 1993;
Kleppel et al., 1996; Escribano and Pérez, 2010; Calbet, 2008;
Schukat et al., 2014). However, the natural diet of most copepod
species and their trophic positions remain largely unclear. This is
especially the case in oligotrophic tropical and subtropical environ-
ments, where the restricted availability of phytoplankton may
often be compensated by feeding on heterotrophic protozoans
and microzooplankton (Calbet and Saiz, 2005). Typical primary
producers in the oligotrophic Atlantic are cyanobacteria (e.g.
Trichodesmium or smaller diazotrophs) and small autotrophic
flagellates (65 lm) reaching 70–90% of total photosynthetic bio-
mass, while only a small fraction is attributed to dinoflagellates
and diatoms (Calbet and Landry, 1999; Marañón et al., 2000).
Hence, nitrogen fixation may contribute significantly to the
nitrogen pool entering the food webs in these regions (Voss
et al., 2004; Capone et al., 2005; Staal et al., 2007).

In contrast to gut content analyses, trophic biomarkers such as
stable isotopes and fatty acids integrate dietary information over
several weeks to months providing information on trophic level,
dietary preferences and life strategies (Minagawa and Wada,
1984; Graeve et al., 1994a,b; Hagen, 1999; Gentsch et al., 2009).
Stable isotope ratios of nitrogen (d15N) and carbon (d13C) are com-
monly applied to trace pathways of organic matter in food webs
(Minagawa and Wada, 1984; Hobson and Welch, 1992; Vander
Zanden and Rasmussen, 2001; Post, 2002). Isotopic fractionation
in animals leads to the accumulation of heavier isotopes in the
body tissues of consumers, as lighter isotopes are preferentially
metabolized and excreted. Previous studies revealed that d15N val-
ues of zooplankton reflected seasonal changes at the food-web
base (Goering et al., 1990; Montoya, 1994; Rolff, 2000) and regio-
nal changes of the oceanographic regime (Schmidt et al., 2003;
Montoya et al., 2002; Koppelmann et al., 2003, 2009; Hauss
et al., 2013). In the central tropical Atlantic d15N values of size-
fractionated mesozooplankton decreased, while trophic levels
remained constant from east to west. This corresponded to the
increasing abundance of Trichodesmium in the west (Montoya
et al., 2002; McClelland et al., 2003), whose d15N values are as
low as those of atmospheric nitrogen (Wada and Hattori, 1976).
However, most of these studies consider only bulk size-
fractionated zooplankton, which are often not suitable for spatial
comparisons, as the community structure influences the d15N sig-
nal (Hauss et al., 2013). The pathways of nitrogen within food webs
are not easy to assess. For a better understanding, more high-
resolution studies on individual species reflecting spatial patterns
of d15N are needed (Hauss et al., 2013).

Fatty acid trophic markers (FATM) specific for certain phyto-
plankton or zooplankton groups are incorporated largely unmodi-
fied into the consumers’ body tissue and thus can be potentially
traced through the food chain (Lee et al., 1971a,b; Graeve et al.,
1994a,b; reviewed by Dalsgaard et al., 2003). In spite of rather
low lipid levels and generally higher turnover rates of tropical
copepods compared to those at higher latitudes, the validity of
the FATM concept was confirmed also for subtropical and tropical
regions (Lee et al., 1971b; Lee and Hirota, 1973; Kattner and Hagen,
2009; Schukat et al., 2014; Teuber et al., 2014). In higher latitudes
and upwelling regions with pronounced seasonal and spatial gradi-
ents of food supply, seasonal (e.g. Sargent and Falk-Petersen, 1988;
Kattner and Krause, 1989; Kattner and Hagen, 1995; El-Sabaawi
et al., 2009; Escribano and Pérez, 2010) and regional (Kattner
et al., 1989; Kattner and Hagen, 1995; Stevens et al., 2004) changes
in phytoplankton population structure coincided with distinct
changes of FATM in copepods. Similar data for tropical and
subtropical regions are rare.

In general, copepods can be divided into three large groups,
based on vertical distribution and certain life-strategy characteris-
tics (Lee and Hirota, 1973; Lee et al., 2006). In most tropical epipe-
lagic copepods, lipid deposition is almost absent and unnecessary
because of low, but constant, year-round primary production.
These copepods are characterized by high turnover, fast growth,
intense reproduction and a short life span (Kattner and Hagen,
2009; Teuber et al., 2013). In contrast, deep-dwelling copepods
are usually omnivorous or carnivorous with lower metabolic rates,
longer life spans and pronounced lipid storage due to sporadic food
availability and/or buoyancy aids (Laakmann et al., 2009a,b).
Another group of copepods, predominantly inhabiting polar, boreal
and upwelling regions, accumulates large energy reserves mainly
as wax esters and undergoes ontogenetic vertical migrations
entering different forms of dormancy to overcome periods of food
shortage (Hagen, 1999; Verheye et al., 2005).

The present study provides a large data set on carbon and nitro-
gen stable isotopes for 30 species and lipid composition for 15 spe-
cies of calanoid copepods throughout the tropical and subtropical
eastern Atlantic Ocean. Widely distributed species were collected
along a latitudinal transect through four hydrographical and bio-
geochemical provinces between 38�N and 21�S from the surface
to 2000 m depth. The main objectives were to identify inter- and
intra-specific differences in trophic interactions and dietary prefer-
ences between the different hydrographical regimes and from the
surface down to bathypelagic depths. A new bacterial ratio was
introduced as a first approach to estimate the proportional contri-
bution of bacterial production to the nutritional basis of copepods,
inspired by the fatty acid-based index of carnivory suggested by
Schukat et al. (2014). The difference between the carnivory index
(CI) and the bacterial ratio (BI) is that the CI refers to the
carnivorous contribution to the diet of a given copepod, whereas
the BI focuses on the bacterial contribution to the food-web base,
on which a copepod relies. Hence, a copepod may have a high BI
value, even if itself does not feed on bacteria at all, simply by incor-
porating FAs of bacterial origin via the food chain. Combining the
fatty acid and stable isotope approaches, different life strategies
were identified, characterized by specialized feeding modes.

2. Materials and methods

2.1. Sampling

Copepods were sampled during research cruise ANT-XXIX/1 on
board RV Polarstern throughout the eastern Atlantic Ocean from
37� 490N to 20� 590S in October/November 2012 (Fig. 1). Stratified
vertical hauls were conducted with a HydroBios Multinet Maxi
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equipped with 9 nets (150 lm mesh size, 0.5 m2 mouth opening).
Specimens were usually collected during day light in discrete
depth layers at nine stations from 800–700–600–500–400–300–2
00–100–50–0 m and at six stations from 2000–1500–1000–700–
400–300–200–100–50–0 m. Copepod species and stages were
identified alive immediately after each haul under a dissecting
microscope. A large number of copepods (1–15 specimens per
replicate, depending on size) were collected from the same stations
and depth layers focusing on the dominant larger species that were
abundant along the entire transect. Only apparently fit individuals
were deep-frozen at �80 �C for further biochemical analyses.

Oceanographic parameters were measured underway in 5 m
water depth by a thermosalinograph continuously recording sea
surface temperature (SST) and sea surface salinity (SSS). At each
station vertical profiles of temperature, salinity, oxygen concentra-
tion and fluorescence were recorded from the surface to maximum
sampling depth (either 800 or 2000 m) with a conductivity tem-
perature depth (CTD) sensor equipped with a rosette water sam-
pler (Figs. 1 and 2; Rohardt and Wisotzki, 2013). Fluorescence
provided a proxy for chlorophyll a (chl a) content in the upper
200 m.

2.2. Stable isotope analysis

After lyophilization (48 h) of the deep-frozen copepods, body
dry mass was determined using a microbalance (Sartorius, NCII1S,
precision ± 10 lg). Copepod samples (whole animals) of 0.5–5 mg
dry mass were transferred into tin capsules. In case of smaller spe-
cies, individuals were pooled to obtain sufficient biomass (>1 mg;
e.g. 7–10 individuals of Calanoides carinatus, Scolecithrix danae

and Undinula vulgaris; 4–7 Euchaeta marina, Rhincalanus cornutus,
Pleuromamma spp.; 2–3 Neocalanus gracilis, Pareucalanus spp.;
1–2 Eucalanus hyalinus, Rhincalanus nasutus, Euchirella spp.). Stable
isotope analysis was performed by TÜV Rheinland Agroisolab
GmbH in Jülich, Germany, using a mass spectrometer (EA
NA1500 Series 2, Carlo Erba Instruments) and helium as carrier
gas. Stable isotope ratios of carbon (13C/12C) and nitrogen
(15N/14N) were measured against the IAEA-C1 and IAEA-N1 stan-
dards, respectively, and are expressed as d13C and d15N in ‰ with
respect to VPDB for carbon and atmospheric air for nitrogen
(Hobson et al., 2002). Lipids were not extracted prior to stable iso-
tope analysis, due to generally low copepod biomass and to avoid
any bias of d15N by lipid extraction (Hobson et al., 2002;
Mintenbeck et al., 2008). To avoid bias of the d13C signal by varying
lipid contents, d13C values of crustaceans were normalized to a
common lipid content applying a lipid-normalization model, if C:
N ratios exceeded 4 (d13C0; McConnaughey and McRoy, 1979;
Smyntek et al., 2007).

To assess trophic levels of different copepods within the food
web, an isotopic baseline was established from particulate organic
matter (POM) natural concentration and isotopic composition:
d15N-PN for particulate nitrogen and d13C-POC for particulate
organic carbon (D. Fonseca-Batista, pers. comm., 2015). Water
samples (approx. 4.5 L) were taken of every CTD cast from four
depth layers within the upper 100 m and filtered through pre-
combusted GF/F filters (MGF, Sartorius, 0.7 lm nominal pore size).
Weighted averages of POM-d15N (d15Nbase) were determined for
each station in the upper 100 m stratum, taking into account par-
ticulate nitrogen content and sampling depth. d15Nbase was defined
as trophic level 1. The species-specific trophic level was calculated
from station-specific d15Nbase as follows:

Trophic level ¼ 1þ ðd15Nconsumer � d15NbaseÞ=Dn

where Dn is the enrichment of d15N per trophic level, applying an
enrichment factor of 3.4‰ (Minagawa and Wada, 1984; Vander
Zanden and Rasmussen, 2001; Post, 2002).

2.3. Lipid analysis

Body dry mass of the deep-frozen copepods was determined
after lyophilization for 48 h. In case of small copepod species, sev-
eral individuals were pooled to obtain sufficient biomass (>1 mg
DM). Lipids were extracted with dichloromethane:methanol (2:1,
v:v) and purified by adding a 0.88% aqueous KCl solution according
to Folch et al. (1957). The total lipid content was determined gravi-
metrically (Hagen, 2000).

Lipids were converted to their fatty acid methyl ester (FAME)
derivatives by transesterification in methanol with 3% concen-
trated sulfuric acid (Kattner and Fricke, 1986; Peters et al., 2007).
Fatty acids (FA) and fatty alcohols (FAlc) were subsequently sepa-
rated and quantified using a gas chromatograph (Agilent Technolo-
gies 7890A) equipped with a DB-FFAP column (30 m length,
0.25 mm diameter) operating with a programmable temperature
vaporizer injector and helium as carrier gas. FAs and FAlcs were
identified by comparing their retention times with those of natural
standards (lipids of menhaden fish oil and Calanus hyperboreus) of
known composition. The portion of wax esters was estimated
based on FAlc content assuming equal masses of the FA and FAlc
moieties in the wax ester molecules (Kattner et al., 2003).

According to the fatty acid trophic biomarker concept, 16:1
(n � 7), 16:4(n � 1) and 18:1(n � 7) indicate a diatom-dominated
food source, while 18:4(n � 3) is commonly used as a dinoflagel-
late biomarker (reviewed by Dalsgaard et al., 2003). The ratio
16:1(n � 7)/16:0 was applied as another index of diatom feeding
(typically >1 for significant feeding on diatoms) (Dalsgaard et al.,

Fig. 1. Station Map showing all stations during ANT-XXIX/1 of RV Polarstern in
October/November 2012. Stations marked as squares were sampled to a maximum
depth of 2000 m, circles show stations with a maximum sampling depth of 800 m.
Hydrographic provinces were identified based on oceanographic data (Fig. 2). The
250 and 4000 m bathymetry line are shown. STNA = subtropical North Atlantic, TNA
= tropical North Atlantic, STSA = subtropical South Atlantic, BCIR = Benguela Current
influenced region.
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2003 and references therein). By contrast, 18:1(n � 9) is known
as a carnivory biomarker (Sargent and Falk-Petersen, 1988). To
provide a proportional measure of the carnivorous contribution
to copepods’ diets, the carnivory index of Schukat et al. (2014)
was slightly modified by dividing the 18:1(n � 9) content
by he sum of all herbivorous biomarkers and 18:1(n � 9), i.e.
modified CI = 18:1(n � 9)/(16:1(n � 7) + 16:4(n � 1) + 18:1(n� 7) +
18:4(n � 3) + 18:1(n � 9)). In contrast to the original index, the
modified CI ranges from 0 for herbivorous to 1 for most carnivo-
rous feeding. In addition, a new proxy for the bacterial contribution
(BI) to the nutrition of consumers was introduced as the sum
of odd-numbered (15:0, 17:0) and iso-branched fatty acids
(iso 15:0, iso 17:0) (Budge and Parrish, 1998), i.e. BI =Rbacterial

markers/(Rherbivorous markers + bacterial markers). Thus, the BI
ranges from 0 for no bacterial input to 1 for highest dietary
bacterial contribution.

2.4. Statistical analysis

To identify species-specific and/or geographical and depth-
related differences in the dietary composition and nutrition of
copepods along the transect, a Principal Component Analysis
(PCA) was conducted based on the lipid composition data. Copepod
species varied in wax ester content and, hence, FAlc composition,
but information on dietary origins is stored in specific FAs. There-
fore, only FA data were used for the PCA, whereas FAlc data were

Fig. 2. (a) Sea surface temperature (SST) and sea surface salinity (SSS), (b) temperature, (c) salinity and (d) relative chlorophyll a values of the upper 200 m along the cruise
track during ANT-XXIX/1. The lines represent respective station numbers marked above as asterisks, stations in gray only contributed CTD data. STNA = Subtropical North
Atlantic, TNA = tropical North Atlantic, STSA = subtropical South Atlantic, BCIR = Benguela Current influenced region.
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excluded from further analyses, as they are biosynthesized de novo,
to avoid that the presence/absence of FAlcs interfered with or
biased the outcome. Prior to PCA, proportions of FAs were trans-
formed with arcsine-square-root transformation to correct defi-
ciencies in normality and homogeneity of variance. The different
regions and depths of occurrence were added as factors to the
PCA (Primer v6 software, Clarke and Warwick, 1994). In addition,
a cluster analysis based on a Bray–Curtis similarity matrix was per-
formed on the same data set applying the group average linkage to
better visualize this large data set (Fig. A, Appendix). To test for
intra-specific differences a Man-Whitney U-test was applied using
the Prism software package 5.0. Maps and hydrographic data were
visualized using Ocean Data View 4 (Schlitzer, 2013).

3. Results

3.1. Hydrographic regime

The cruise track along the eastern side of the Atlantic Ocean
from 38�N to 21�S crossed very different hydrographical regimes
and climate zones. Based on sea surface temperature (SST), sea sur-
face salinity (SSS) as well as CTD profiles of temperature, salinity,
and fluorescence in the upper 200 m (Fig. 2; data derived from
Rohardt and Wisotzki, 2013), the 15 stations sampled by Multinet
were assigned to four different hydrographical provinces and
grouped accordingly for further analyses.

Stations 1 to 5 between 38�N and 20�N were located in the sub-
tropical North Atlantic (STNA) characterized bymaximum salinities
>36.5, warm SST >20 �C further increasing southwards and a pro-
nounced layer of warm water extending to considerable depth. At
stn. 5, the 20 �C isotherm reached down to 100 m, which was the
maximumdepth of this isotherm along the whole transect. A rather
lowfluorescence signal throughout thewater columnindicatedolig-
otrophic conditions with low chlorophyll a (chl a) concentrations.

Stations 7 to 10 between 20�N and 2�N were situated in tropical
waters (tropical North Atlantic, TNA). During the time of the cruise,
the tropical zone was still shifted toward the northern hemisphere.
The four tropical stations were characterized by the highest SST
ranging from 26 �C to 30 �C and relatively low SSS <36.3 (min.
33.9 at 5�N). The thermocline was generally shallower (�20–
35 m) and steeper compared to subtropical zones further north
and south, except for stn. 10, where the 24 �C isotherm reached
down to 80 m. Chl a concentrations were higher compared to the
STNA and the chl a maximum usually occurred at intermediate
depths around 60 m, except for stn. 10 (�90 m).

Stations 11–14 between 2�S and 14�S were located in the sub-
tropical South Atlantic (STSA) with SST ranging from 26 �C at stn.
11 to 21 �C at stn. 14 and SSS usually >35.8 (max. 36.6 at stn. 14).
The thermocline occurred at greater depths (�35–60 m) than in
the tropical zone. Particularly, at stn. 14, therewas amassive surface
layer with high salinities >36.0 extending below 110 m depth. STSA
stations had generally higher chl a concentrations than stations in
the STNA. Compared to the TNA, the intermediate chl a maximum
extended upwards into shallower depths of 25 m at stns. 11 and 12.

The three southernmost stations 15–17 between 17�S and 22�S
were affected by relatively cold (<19 �C) and less saline (<36.0)
waters originating from the Benguela Current coastal upwelling
system and hence were classified as Benguela Current-influenced
region (BCIR). At BCIR stations, there was almost no stratification
by temperature or salinity down to 150 m depth. Presumably
due to nutrient input from recently upwelled waters, chl a concen-
trations were highest in the BCIR, extending from the surface to
63 m depth with values at least 50% higher than in the TNA or STSA
zones. Even between 70 and 98 m depth, BCIR stations still had chl
a concentrations similar to those in the intermediate chl a maxi-
mum layers in the TNA.

3.2. Stable isotopic compositions and trophic levels

In general, the d15N signals of a copepod species collected at
different stations within one of the four hydrological provinces
did not differ from one another with regard to trophic positions
(<±3.4‰). Therefore, results are presented as species-specific
means ± standard deviation for each of the four regional clusters
(Table 1). Mean d15N of calanoid copepods varied from 1.3‰ in
mesopelagic Pleuromamma abdominalis from the BCIR to 10.8‰
in mesopelagic Megacalanus princeps from the STNA. d15N values of
epi- to mesopelagic copepods increased from STNA (�2.0–4.6‰) to
TNA (�2.9–7.3‰) and were highest in specimens from the STSA
(�5.8–9.3‰). In contrast, lowest d15N values were measured in
the BCIR (�1.3–5.9‰) in epi- to mesopelagic omnivorous species.
d13C values were lipid-corrected (d13C0), if C:N ratios were above
4.0 in copepods. Highest d13C0 were measured for copepodids CV
of Calanoides carinatus in the TNA (�17.5‰) and females of
Pareucalanus spp. (�17.2‰) in the BCIR, while Undeuchaeta major

from the TNA showed minimum d13C0 values (�22.5‰). Distinct
regional or vertical patterns of d13C0 could not be observed.

While d15N values of epi-to mesopelagic species were lower in
the BCIR, species-specific trophic levels generally tended to be
higher in the BCIR. For example, Rhincalanus cornutus had a higher
trophic position in the BCIR, although d15N decreased, compared to
the other regions (Man-Whitney U-test, p = 0.05 compared to
STNA). Intra-specific regional differences in d15N were most pro-
nounced in epi- to mesopelagic copepods characterized by trophic
levels between 1.5 and 3, e.g. for Pleuromamm abdominalis, P.

xiphias, Scolecithrix danae, Euchirella splendens, Neocalanus gracilis,
Eucalanus hyalinus, R. cornutus and Pareucalanus spp. (Table 1).
d15N values of P. abdominalis decreased from around 4‰ in the
STNA and TNA to 1.3‰ in the BCIR, whereas trophic levels signifi-
cantly increased from 1.4 to 2.1 (Man-Whitney U test, p = 0.01).
d15N of S. danae increased steadily from STNA (3.4‰) via TNA
(5.2‰) to STSA (8.3‰), while trophic levels were constant around
2. This also holds true for N. gracilis. E. splendens from epi- and
mesopelagic layers in the STSA showed d15N signatures around
8‰, while specimens from bathypelagic layers in the BCIR had
much lower d15N values of 4.7‰, but mean trophic levels ranged
from 2.1 to 2.6 throughout all regions. In contrast, regional differ-
ences in d15N were less pronounced or did not occur at all in meso-
to bathypelagic copepods, which generally showed higher d15N
(P7‰) than shallow-water species. For example, d15N values of
Gaetanus pileatus, Scottocalanus securifrons, Metridia princeps and
Megacalanus princeps were either constant or even increased in
the BCIR compared to the other regions. These deep-living species
exhibited extremely high trophic positions in the BCIR (4.2–5.8)
indicating that the baseline and food resources may follow a
different trend at depth.

With regard to depth-related changes, only Pareucalanus spp.
showed pronounced increases in d15N and trophic level with
increasing depth of occurrence in the TNA. Other species, e.g. N.
gracilis from epipelagic layers had very similar d15N values
(7.7‰) and trophic positions (1.9) as specimens from mesopelagic
depths (7.6‰ and 1.9, resp.). In addition, R. cornutus, E. hyalinus and
Euchaeta marina collected from different depth layers in the same
region also showed no vertical differences in d15N and trophic level
(Table 1). However, trophic levels calculated for specimens from
below the upper 100 m should be treated with caution due to
potentially different food sources at depth.

3.3. Fatty acid and fatty alcohol compositions

Details of the fatty acid (FA) and alcohol (FAlc) compositions of
each species are presented in Table 2 and Fig. 3. FA compositions
were species-specific and independent of region and depth of
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Table 1

Stable carbon (d13C) and nitrogen (d15N) isotopic ratios, C:N atom ratios and trophic levels of calanoid copepods in the STNA, TNA, STSA and BCIR (see Fig. 1) from epi-, meso- and
bathypelagic depths of occurrence (E = 200–0 m, M = 1000–200 m, B = 2000–1000 m). Trophic levels were calculated via station-specific d15N of particulate organic matter (POM)
from the upper 100 m applying a d15N enrichment of 3.4‰ per trophic level. d15N of POM ranged from 0.9‰ to 2.9‰ in the STNA (1.9 ± 1.1‰), 0.5‰ to 2.6‰ in the TNA
(1.7 ± 0.9‰), 2.1‰ to 4.7‰ in the STSA (3.9 ± 1.2‰), and to �2.9‰ to �0.6‰ in the BCIR (�2.0 ± 1.3‰). d13C was lipid-corrected (d13C0), if C:N ratio P 4. d13C of POM ranged from
�25.2‰ to �23.8‰ in the STNA (�24.7‰ ± 0.6‰), �24.3‰ to �21.4‰ in the TNA (�23.4 ± 1.4‰), �23.9 to �23.7 in the STSA (�23.8 ± 0.1‰), and �23.0 to �22.0 in the BCIR
(�22.3 ± 1.2‰). Values are given as mean ± standard deviation, if nP 3 (f = female; CV = copepodid CV; n = number of replicates).

Species Stage Region Depth d15N d13C0 C:N Trophic level n

Calanidae

Undinula vulgaris f TNA E 4.9 ± 1.1 �19.1 ± 0.9 3.4 ± 0 2.1 ± 0.5 7

Neocalanus gracilis f TNA E 4.8 ± 0.2 �22.1 ± 0.1 3.8 ± 0.1 1.7 ± 0.1 5
STSA E 7.7 ± 0.3 �21.5 ± 0.1 3.9 ± 0.1 1.9 ± 0.1 7

M 7.6 ± 0.8 �21.1 ± 0.4 3.8 ± 0.2 1.9 ± 0.2 5
BCIR M 3.8 �19.4 3.6 2.4 1

Calanoides carinatus CV STNA M 6.3 ± 0.8 �18.5 ± 0.6 8 ± 0.2 2.6 ± 0.2 3
TNA M 6.7 ± 0.8 �18 ± 0.4 7.8 ± 0.2 2.3 ± 0.2 4

B 6.9 ± 1.1 �17.5 ± 0.4 8.5 ± 0.5 2.6 ± 0.3 4

Candaciidae

Candacia ethiopica f STNA E 2.8 ± 0.3 �21.3 ± 0.1 3.7 ± 0 1.6 ± 0.1 3

Metridinidae

Pleuromamma abdominalis f STNA E � M 4.1 ± 0.4 �20.9 ± 0.4 3.6 ± 0.1 1.4 ± 0.2 5
TNA M 4.5/4.5 �20.4/�20.3 3.7/3.6 1.5/1.5 2
STSA M 8.1 �20.9 3.6 2.1 1
BCIR M 1.3 ± 0.3 �21 ± 0.1 3.6 ± 0 2.1 ± 0.1 5

Pleuromamma xiphias f TNA M 6.6 ± 0.1 �22 ± 0.3 3.5 ± 0 2.5 ± 0 3
STSA M 8.4 ± 0.4 �21 ± 0.1 3.7 ± 0.1 2.2 ± 0.1 3

Metridia princeps f STNA M 8 ± 0.6 �21.6 ± 0.5 5.7 ± 0.7 2.7 ± 0.2 6
TNA B 10.7/10.6 �20.9/�20.2 4.8/5.8 4/4 2
STSA M 12.2 �20.6 6.8 4.0 1
BCIR M � B 13.6/12.5 �22.6/�21.1 4.4/5.6 5.8/4.8 2

Gaussia princeps f TNA M 14.5 �20.2 4.3 4.2 1

Eucalanidae

Pareucalanus spp. f TNA E 2.9 ± 0.8 �21.8 ± 0.1 3.7 ± 0.1 1.6 ± 0 5
M 6.3 ± 0.8 �19.5 ± 1.0 7.1 ± 0.8 2.5 ± 0.4 8
B 7.4 ± 0.8 �19.8 ± 0.4 7.2 ± 0.9 2.8 ± 0.2 4

STSA B 6.8 ± 2.1 �20.3 ± 1.4 5.6 ± 0.6 1.6 ± 0.6 3
BCIR E 3.2 ± 1.1 �17.2 ± 1.2 6.8 ± 2.1 2.3 ± 0 7

Rhincalanus cornutus TNA E 7.3 ± 1.1 �18.5 ± 0.2 9.8 ± 0.3 2.7 ± 0.3 3
M 5.8 ± 0.7 �19 ± 0.3 8 ± 0.6 2.2 ± 0 4
B 7.2 ± 0.5 �18.6 ± 0.5 9.7 ± 0.5 2.5 ± 0.3 5

STSA M 7.3 ± 1.2 �21 ± 1.9 8.1 ± 0.5 1.8 ± 0.3 7
BCIR E 5.9 ± 0.5 �22 ± 1.4 8.1 ± 0.7 3.6 ± 0.2 3

Eucalanus hyalinus f STNA M � B 8.5 ± 1 �21.1 ± 0.7 4 ± 1 2.7 ± 0.3 6
BCIR E 4.8 ± 0.9 �20.3 ± 1.3 3 ± 0.2 3.2 ± 0.3 3

M 4.4 ± 0.6 �20.2 ± 0.6 3.1 ± 0.1 3 ± 0.2 3

Scolecithrichidae

Scolecithrix danae f STNA E 3.4 ± 0.2 �20.7 ± 0.2 3.6 ± 0.1 1.7 ± 0.2 4
TNA E 5.1 ± 0.2 �20.2 ± 0.2 3.6 ± 0.1 2.4 ± 0.1 4
STSA E 8.3 ± 0.3 �21.3 ± 0.2 3.6 ± 0 2.1 ± 0.1 5

Scolecithricella sp. CV TNA B 6.5 ± 0.5 �20.4 ± 0.2 8.5 ± 0.3 2.6 ± 0.1 6

Scottocalanus securifrons f STSA M 8.7 ± 0.8 �20.3 ± 0.2 3.7 ± 0.1 2.2 ± 0.2 4
BCIR 7.3/10.5 �19.8/�20.2 3.7/3.9 3.9/4.2 2

Scaphocalanus magnus f STNA M 8.4 �21.4 4.2 3.2 1

Euchaetidae

Euchaeta marina f STNA M 6.2 ± 1.1 �21.8 ± 0.4 3.8 ± 0.3 2 ± 0.3 3
TNA E 6.1 ± 0.3 �20.6 ± 0.2 3.7 ± 0.1 2.6 ± 0.1 3

M 5.5 ± 1.0 �22.7 ± 0.3 3.8 ± 0.1 2.3 ± 0.1 3
STSA E 8.6 ± 0.9 �21.3 ± 0.2 3.8 ± 0.2 2.1 ± 0.3 3

Paraeuchaeta gracilis f STNA M 7.0 �21.0 7.0 2.8 1
TNA M 7.8 ± 0.9 �21.4 ± 0.1 5.3 ± 1.5 2.9 ± 0.1 4

f + eggs STSA M 10.2 ± 1.5 �20.5 ± 0.5 6 ± 1.3 3 ± 0.4 5
CV 9.5 ± 0.1 �20.4 ± 0.3 6.8 ± 1.8 2.5 ± 0 4
f BCIR M 6.3 ± 0.5 �19.6 ± 1.4 6.4 ± 2.1 2.7 ± 0.8 3

Paraeuchaeta aequatorialis f STNA M � B 9.1/8.5 �20.3/�20.0 7.7/7.9 2.8/2.7 2

Aetideidae

Euchirella pulchra f STNA M 4.6 �20.2 3.8 1.7 1

(continued on next page)
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occurrence. Principal component analysis (PCA) based on FA com-
positions, grouped individuals of the same species closely together,
even when they were collected from a wide latitudinal and vertical
range throughout the eastern Atlantic Ocean. PCA produced four
distinct species clusters (A, B, C and R, Fig. 3), but did not reveal
intra-specific regional or vertical differences. Three main principal
components (PC) were identified explaining 87% of the variance,
with PC1 and PC2 together explaining 77% (Fig. 3). The first PC is
mainly represented by positive values of 18:1(n � 9), 16:1(n � 7),
the sum of 22:1 and 20:1 and 16:4(n � 1), and negative eigenvec-
tors of 14:0, 16:0, 18:0, 22:6(n � 3) and the sum of bacterial mark-
ers, all mentioned in decreasing order of explanatory power (in
total 40% of variance explained). The second PC is mostly repre-
sented by positive eigenvectors of 22:6(n � 3), 24:1(n � 9), 20:5
(n � 3), 22:5(n � 3), 20:4(n � 3) and the sum of bacterial markers,
and negative values of 14:0, 16:0, 16:4(n � 1), 16:1(n � 7) and
18:1(n � 9), again mentioned in decreasing order of explanatory
power (in total 37% of variance explained).

One large cluster within the PC dimensions included the species
N. gracilis, P. robusta, P. xiphias, P. abdominalis, U. vulgaris, S. danae
and E. pulchra (cluster A, Fig. 3). Most of their FAs incorporated typ-
ical membrane components, e.g. 16:0, 20:5(n � 3) and 22:6(n � 3).
In N. gracilis, Pleuromamma spp. and U. vulgaris, 16:0 comprised
between 17% and 20% of total fatty acids (TFA), whereas E. pulchra
had higher values of 26% TFA. In contrast, Pleuromamma spp. and U.

vulgaris showed higher contents of 20:5(n � 3) and 22:6(n � 3) of
around 12% and 32% TFA, respectively, whereas S. danae and
E. pulchra had lower values around 9% and 20% TFA, respectively.
Species in this group generally exhibited lowest total lipid (TL)

contents per dry mass (DM; 9–14% DM) and only trace amounts
of wax esters (WE; 2–5% TL). Only N. gracilis was distinguished
by higher, but very variable amounts of TL (16% DM) and WE con-
tents (37% TL). More than 90% of the FAlcs in N. gracilis were long-
chain monounsaturated 22:1(n � 11, n � 9, n � 7) isomers, in
descending order of importance and typically biosynthesized by
calanid copepods. The sum of bacterial fatty acid markers (15:0,
17:0, iso 15:0, iso 17:0) ranged from 2.7% TFA in S. danae to a max-
imum of 4.3% TFA in U. vulgaris. The latter species revealed the
highest bacterivory index (BI) compared to all other species
studied. It ranged from 0.3 in S. danae to a maximum of 0.6 in
U. vulgaris, while 16:1(n � 7)/16:0 approached zero (60.2) within
this group. In contrast, U. vulgaris showed minimum amounts of
the carnivory marker FA 18:1(n � 9) with 3.4% TFA, whereas this
marker FA was highest in S. danae and E. pulchra (around 11%
TFA). The carnivory index (CI = 18:1(n � 9)/(Rherb. markers
+ 18:1(n � 9))) ranged around 0.5 and was highest with 0.6 in N.

gracilis, S. danae and E. pulchra within this cluster (Table 2, Fig. 4).
Deep-dwelling copepodids CV of C. carinatus formed a separate

cluster comprising high amounts of the long-chain-mono-
unsaturated FA 20:1(n � 9) (11% TFA) and 22:1(n � 11) (13% TFA)
typical of the family Calanidae (cluster C, Fig. 3). Besides, major
FAs were the membrane components 14:0, 16:0, 20:5(n � 3) and
22:6(n � 3) and the diatom marker 16:1(n � 7). Total lipid levels
were generally high with 41% DM, coinciding with maximum WE
contents (84% TL) compared to all other copepods. WE were mainly
composed of the typical calanid FAlcs 20:1(n � 9) (20% TFAlc) and
22:1(n � 11) (48% TFAlc), but also contained higher amounts
of the short-chain FAlcs 14:0 (9.0% TFAlc) and 16:0 (16% TFAlc).

Table 1 (continued)

Species Stage Region Depth d15N d13C0 C:N Trophic level n

TNA E �M 5.6/6.0 �20/�20.1 4.2/3.8 2/2.1 2
STSA M 6.8 ± 1.4 �20.5 ± 0.3 3.5 ± 0.0 1.9 ± 0.8 3

Euchirella splendens f STSA E 8.1 ± 1 �20.5 ± 0.2 4.4 ± 0.2 2.1 ± 0.3 4
M 8.2 ± 0.5 �20.5 ± 0.6 3.9 ± 0.6 2.1 ± 0.2 5

BCIR B 4.7 ± 0.7 �21.2 ± 0.2 4.2 ± 0.3 2.6 ± 0.2 3

Undeuchaeta major f STNA M 6.1 ± 0.5 �22.2 ± 1 3.9 ± 0.4 2.2 ± 0.3 4
TNA M 7.7 ± 0.6 �22.5 ± 0.2 4.1 ± 0.2 2.9 ± 0.2 3
STSA M 9.3/9 �22.3/�22.4 4.4/4.5 3.1/3.0 2

Chirundina stretsii f STNA M 7.5 ± 0.2 �21.7 ± 0.4 3.5 ± 0.2 2.4 ± 0 3
TNA M 9.5 ± 0.4 �21.0 ± 0.4 3.7 ± 0.5 2.7 ± 0.8 5

Gaetanus pileatus f STNA M 6.8 �21.0 3.8 2.2 1
STSA M 10.0 ± 1.6 �20.3 ± 0.5 5 ± 1.4 2.9 ± 0.8 3
BCIR M 9.3 ± 3.5 �20.5 ± 0.4 4.8 ± 0.8 4.3 ± 0.8 3

Gaetanus kruppii f STNA M 7.4 �20.9 3.7 2.3 1
B 8.9 �20.4 4.0 2.8 1

STSA M 10.5 �19.8 6.7 2.8 1

Gaetanus miles f BCIR M 9.0 �20.5 4.3 4.4 1

Gaetanus tenuispinus f STSA B 12.1 �20.3 7.2 3.2 1

Pseudochirella obtusa f STNA M 9.9 �20.6 3.6 3.1 1

Valdiviella sp. f BCIR M � B 15.6/15.5 �19.5/�19.9 7.8/8.1 5.5/5.7 2

Heterorhabdidae

Disseta palumbii f STNA B 6.8/7.7 �21.7/�21.3 4.1/3.6 2.2/2.4 2
TNA B 11.7 �18.8 6.0 4.0 1

Megacalanidae

Megacalanus princeps f TNA M 10.8 ± 0.4 �19.2 ± 0.4 4.4 ± 0.6 3.5 ± 0.1 3
CIII M 8.9 �20.1 3.5 3.5 1
CV B 9.7 �21.5 4.1 3.4 1
f STSA M 11.7 �20.8 3.5 3.1 1

BCIR 11.3 �20.8 4.3 5.1 1

Augaptilidae f STNA M 6.3 �20.9 5.6 3.0 1
STSA M 13/12 �20.6/�20.3 7.3/6.7 3.4/3.1 2

B 10.9 ± 1.5 �21 ± 0.6 4.6 ± 0.7 2.8 ± 0.4 3
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The dietary contribution of bacterial markers in C. carinatus was
very low (0.1), whereas 16:1(n � 7)/16:0 was high with 1.9, coin-
ciding with the lowest mean CI (0.3) in comparison to all other
copepods.

Rhincalanus cornutus formed another separate cluster (R) due to
extremely high concentrations of the FAs 14:0 and 16:0 and lower
concentrations of 20:5(n � 3) and 22:6(n � 3) (Fig. 3, Table 2).
More than 50% of TFA were 14:0 (25% TFA) and 16:0 (38% TFA),
whereas the rest consisted of 16:1(n � 7), 18:1(n � 9), 20:5
(n � 3) and 22:6(n � 3). R. cornutus and R. nasutus were the only
species containing phytanic acid (3.1% TFA and 6.1% TFA, resp.).
Both species were characterized by high TL (42% DM) and WE con-
tents (P79% TL), while the FA and FAlc profiles of R. cornutus were
markedly deviating from all other species. 90% of TFAlcs of R. cornutus
were composed of the shorter-chain monounsaturated FAlcs 16:1
(21% TFAlc) and 18:1 (69% TFAlc). The sum of bacterial markers
and the BI were slightly below the values measured for S. danae

(2.2% TFA and 0.2, resp.), coinciding with an intermediate CI (0.5).
Within the PC dimensions, R. nasutus, Paraeuchaeta spp. and

L. wolfendeni clustered closely together due to minimum amounts
of the membrane FAs 14:0 and 16:0 and extraordinarily high
amounts of 16:1(n � 7) and 18:1(n � 9) (cluster B, Fig. 3). In R.

nasutus, 16:1(n � 7) comprised 26% TFA and 18:1(n � 9) 29% TFA.
Total lipid compositions were very different compared to R. cornu-

tus. More than 90% of TFAlcs were 14:0 (46% TFAlc) and 16:0 (48%
TFAlc). In R. nasutus, bacterial contribution to their diet was almost
zero. On the other hand, this species had a very high 16:1
(n � 7)/16:0 ratio of 9.2. With high 18:1(n � 9), but also high
16:1(n � 7) amounts, the CI was around 0.5.

The FA composition of Paraeuchaeta gracilis was clearly
dominated by the carnivory marker 18:1(n � 9) (49% TFA), while
16:1(n � 7) was present in moderate amounts (7.5% TFA).
Particularly 16:1(n � 7) was much higher in P. hanseni, P. barbata
and P. aequatorialis (18–21% TFA). In contrast to these three species
and L. wolfendeni, P. gracilis exhibited high amounts of 20:5(n � 3)
(7.4% TFA) and 22:6(n � 3) (17% TFA). P. hanseni, P. barbata, P.
aequatorialis and L. wolfendeni contained moderate amounts of
the calanid marker FAs 20:1(n � 9) and 22:1(n � 11). TL and WE
contents were generally high in this group, with TL ranging from
42% DM in P. gracilis to 48% DM in P. hanseni and WE from 65%
TL in P. hanseni to 78% TL in P. barbata. The dominant FAlcs were
14:0 and 16:0, comprising around 90% TFAlc in P. gracilis (17%
and 73% TFAlc, resp.). Similar to their FA compositions, P. hanseni,
P. barbata, P. aequatorialis and L. wolfendeni contained moderate
amounts of the long-chain monounsaturated FAlcs 20:1(n � 9)
and 22:1(n � 11). The sum of bacterial markers was low ranging
from 1.6% TFA in P. gracilis to 2.8% TFA in L. wolfendeni with dietary
contributions approaching zero (BI 6 0.2). The degree of carnivory
was higher than in all other species ranging from 0.7 in P. hanseni

to a maximum of 0.8 in P. gracilis (Fig. 4).

4. Discussion

The present study provides detailed insights into inter- and
intra-specific differences in trophic characteristics of dominant
calanoid copepods on a broad latitudinal scale in the tropical and
subtropical eastern Atlantic Ocean. Stable nitrogen and carbon
isotopes in combination with lipid compositions have proven to
reliably resolve trophic levels and dietary relationships not only
at high, but also at lower latitudes (Lee et al., 1971b; Lee and
Hirota, 1973; Dalsgaard et al., 2003; Schukat et al., 2014; Teuber
et al., 2014). In the present study, the carnivory index (CI) based
on fatty acid trophic markers generally agreed with trophic levels
(TP) derived from d15N analysis. Both classified most of the
copepods as omnivorous (mean CI �0.5, TP = 1.8–2.5) or carnivo-
rous (mean CIP 0.7, TPP 2.9). This was further supported by

lipid-corrected d13C0 values, which were on average 2–3‰ higher
than d13C of POM. However, d13C values are less useful than d15N
for the identification of trophic levels, because the enrichment
per trophic level is much weaker and more variable (usually
�1‰ per TP in d13C vs. 3.4‰ per TP in d15N; Hobson and Welch,
1992; Hobson et al., 2002).

4.1. Life strategies and specific feeding modes

The majority of the species, e.g. Pleuromamma spp., Undinula
vulgaris, Rhincalanus cornutus, Scolecithrix danae and Euchirella pul-

chra, were opportunistic omnivorous feeders. This is typical of low
chlorophyll environments also at higher latitudes, where particle-
feeding copepods generally ingest the most abundant food items
(Kattner et al., 1989). Fatty acid profiles of the different copepod
species were generally in line with previous results from the trop-
ical and subtropical eastern Atlantic Ocean (Teuber et al., 2014)
and the Benguela Current upwelling system (Schukat et al.,
2014). Four major species clusters (A, B, C and R), revealed by prin-
cipal component analysis, reflected different life-strategy types
characterized by specific dietary preferences. These generally
agreed with the three large groups initially described by Lee and
Hirota (1973): Group A comprised epipelagic to mesopelagic cope-
pods with high turn-over rates (Teuber et al., 2013; Bode et al.,
2013), while lipids were usually absent (except for Neocalanus

gracilis). Group B consisted mainly of deep-living omnivorous to
carnivorous species (except Rhincalanus nasutus) with lower meta-
bolic rates (Teuber et al., 2013; Bode et al., 2013.) and high lipid
storage. In contrast, group C and R (and R. nasutus) accumulated
large lipid reserves undergoing ontogenetic vertical migrations.

The large group of constantly feeding, epi- to mesopelagic
species (group A) was characterized by non-migrating, epipelagic
U. vulgaris, N. gracilis, S. danae, E. pulchra as well as vertically
migrating P. robusta, P. xiphias, and P. abdominalis (Ambler and
Miller, 1987). These species exhibited fatty acid compositions
dominated by the principal membrane components 16:0, 20:5
(n � 3) and 22:6(n � 3). The extremely high amounts of 22:6
(n � 3) may also derive from increased feeding of these epi- to
mesopelagic species on dinoflagellates, which have neutral lipids
high in this fatty acid and are usually more abundant in oceanic
oligotrophic regions than larger phytoplankton species such as dia-
toms (for a detailed table showing the fatty acid biomarkers see
Parrish, 2013). Furthermore, the dietary contribution of bacteria
was more important in this group than in the other species, while
low levels of phytoplankton biomarkers suggested minor phyto-
plankton uptake and/or immediate catabolism of ingested phyto-
plankton lipids. Epipelagic S. danae and mesopelagic E. pulchra

were the most carnivorous species in this generally lipid- and
wax ester-poor group. U. vulgaris, on the other hand, showed the
highest proportion of bacterial contributions to their diet, which
can be expected in this strictly epipelagic, tropical species
(Ambler and Miller, 1987; Madhupratap and Haridas, 1990). How-
ever, it is not clear whether the bacterial fatty acids were directly
derived from bacteria (e.g. feeding on suspended particles) or from
feeding on ciliates or other small heterotrophic plankton (e.g. cope-
pod nauplii), which themselves feed directly upon bacterioplank-
ton and are very abundant in tropical oceanic waters (Calbet and
Saiz, 2005; Ederington et al., 1995; Turner, 2004).

In general, epipelagic tropical copepods experience a year-round
continuous, but poor food supply and therefore they do not accu-
mulate large lipid deposits and their fatty acids are usually required
to directly fuel metabolic processes (Lee and Hirota, 1973). How-
ever, Neocalanus gracilis exhibited moderate total lipid contents
(16% DM) and significant, but quite variable amounts of wax esters
(18–56% TL). These values were higher than those reported for N.
gracilis by Kattner and Hagen (2009; TL and WE both 10%), while
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fatty acid compositions were similar.N. gracilis is known to perform
ontogenetic vertical migrations (OVM) on a very small scale within
the upper 300 m (Ambler and Miller, 1987; Shimode et al., 2009).
Copepodids CI of N. gracilis apparently do not feed and carry a large
oil droplet in their body as energy reserve, but do not enter dor-
mancy (Shimode et al., 2009). Lipid and wax ester levels were sig-
nificantly lower than those of their high-latitude congeners. They
are known to perform extensive seasonal OVM including a develop-
mental descent of late copepodids, which overwinter in diapause
(Ohman, 1987; Tsuda et al., 2001; Lee et al., 2006; present study).
However, maintaining the ability to accumulate energy reserves
may be of evolutionary advantage for Neocalanus sp. also in highly
competitive, oligotrophic environments.

Lipid and wax ester contents of CV copepodids of C. carinatus
and females of R. nasutus and R. cornutus were much higher com-
pared to N. gracilis. OVM including diapause is known for CV stages
of C. carinatus in coastal upwelling systems (Verheye et al., 2005).
CVs of C. carinatus were collected only below 500 m off the
Northwest African and Angolan-Namibian coast obviously belong-
ing to the offshore resting component of the population, which will
eventually be transported back onto the shelf (Verheye et al.,
2005). High concentrations of diatom markers and a minimum CI
(0.3) indicate intensive feeding on diatoms as active stages at the
surface during short periods of high productivity. C. carinatus

exhibited the second lowest dietary contribution of bacteria com-
pared to all other species. While wax esters are accumulated based
on highly nutritious phytoplankton during short-term blooms
(Verheye et al., 2005; Schukat et al., 2014), bacterivorous ciliates
apparently do not cover nutritional demands for long-term sur-
vival (Ederington et al., 1995; present study). A CI of 60.3 seems
to be typical for mostly herbivorous copepods, which is similar
to 0.2 for C. carinatus in the Benguela Current System, calculated
from Schukat et al. (2014) and Teuber et al. (2014). Even lower
CIs of around 0.1 were calculated for herbivorous Arctic Calanus

spp. from Graeve et al. (1994a). Although d15N values (6–7‰)
and trophic levels of C. carinatus CVs were higher than expected,
they were within the range of previous studies (Schukat et al.,
2014; Teuber et al., 2014). The calculated trophic level may be
somewhat biased, as the diapausing copepodids previously fed at
different times at the surface, presumably with a different baseline
d15N of POM. Furthermore, heavier 15N isotopes may accumulate
slowly over a long time period in these deep-dwelling, diapausing
stages, depending on their residence time at depth. This is further
supported by their unusually heavy d13C0 signal compared to the
other copepod species.

Large amounts of total lipids and wax esters were found in both
R. cornutus and R. nasutus, which agrees with studies off southern
California (Lee et al., 1971b), in the Arabian Sea (Schnack-Schiel
et al., 2008), the tropical Atlantic (Cass et al., 2011; Teuber et al.,
2014) and the Benguela upwelling system (Schukat et al., 2014).
Dormancy of copepodids CV and females of R. nasutus, R. rostrifrons
and other Eucalanidae occurred in tropical and subtropical, also
non-upwelling oceanic regions, while dormant females were able
to quickly respond to small-scale upwelling events (Ohman et al.,
1998; Schnack-Schiel et al., 2008; Shimode et al., 2012a,b). Their
quiescent stages seemed to be event-driven rather than seasonally
determined by an internal clock (Ohman et al., 1998). Although
dormancy has not been studied yet in R. cornutus, it is likely to
be shared among tropical-subtropical Rhincalanus species
(Shimode et al., 2012a). This is supported by our observation that
some individuals were easily caught with a pipette showing no
reactions, while other specimens were very active and hard to
catch (data not shown). Furthermore, high lipid and wax ester
levels in these species may provide neutral buoyancy and thus per-
mit constantly low locomotion activity without sinking (Cass et al.,
2011). This matches the generally sluggish life-style with low

metabolic rates of eucalanid species (Flint et al., 1991; Ohman
et al., 1998; Bode et al., 2013; Teuber et al., 2013).

However, lipid profiles and dietary preferences of R. nasutus

(cluster B) and R. cornutus (cluster R) were very different from each
other. R. nasutus seemed to be largely feeding on phytoplankton
indicated by high levels of diatom markers, minimum bacterial
contributions and considerable percentages of phytanic acid. The
latter is derived from phytol, a component of chlorophyll, and thus
either derived directly from feeding on phytoplankton or via phy-
todetritus (Sargent and Henderson, 1986). In contrast, R. cornutus
was more omnivorous and diatoms were of minor dietary impor-
tance. These feeding preferences match the distributional pattern
of the two species, as R. nasutus was caught only in the proximity
of the Canary Current and Benguela Current, similar to C. carinatus,
while R. cornutus was ubiquitously distributed along the cruise
track. Furthermore, two alternative synthetic pathways of lipids
have been suggested for R. cornutus and R. rostrifrons, on the one
hand, and for R. nasutus and its Antarctic congener R. gigas on the
other hand (see details in Cass et al., 2011). In addition to trophic
influences, genetic predisposition likely plays a significant role in
determining the principal lipid profile of copepods (Persson and
Vrede, 2006; Cass et al., 2011), which is further supported by the
results of the present study.

Deep-living Lucicutia wolfendeni and Paraeuchaeta spp. con-
tained high amounts of total lipids and wax esters, together with
the highest degree of carnivory (cluster B). Except for P. gracilis,
high amounts of 16:1(n � 7) together with the calanid marker fatty
acids 20:1 and 22:1 suggested preying on diapausing calanids such
as C. carinatus (Hagen et al., 1995; Laakmann et al., 2009a,b). In
case of L. wolfendeni, which can be a detrivore or opportunistic car-
nivore, feeding on C. carinatus could be either via direct predation
or consumption of dead carcasses (Gowing and Wishner, 1998).
This ‘‘trophic shortcut” from primary production in the surface
layer to the deep sea via seasonally vertically migrating copepods
was also found in polar oceans (e.g. for P. barbata) (Hagen et al.,
1995; Laakmann et al., 2009a,b). Species of Paraeuchaeta and Luci-

cutia may synthesize 16:1(n � 7) de novo at least to a certain
extent, indicated by elevated amounts of this fatty acid also in P.

gracilis, which was hypothesized for euchaetid species by Hagen
et al. (1995). The enrichment of 16:1(n � 7) biases the CI and thus
should not be considered as a diatom marker in these clearly car-
nivorous species. Due to much higher concentrations of 16:1
(n � 7) in P. aequatorialis, this species had a lower CI compared to
P. gracilis, even though the trophic level of P. aequatorialis was
higher than that of P. gracilis. Lucicutia aff. L. grandis in the Arabian
Sea was described as primary detritivore and opportunistic carni-
vore, feeding on a wide variety of detrital material, prokaryotic
and eukaryotic autotrophs, bacterial aggregates and metazoans
(Gowing and Wishner, 1998). In contrast, Paraeuchaeta spp. are
clearly rheotactic predators (Auel, 1999).

Copepods usually have trophic levels between 2 and 3, while a
few species such as the very large Gaussia princeps reach TPs
greater than 3 (Hobson et al., 2002; Schukat et al., 2014). Such a
high trophic position coincides with a high CI of 0.85 in G. princeps,
calculated from Teuber et al. (2014). Thus, copepods as a taxo-
nomic group show very diverse feeding modes and dietary spectra,
encompassing a wide range of trophic levels (Schukat et al., 2014).

4.2. Regional differences

Fatty acid compositions of the copepods were clearly species-
specific and did not reveal remarkable intra-specific spatial
differences between oceanic provinces. This coincided with the
generally opportunistic feeding strategies and thus can be
expected in low-latitude oceanic regions with constant, but low
primary production. The only important exception was that the
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diatom ratio 16:1(n � 7)/16:0 in the two samples of C. carinatus

CVs from the BCIR was higher (3.2) than in specimens from the
TNA (1.6) and the STSA (1.4) (Fig. A, Appendix). Accordingly, the
CI was lowest in the BCIR (0.2 compared to 0.3–0.4 at TNA and
STSA). This agrees with findings indicating that the life cycle of her-
bivorous copepods is strongly linked to seasonal phytoplankton
blooms occurring only during a short time period. Copepods
responded to seasonal changes in phytoplankton assemblages at
higher latitudes (Kattner et al., 1989; Stevens et al., 2004;
Gentsch et al., 2009) and during upwelling blooms (Escribano
and Pérez, 2010), as marker fatty acids mirrored available food
items such as typical flagellates or diatoms. Furthermore,
P. abdominalis and R. cornutus had significantly lower CIs in the
BCIR (p-value 6 0.008), while P. xiphias showed significantly lower
proportions of bacterial feeding in the BCIR (p-value = 0.001) com-
pared to all other regions. R. cornutus showed maximum bacterial
indices in the TNA and STSA, which were higher than in the STNA
(p-value 6 0.02) and BCIR (p-value > 0.05). In contrast, P. robusta
exhibited a significantly higher degree of carnivory in the BCIR
(p-value = 0.01). Opportunistic copepods can obviously adapt their
feeding toward herbivory, if phytoplankton is readily available

(Landry, 1981; Gentsch et al., 2009; Escribano and Pérez, 2010).
Other species (here P. robusta), however, may take advantage of
potentially rich supplies of zooplankton prey during periods of
high productivity.

Geographical differences in d15N values of the different epi- to
mesopelagic copepod species reflected corresponding spatial dif-
ferences in baseline d15N of POM (D. Fonseca-Batista, pers. comm.,
2015). The observation that d15N of zooplankton follows seasonal
(e.g. Goering et al., 1990; Montoya, 1994; Rolff, 2000) and regional
(e.g. Montoya et al., 2002; McClelland et al., 2003; Schmidt et al.,
2003; Hauss et al., 2013; Sandel et al., 2015) changes at the food-
web base holds true on a large geographic scale. However, the
majority of these studies were conducted on bulk, size-
fractionated zooplankton samples, only few studies analyzed indi-
vidual species (Schmidt et al., 2003; Hauss et al., 2013; Sandel
et al., 2015). In the present study, d15N of POM was highest in
the STSA region and severely decreased (<0‰) in the BCIR (D.
Fonseca-Batista, pers. comm., 2015). Negative d15N signals of
POM in the BCIR may be explained by preferential uptake of 14N
nitrate by phytoplankton, when nitrate is readily available upon
mixing or injection of subsurface nutrients into the surface layer
(Holmes et al., 2002; Montoya et al., 2002). The most intensive
upwelling in the northern Benguela Current system generally takes
place from September to November. Low SST and SSS together with
low d15N of POM and elevated chl a signals in the BCIR during the
time of sampling indicate the influence of the Benguela Current
upwelling. Negative d15N values of POM (�2.8 to �0.2‰) were also
reported after equatorial upwelling in the Atlantic Ocean in north-
ern hemisphere spring (Montoya et al., 2002). Other biological pro-
cesses, such as excreted ammonia and N2-fixation processes, may
also lead to decreased d15N signals of POM in respect to
deep-water nitrate (global range: 3–6‰) (Mino et al., 2002).
N2-fixation extensively contributes to the nitrogen budget of the
oligotrophic North Atlantic (Montoya et al., 2002), and, especially
in the TNA, may be enhanced by atmospheric dust input (Sandel
et al., 2015). Apparently, upwelling did not affect the other regions
during the present study, as indicated by water column stratifica-
tion, high SST and low chl a signals. Therefore, the intermediate
d15N values of POM (0.9–2.9‰) in the TNA and STNA rather suggest
the influence of excreted ammonia and/or N2-fixation processes
followed by remineralization and assimilation of this nitrogen.
The higher d15N values in the STSA (2.1–4.7‰) suggested that these

Fig. 3. Principal component analysis (PCA) based on fatty acid compositions. Copepod species (all females except copepodids CV of C. carinatus) are arranged along the first
two principal components PC1 and PC2 resulting in four clusters (A, B, C, and R).

Fig. 4. Carnivory indices (18:1(n � 9)/Rherb. markers + 18:1(n � 9)) of the different
copepods arranged as box plots according to increasing degree of carnivory. Boxes
include the 5th and 95th percentiles, while whiskers show the variability outside
the lower and the upper percentile. Black dots indicate outliers. Mean trophic levels
derived from d15N stable isotope analysis were added as gray dots (± standard
deviation) for each species along the right y-axis. CV = copepodid CV, f = female.
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contributions were lower or even absent during the time of sam-
pling, while very low, but steady supply of advected nitrate rather
fueled phytoplankton production (Mino et al., 2002; Montoya
et al., 2002; D. Fonseca-Batista, pers. comm., 2015).

Unexpectedly, trophic levels of copepods, calculated from d15N
differences between POM and consumer, strongly deviated
between the BCIR and other regions (Table 1). On average, calcu-
lated trophic levels were 0.9 units higher in the BCIR as compared
to other regions. It is not very likely that these differences indeed
reflect real changes in feeding mode and dietary composition, as
such a dramatic decrease of one unit TP would mean a change from
carnivorous feeding (TPP 3) to herbivory (TP = 2). Moreover,
respective shifts in the CI based on fatty acid profiles were not
observed. Therefore, we assume that trophic positions in the BCIR
have been overestimated by the d15N approach. In particular, find-
ing an appropriate d15N baseline for the food web comprises a chal-
lenging task in such a highly dynamic system as the BCIR. Varying
and not exactly known turnover and integration times of stable
isotopic signatures in primary producers, protozoans and copepods
can lead to delays, before periodic changes of baseline d15N are
fully incorporated into body tissues of primary consumers
(O’Reilly et al., 2002; Schmidt et al., 2006). This phenomenon
may be even more pronounced in higher-level consumers, which
applies to the majority of tropical and subtropical copepods
(Hobson et al., 2002; Schukat et al., 2014; this study). Episodic
upwelling usually leads to an initial decrease in the d15N of primary
producers due strong phytoplankton discrimination toward the
lighter nitrogen isotope, followed by an increase in d15N as nitrate
becomes depleted again (Montoya et al., 2002). The extremely low
d15N of POM in the BCIR suggests that a recent upwelling event
triggered a new phytoplankton bloom with excess nitrate concen-
tration (O’Reilly et al., 2002). Due to high turnover rates (growth
rates of 1.2 d�1 or higher) and nitrogen uptake, phytoplankton
stable isotope signatures respond within a few days (or faster) to
the new upwelling signal (O’Reilly et al., 2002), whereas copepods,
in particular deeper-dwelling species and/or higher trophic levels,
will only change in stable isotope signature with a substantial time
lag. Thus, spatial and seasonal changes in nutrient resources can
drive significant and rapid fluctuations at the food-web base
(Rolff, 2000), which are not immediately reflected in higher trophic
levels due to their longer turnover times (Montoya et al., 2002;
O’Reilly et al., 2002; Schmidt et al., 2006). Taking advantage of dif-
ferences in 15N enrichment in glutamic acid relative to phenylala-
nine, compound-specific isotope analysis of these amino acids may
clarify the magnitude and time-scales, on which short-time
variations of nutrient resources propagate into the food web and
may lead to a more accurate determination of zooplankton trophic
positions (McClelland and Montoya, 2002; McClelland et al., 2003;
Hannides et al., 2009; Larsen et al., 2013).

4.3. Vertical differences

d15N values of copepod species in the different food webs of the
eastern Atlantic Ocean were rather independent of their depth of
occurrence. Pareucalanus was the only genus showing marked
increases of d15N and trophic level from epi- to bathypelagic
depths. However, at least two different species, similar to Pareu-

calanus sewelli, were pooled so that observed changes in d15N could
be affected by species-specific differences, emphasizing the impor-
tance of individual species measurements. Due to extensive diel
vertical migrations of species such as Pleuromamma spp. with
night-time feeding at the surface and excretion and fecal pellet
production at depth, copepods play an important role in the
vertical flux of organic and inorganic matter from surface to deeper
layers (Longhurst and Harrison, 1988, 1989; Longhurst et al., 1990;
Zhang and Dam, 1997; Steinberg et al., 2002). They maintain a

dynamic exchange with the euphotic zone and thus are actively
involved in transforming the biochemical and stable isotope com-
position of POM (Laakmann and Auel, 2010). The fact that regional
differences were observed among species from epi- to mesopelagic
depth layers (e.g. R. cornutus, N. gracilis, P. abdominalis, P. gracilis)
indicates that fractionation processes by primary producers in
the euphotic zone propagate along the food chain to deeper layers
(Koppelmann et al., 2009; Laakmann and Auel, 2010).

Species restricted to deeper layers below the euphotic zone,
such as Paraeuchaeta spp., Gaetanus spp., Chirundina streetsii, Scot-
tocalanus securifrons, Metridia princeps and Megacalanus princeps,
had generally higher d15N values compared to species that also
occurred in the euphotic zone. This agrees with the overall increas-
ing tendency toward carnivory with greater depth for deep-sea
species (Polunin et al., 2001; Auel and Hagen, 2005; Laakmann
and Auel, 2010), due to the absence of phytoplankton and propor-
tionally increased availability of detrital aggregates and secondary
production (Sugisaki and Tsuda, 1995). The high degree of carniv-
orous feeding is further supported by high CIs of �0.7 for Paraeu-
chaeta spp. (Teuber et al., 2014; present study) and even higher
CIs of 0.8–0.9 for L. wolfendeni (present study), Gaetanus pileatus

and Megacalanus princeps, calculated from Teuber et al. (2014).
Concerning predatory Paraeuchaeta spp. (Auel, 1999), their
increased d15N signals may be predominantly related to an increas-
ing number of trophic steps between consumer and food web base.
In species that rely to a greater extent on suspended particles than
on predatory feeding such as Lucicutia (Gowing and Wishner,
1998; Koppelmann et al., 2009), increased d15N may be due to
both, increase in trophic steps and ingestion of suspended POM
enriched in d15N in the deep ocean. This is in line with findings
from the oligotrophic Mediterranean, where d15N of size-
fractionated zooplankton increased from meso- to bathypelagic
depth by one trophic level, while d15N of sinking POM increased
only slightly with depth (plus 0.3–1.3‰) (Koppelmann et al.,
2003). Therefore, sinking and suspended POM need to be
distinguished, as the stable isotope composition of sinking POM
generally does not change much over depth compared to sus-
pended POM, which becomes significantly enriched in 15N with
depth (Altabet, 1988). Such enrichment of suspended POM (up to
10‰) was observed at the lower limit of the euphotic zone due
to decomposition by zooplankton and microbial processes as well
as disaggregation of sinking particles (e.g. Saino and Hattori,
1980, 1987; Altabet and McCarthy, 1985; Altabet, 1988; Holmes
et al., 1999; Mintenbeck et al., 2007; Koppelmann et al., 2009).
Below 300 m, d15N of suspended POM remained constant
(Holmes et al., 2002; Koppelmann et al., 2003, 2009). This explains
why d15N in deep-sea organisms primarily feeding on suspended
POM is expected to be generally higher than in surface organisms,
but does not further increase with increasing depth.

The deep-sea community may rely to great extent on organic
matter sinking out from the euphotic zone (Sasaki et al., 1988).
For example, in the North Pacific sinking particulate organic carbon
flux alone is potentially high enough down to 4000 m to meet
nutritious needs of suspension feeding copepods, which them-
selves are an abundant food source for carnivorous copepods
(Sasaki et al., 1988). Due to the time required for some particles
to sink from the euphotic zone to greater depth, the seasonal pat-
tern in d15N of sinking POM in the bathypelagic zone may be
delayed by several weeks to months (Voss et al., 1996; Holmes
et al., 2002). Both, the enrichment in d15N of suspended POM and
delay of sinking POM, may explain why the d15N signals of
deeper-living species (e.g. Gaetanus pileatus, S. securifrons, Metridia

princeps) did not show the same regional trend as the epi- to
mesopelagic species, since they rely to a large part on suspended
and/or sinking particles. Furthermore, it is not certain if the d15N
enrichment of 3.4‰ per trophic level can be reliably applied in
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the deep-sea, as transfer efficiencies may be higher in food-limited
environments (Childress and Thuesen, 1992; Koppelmann and
Weikert, 2000). Copepods that feed at higher trophic levels and
have lower metabolic rates and longer turn-over times, typical of
deep-sea copepods (Koppelmann and Weikert, 2000), should gen-
erally show little response to temporal changes in d15N (Montoya,
2007). To establish an appropriate baseline for these deeper-
dwelling species, d15N of sinking POM (sediment traps), suspended
POM (water samples) and of individual species of the deep-sea
food web from low to high trophic steps need to be more closely
studied in future. This will be essential to truly understand trophic
transfers and energetic processes in the deep sea.

5. Conclusions

As a prerequisite to understand the functioning of different food
webs, we need to understand the roles of key species. Widely dis-
tributed copepod species seem to be useful indicators of differing
nitrogen sources (Hauss et al., 2013) over wide latitudinal ranges.
However, baseline d15N data, preferably from different nitrogen
sources and depth layers, are essential for correct interpretations.
More data on stable isotope compositions at species level with a
high geographical resolution are needed, together with informa-
tion on feeding behavior and d15N of organic matter, to better
understand the pathways of nitrogen in the food webs. This is
especially important for deep-sea zooplankton to gain new insights
into life cycles, transfer efficiencies and trophic enrichment factors
at great depth (Koppelmann and Weikert, 2000). During the period
of our study, the only intra-specific differences in fatty acid profiles
were observed in the BCIR, which was influenced by the Benguela
Current upwelling. This suggests that food availability and compo-
sition is widely homogeneous throughout the tropical and subtrop-
ical open Atlantic. During other seasons, equatorial upwelling and/
or shifts in the position of the ITCZ are likely to affect primary pro-
duction, food availability, and hence, trophic biomarker profiles in
zooplankton consumers (Schlosser et al., 2014). Nevertheless, trop-
ical and subtropical calanoid copepods adopted a wide variety of
life strategies with specific feeding, while the generally low con-
centrations of bacterial markers, even in species containing high
amounts of storage lipids, indicate that bacterial fatty acids do
not contribute substantially to copepod long-term nutrition
(Ederington et al., 1995). Species-specific patterns of storage lipids
at lower latitudes strongly resemble those of high-latitude con-
geners (e.g. Calanoides, Rhincalanus, Neocalanus, Paraeuchaeta), sug-
gesting that dietary preferences and pathways are to a large extent
genetically determined (Cass et al., 2011). For example, the evolu-
tionary capacity to biosynthesize and deposit wax esters seems to
be worth maintaining for some species, since small-scale variabil-
ity and competition for food in tropical and subtropical waters can
be high. The evolution of various life strategies, vertical habitat
partitioning and specialized feeding appear to be major drivers of
niche separation for copepod species, allowing such a high diver-
sity and abundance also in tropical and subtropical oceanic regions
(Ambler and Miller, 1987; present study). Finally, zooplankton
community composition affects the energy transfer efficiency of
food webs and ecosystem functioning. Species composition itself
is most likely determined by the oceanographic regime, as it sets
the general frame of the food web base to meet species-specific
nutritional demands, which ensures growth, reproductive success
and survival.
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