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ABSTRACT: A comparative study was conducted between
the central Red Sea and the Gulf of Aden during spring in
February/March 1987. Zooplankton (> 100 pm) standing
stock, determined as carbon and nitrogen content, and com-
munity respiration were measured in 2 layers: in the euphotic
zone and in the underlying layer, the so-called lower
epipelagic zone, down to 200 m. The euphotic zone exhibited
a significantly higher biomass and respiration rate than the
layer below. Standing stock and respiration in the Gulf of
Aden exceeded those in the Red Sea by factors of 3 and 2
respectively (station means for the euphotic zone: 10.3 +
1.3mg C m™® and 34 £+ 0.6 mg O, m™? d7! in the Gulf of
Aden;34 +x14mgCm™>and2.6 = 09 mgO, m >d 'inthe
Red Sea). However, weight-specific respiration was highest in
the Red Sea euphotic zone, amounting to an average of 0.57 =
0.13mg O, mg C~' d™' This corresponds to a daily carbon
turnover rate of 17.2% body carbon per day whereas in the
Gulf of Aden turnover averaged only 11.4% C d™!

Zooplankton research in the Red Sea has so far dealt
mainly with species composition (Halim 1969), vertical
distribution and abundance (Weikert 1982, Beckmann
1984, Béttger 1987). Existing biomass data are based
only on wet weight values or displacement volumes
(summarized by Weikert 1987). There are difficulties in
converting these into carbon values, which is pre-
requisite to relating biomass to metabolism and com-
paring different compartments in ecosystem studies.
Moreover, carbon values are a key to recognizing prin-
cipal differences in biomass composition between crus-
taceans and gelatinous plankton — the former with a
high carbon content and the latter with a low carbon
content (Schneider 1989). So far no data exist, to our
knowledge, on zooplankton metabolism in the Red Sea
and adjacent areas.

In this note we present data on carbon and nitrogen
biomass and community respiration for zooplankton
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(> 100 um) in the upper 200 m of the central Red Sea
and the Gulf of Aden. These data are part of a com-
prehensive study on primary and secondary production
within the euphotic zone and the layer below down to
200 m (Lenz et al. 1988, Weisse 1989, Schneider et al.
1991). Data on ultra- and microplankton metabolism
measured in water-bottle samples and details on
species composition of the mesozooplankton dealt with
here will be reported elsewhere.

Material and methods. The investigation was carried
out during Cruise 5/2 of RV 'Meteor in February/
March 1987. Eleven stations were occupied in Sudan-
ese waters (central Red Sea) and 4 in the Gulf of Aden
(Fig. 1).

The upper 200 m of the water column was divided
into 2 layers, the euphotic zone defined by the 1 % light
level and the lower epipelagic zone (1% light level
down to 200 m). The depth of the 1 % surface light level
was determined by a LI-COR LI-193 SB quantameter
with a spherical sensor (400 to 700 nm). Zooplankton
was sampled in vertical hauls with a 100 um Bongo net
fitted with a Nansen closing device. Hauling speed was
0.5 ms™'. The volume of water filtered ranged between
12 and 20 m? for the euphotic zone and between 28 and
37 m* for the layer below. The catch of one net bag was
used for standing stock analysis and that from another,
which was fitted with a non-filtering beaker, for respi-
ration measurements.

Zooplankton samples were split by means of a Fol-
som splitter into Y2 to Y4 volume subsamples according
to sample size. For biomass estimations, subsamples
were filtered onto precombusted Whatman GF/C glass-
fibre filters. These filters were deep-frozen, and carbon
and nitrogen determined after the expedition by means
of a Perkin Elmer CHN elemental analyzer model
240 C. Precision was % 0.5% for both elements with
acetanilide as reference.
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For respiration measurements 2 subsamples of each
layer were transferred individually into 1.2 1 glass bot-
tles filled with 0.45 um filtered natural seawater. The
bottles were placed in 2 incubators on rotating discs
(3 rpm), to prevent settling of plankton organisms. One
incubator served for the euphotic zone samples and the
other for those of the layer below. The temperature in
each incubator was adjusted to the average in situ
temperature for the zone sampled. The samples were
incubated for a period of 3 h in the dark. The experi-
mental temperature deviated from the average in situ
temperature (Table 1) by not more than 0.5 C".

At the beginning and end of the experiments, two
120 ml subsamples were taken and oxygen content

Table 1. Average in situ temperatures (°C) at the stations
investigated. A: Euphotic zone; B: lower epipelagic zone
(1 % light level to 200 m)

Stn A B
Central Red Sea
66 23 22
81 23 22
86 23 22
91 24 22
108 24 23
121 24 22
137 26 23
151 25 23
165 26 23
180 26 23
189 26 24
Gulf of Aden
246 25 20
255 25 19
269 26 19
274 25 19
1
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Fig. 1. Station map of the central Red Sea (left) and the Gulf of
Aden (right). S.R. = Sanganeb Reef

measured according to the Winkler method. Oxygen
saturation values at the beginning and end of the
experiments varied between 96 and 102% and
between 57 and 74 %, respectively. Deviation in the
results of both subsamples averaged *+ 10 %. Two bot-
tles filled with only 0.45 um filtered seawater served as
controls for the experiments.

Results. The results of the measurements are sum-
marized in Table 2. Zooplankton carbon in the euphotic
zone of the central Red Sea ranged from 1.2t0 5.6 mg C
m~3. The exceptionally high value of 8.3 mg C m~? at
Stn 151 approaches the higher values obtained in the
Gulf of Aden (9.0 to 12.1 mg C m™3). It was excluded
from further analysis because of non-typical hydro-
graphic conditions at this station (see below). Station
means were 3.4 = 1.4 mg C m~° in the Red Sea (with-
out Stn 151}, and 10.3 = 1.3 mg C m™? in the Gulf of
Aden; thus zooplankton carbon in the euphotic zone
was about 3 times higher in the Gulf of Aden than in
the central Red Sea. A similar disparity was observed
for nitrogen. In both areas, the decrease of zooplankton
biomass with depth is indicated by reduced values in
the lower epipelagic zone; the biomass was never more
than quarter of that in the euphotic zone.

The C:N ratio was uniformly 4.2 + 0.5 in the eupho-
tic zone, with no significant differences between the 2
areas. The difference in the ratios obtained for the
lower epipelagic zone, 4.4 = 0.2 for the central Red Sea
and 5.6 £ 0.6 for the Gulf of Aden, cannot be regarded
as significant since only 2 measurements were taken
from the latter region. The similarity in the C:N ratios
thus points to a comparatively uniform chemical com-
position of the zooplankton community.

In contrast to the 3-fold difference in biomass, zoo-
plankton respiration in the euphotic zone of the Gulf of
Aden was only about twice as high as in the Red Sea,
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Table 2. Carbon and nitrogen biomass (mg m™~3) and respiration (mg O, m™* d™?) of the zooplankton community > 100 um in the

euphotic zone (A) and the lower epipelagic zone (B) of the Red Sea and the Gulf of Aden (X: mean; SD: standard deviation)

Stn Carbon Nitrogen Respiration Depth range (m)
A B A B A B A B
Red Sea
66 1.21 - 0.40 - 0.92 - 0-80
81 2.20 0.96 0.53 0.23 - 0.17 0-80 80-200
86 2.13 - 0.51 - 1.33 - 0-85
91 3.23 0.93 0.95 0.23 2.26 0.25 0-60 60-200
108 - 1.19 - 0.28 3.84 0.24 0-60 60-200
121 2.80 1.04 0.79 0.23 1.54 0.17 0-70 70-200
137 4.07 1.11 0.91 0.24 2.78 0.24 0-75 75-200
151¢ 8.26 1.41 2.10 0.34 4.65 0.47 048 48--200
165 4.69 1.07 1.10 0.24 2.20 0.22 0-68 68-200
180 5.55 1.37 1.13 0.29 1.93 0.32 0-65 65-200
189 4.50 0.63 1.03 0.14 2.08 0.29 0-70 70-200
X 3.38 1.04 0.82 0.24 2.10 0.24
SD 1.42 0.22 0.27 0.05 0.86 0.05
Gulf of Aden
246 9.91 - 1.99 - 3.16 - 0-60 60-200
255 10.20 1.24 2.32 0.24 4.24 0.21 0-57 57-200
269 12.10 3.93 2.73 0.66 3.56 0.30 0-63 63-200
274 8.99 - 2.06 ~ 4.43 - 0-55 55-200
X 10.30 2.59 2.28 0.45 3.85 0.26
SD 1.31 1.90 0.33 0.30 0.59 0.06
¢ Not included in means because of exceptionally high values
excepting Stns 108 (excluded because of its anomalously o \
high respiration value) and 151, whereas in the lower Mgl i d :
epipelagic zone respiration decreased considerably by a 60 r—“ |
factor of roughly 10 in both areas (Table 2). Integrated .
respiration rates for the upper 200 m ranged from 130 to ‘ I
294 mg O, m~?d"~!, 83 % of these values being respired L0 ] K
within the euphotic zone. Assuming a respiratory quo- 2 | ‘ !
tient of 0.8 (for a mixed protein-lipid dominated metabol- 20 rs | lg O-AI‘I |
ism), the integrated daily carbon demand of the euphotic *| B
zooplankton community averaged45+ 16 mgCm~™2d™! ‘ 1 ‘ - ’—]—‘ rl—‘
in the Red Sea and 68 + 8 mg C m~2 d™" in the Gulf of 1 I [IRS ] [GoA
Aden (Fig. 2). Below the euphotic zone carbon demand I
decreasedto10 mgCm~2 d~'inbothareas. Zooplankton g0, mg ot g 4
biomass and respiration were higher in the Gulf of Aden I %Cd {79
than in the Red Sea, but the situation was reversed for 06 7 :
weight-specific respiration and carbon turnover (Fig. 2). i : L1s
Inbothlayers metabolic activity was higherin the central 0 ] |
Red Sea than in the Gulf of Aden. Carbon turnover ' : |
averaged 17.2 * 3.9% and 11.4 + 2.8% C d~! in the - L], | 1o
euphotic zone of the central Red Sea and the Gulf of 024 |RS | [CoAl
Aden,respectively,and7.5+ 2.8and3.7 £ 2.0% Cd~tin | I { IS
the lower epipelagic zone. : RS Gcl)A
Discussion. There are a number of methodological Euphotic zone :Lower epipelagic
problems related to metabolism studies. To obtain | zone

measurable metabolic rates, zooplankton concen-
trations in incubation bottles usually exceed natural
densities several times over. Confinement and crowd-
ing may lead to stress, influencing metabolic rates.

Fig. 2. Zooplankton metabolism in the Red Sea (R.S.) and Gulf

of Aden (G.o.A.). Above: Calculated daily community carbon

demand (mg C m~2 d™!). Below: Weight-specific respiration
rate (mg O, mg C~!' d™ ) and turnover rate (% C d™")
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However, general conclusions on this problem are dif-
ficult to draw since different studies revealed some-
what contradictory results (summarized in Omori &
Ikeda 1984). Nevertheless, at quite high zooplankton
densities experimental results seem to lead to under-
estimates. Alternatively, to minimize the effect of
crowding, experiments can be performed with a small
number of individuals and a prolonged incubation
period. Errors may result from starvation of individuals
during incubation in this case, thus again leading to
underestimates of metabolic activity. This is especially
true for tropical and subtropical zooplankton with high
turnover rates (Omori & lkeda 1984). The same prob-
lem arises when maintaining zooplankton without food
for a few hours prior to experiments to reduce stress
from catching and handling. The addition of any kind
of food may introduce other errors. Finally, metabolic
rates are not well defined in zooplankton ecology since
individuals' activity in the incubation bottle is uncon-
trolled. Ikeda (1985) suggested that metabolic rates of
non-feeding individuals showing uncontrolled activity
are close to routine metabolism. However, this term
will become obscured if crowding and/or starvation
affect metabolic rates during incubation.

In view of these drawbacks, inherent to the incuba-
tion method, the accuracy of metabolic rates obtained
from incubation experiments can hardly be checked.
The problems described above suggest that in all prob-
ability rates are underestimates rather than overes-
timates.

Another problem is the separation of zooplankton
from phytoplankton with its interfering metabolic
activity. The interference may be considerable in areas
in which the size distribution of phytoplankton over-
laps that of zooplankton (e.g. systems with high new
production associated with large-sized phytoplankton).
However, the bias due to phytoplankton appears to be
low in oligotrophic areas like the Red Sea, since most
phytoplankton species are rather small here. During
our expedition, Pillen (1989) determined roughly 90 %
of total chlorophyll a ranging from 70 to 550 ng dm "> to
be associated with cells smaller than 20 um in the Red
Sea as well as in the Gulf of Aden. Among the remain-
ing 10 %, exceeding 20 um in size, probably very few
cells were larger than 100 um, so that phytoplankton
interference can be assumed to be insignificant in our
study.

Zooplankton biomass and respiration were found to
be lowest at the 3 northernmost stations in the central
Red Sea (Table 2, Fig. 1), probably reflecting the gen-
eral decrease in productivity from south to north (Halim
1969, Weikert 1987) within the Red Sea.

Exceptionally high values were observed at Stn 151
situated near the southern edge of Sanganeb Reef. *C
assimilation here was also found to be almost double

that at the other stations (0.6 g C m™~2 d~%; Moigis in
Lenz et al. 1988). This higher productivity is probably
due to a doming or upwelling of deeper water masses
in the vicinity of the reef, as indicated by a shallow
nitrocline at 30 m depth (Verch et al. 1989). Such
exceptional conditions at Stn 151 were probably due to
the island effect (Lafond & Lafond 1971). At all other
stations within the central Red Sea, the nutrient-
depleted layer ranged from the surface to at least 60 to
80 m, extending sometimes to more than 100 m (Verch
et al. 1989), and primary production valuesofca 0.3 g C
m~%d ! were obtained (except Stn 108; Moigis in Lenz
et al. 1988). The higher zooplankton biomass in the
Gulf of Aden as compared with the central Red Sea
probably reflects a generally higher productivity of the
Gulf of Aden. Data on '*C assimilation range from 0.2 to
1.6 g Cm~2d™'in the Gulf in contrast to between 0.05
and 0.5 g Cm~2d !inthe central Red Sea (Ryther et al.
1966, Khmeleva 1967, 1970, Krey 1973, Petzold 1986,
Moigis in Lenz et al. 1988, Weikert 1988). These differ-
ences can be attributed to the hydrographical regime in
the Gulf of Aden with its much shallower (40 to 50 m)
and more pronounced nutricline. During our cruise,
nitrate values between 0.2 and 0.4 umol dm™> were
found in the 'nutrient-depleted layer’ in the Gulf of
Aden, whereas values near the limit of detection
(0.05 umol dm™%) were obtained in the central Red Sea.
Inorganic phosphate phosphorus levels were twice as
high in the Gulf of Aden than in the central Red Sea
(Verch et al. 1989). Similar observations were reported
by Grasshoff (1969). However, high production rates
were also obtained in the Red Sea. At Stns 151 and 108
values of about 0.6 g C m~2d~! were measured by
Moigis (in Lenz et al. 1988). In the case of Stn 151 — as
mentioned above — some doming of deeper water
masses may be responsible for the increase in C
assimilation, whereas at Stn 108 no reasons can be
found in the hydrographic data. Shaikh et al. (1986)
determined '*C assimilation rates exceeding 1 g C m™2
d~! with annual values of roughly 400 g C m 2 at 2
stations off Saudi Arabia. Since these values are similar
to those of upwelling areas we do not believe that these
rates are characteristic for the entire central Red Sea.
These observations, however, point to the importance
of local conditions and caution against severe generali-
zations.

In Table 3 the weight-specific respiration rates
obtained in this study for the zooplankton community
of the euphotic zone are compared with similar studies
in other tropical regions. The Red Sea data fit well into
the range of the other data. The Gulf of Aden rates,
however, are considerably below average. This devia-
tion is difficult to explain, as the environmental condi-
tions were quite similar within the euphotic zone of
both areas. However, since only 4 stations were
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Table 3. Comparison of weight-specific respiration rates (mg O, mg C~! d™}) in tropical epipelagic zooplankton. The following
conversion factors were used: C = 40 % of dry weight, 4.86 mcal = 1 ul O, respired, 14.6 mcal = 1 ng C. n: number of data points

Area Range Mean = SD n Source
Sargasso Sea 0.31-1.51 0.68 = 0.36 8 Menzel & Ryther (1960)
Tropical N. Atlantic 0.09-0.79 0.50 = 0.20 15 Schneider & Lenz (1987)
Tropical N. Pacific 0.29-0.75 0.56 = 0.13 14 King et al. (1878)
Equatorial Pacific 0.19-1.42 0.65 + 0.28 32 Shushkina & Pavlova (1973)
Tropical seas 0.19-1.13 0.60 + 0.24 28 Ikeda (1974)
Red Sea 0.35-0.76 0.57 = 0.13 9 This study
Gulf of Aden 0.29-0.49 0.38 = 0.09 4 This study

¢ Copepods

occupied in this region, this finding must be regarded
with reservation.

Another possibility of explaining this deviation is the
difference in the size structure of the zooplankton com-
munity in the 2 areas. Larger organisms have a lower
weight-specific respiration rate than smaller ones due
to the allometric relationship between body size and
respiration rate (e.g. Peters 1983). A microscopical
analysis of the zooplankton samples, the results of
which will be published elsewhere, showed in fact that
larger organisms were more abundant in the Gulf of
Aden samples than in those of the Red Sea. Between 30
and 37 % of all specimens fell into the size class
> 500 um as opposed to between 15 and 26 % in the
Red Sea. The higher share of large organisms associ-
ated with low weight-specific metabolic rates in the
Gulf of Aden would decrease the average weight-
specific rate of the zooplankton community.

The decline in weight-specific respiration rate for the
lower epipelagic zone by a factor of 3 as compared with
the euphotic zone (Fig. 2) can be partly attributed to the
decreasing temperature according to the Qo law.
Other factors, however, must also have played a part,
since the difference in incubation temperature for both
layers was far less pronounced in the Red Sea (1 to 3°C)
than in the Gulf of Aden (5 to 7°C). An increase in
average organism size may be mentioned here, too (see
above). Another factor which could not be checked
under experimental conditions is a possible adaptation
of the zooplankton community to the lower oxygen
content in the deeper layers, leading to reduced respi-
ration {lkeda 1977). Oxygen decreased below the
thermocline, which in both areas lay at the same depth
range as the 1% light level. At 200 m depth oxygen
content averaged 2.2mg 17! in the Red Sea and
0.5ml 17! in the Gulf of Aden (Verch et al. 1989).

More than 80 % of total respiration by the zooplank-
ton community in the upper 200 m, depicted as carbon
demand in Fig. 2, took place in the euphotic zone. A
comparably high degree of metabolic activity within
the euphotic zone was also observed by King et al.

(1978) in the tropical North Pacific. Studying ETS activ-
ity within different water layers, values of 100 to 270
ul O, m 3 h™! were obtained for the 68 to 70 m deep
euphotic zone, corresponding to 7.1 to 18.2 mg O, m™?
h~!. In the lower epipelagic zone between 1% light
level and 200 m ETS activity amounted to only 0.24 to
0.46 01 O, m™ h™! and 0.24 to 0.46 mg O, m~2 h™!,
respectively.

A high metabolic activity is further demonstrated by
the high turnover rate of zooplankton carbon within the
euphotic zone (Fig. 2). Turnover time was 5.8 d for the
central Red Sea and 8.7 d for the Gulf of Aden. Weisse
(1989) measured bacterial standing stock and growth
rate at the same stations during the same expedition.
He found an average turnover time of 0.5 d for the Red
Sea and 1.2 d for the Gulf of Aden. Although carbon
turnover times measured as respiration and biomass
doubling time cannot be compared directly, the latter
being about twice as long as the former in the case of
bacteria, they show the same difference between the
Red Sea and the Gulf of Aden. This observation
stresses the fact that the central Red Sea is disting-
uished by a very high metabolic activity within the
plankton compartments and may thus be taken as an
excellent example for the rapid cycling of matter in
oligotrophic tropical seas.

The metabolic role of metazooplankton (> 100 um) is
a minor one with respect to total metabolism within the
plankton community, as both areas were dominated by
small organisms during the time of investigation. This
is borne out by the fact that ultraplankton (0.45 to
20 um) and microplankton respiration together ranged
from 50 to 120 mg O, m™> d~! with an average of
slightly more than 70 mg O, m~* d~! (Schneider et al.
1991) and that about 80 % of primary production was
found in the size class <2 um (Moigis in Lenz et al.
1988). Since this small phytoplankton is not directly
accessible to most filter-feeding copepods, which made
up the bulk of metazooplankton within the euphotic
zone (Schneider et al. 1991), the conclusion seems
obvious that both phytoplankton and heterotrophic
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protists served as food for metazooplankton as pro-
posed by the concept of Sherr & Sherr (1988), where a
microbial food web is connected with the metazoan
food web.
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