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ABSTRACT: Macrosetella gracilis is closely associated with the epipelagic filamentous cyanobacteria 
OsciUatoria (Trichodesmiurn) spp., which serve as food for adults and as a substrate for the non-pelagic 
juveniles. Plankton sampling in the Red Sea in 1980-81, using a multiple opening-closing net with 0.1 
mm mesh, revealed M. gracilis populations from the surface to the deepest stratum sampled (1650 m).  
Their population biology was investigated in the central and northern Red Sea, and included analysis of 
ontogenetic composition and size distribubon, sex ratio and percentage of egg-bearing females. By 
relating population structure differences to variations in the abundance of Tr~chodesmium spp. at  the 
surface, a hypothetical life cycle for the copepod could be proposed. (1) Reproduction takes place only in 
surface waters during blooms of Trichodesmjum spp. (2) Short-term, diurnal vertical migrations are not 
apparent. (3) At the surface and in the lower meso- and bathypelagic zone, the female population 
consists mainly of small specimens; in the upper part of the oxygen minimum zone, a t  300 to 450 m, 
long-lived large, non-reproductive females are congregated. The significance of these midwater 
populations in the life cycle of M. gracilis is discussed under 2 alternative assumptions: (a) the copepods 
s u ~ v e  periods of Trichodesmium spp. scarcity in a resting phase, or (b) the part of the population in 
deep waters is moribund. The unusually deep occurrence of M gracilis may have some significance for 
the nutrient cycle in these waters. 

INTRODUCTION 

Massive blooms of the marine filamentous cyanobac- 
teria Oscillatoria (Trichodesmium) spp. are a charac- 
teristic feature in Red Sea surface waters (Carpenter 
1983). For tropical marine plankton communities, the 
Trichodesmium blooms have a 2-fold significance. (1) 
The cyanobacteria use molecular nitrogen as an addi- 
tional nitrogen source (Goering et al. 1966) and thereby 
become an important primary producer in oligotrophic 
marine areas, as in the Red Sea. Naqvl et al. (1986) 
estimated that nitrogen fixation by Trichodesmium 
may contribute 6 O/O to total primary production in this 
area. (2) The dense mats of Trichodesmium filaments 
that drift on the sea surface serve as a substrate for a 
specific association of organisms. Members of this com- 
munity include bacteria and phytoplankters, such as  
the dinoflagellate Peridinium trochoideum and diatoms 
of the genus Nitzschia, as well as the hydroid Pelagiana 
trichodesmiae (Borstad & Borstad 1977). The harpac- 
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ticoid copepod A4acrosetella gracilis Dana, 1848 is the 
largest and phylogenetically most advanced member of 
this microcommunity yet discovered. Trichodesmium 
filaments serve as food for the adults (Roman 1978) and 
as a substrate for the non-pelagic juveniles, which 
grasp the filaments by their hook-like appendages 
(Bjornberg 1965). 

The relative abundance of Macrosetella gracilis 
wlthin the total copepod community of tropical seas is 
poorly known. Michel & Foyo (1977) reported it as one 
of the 10 most common copepod species in the Carib- 
bean Sea, where Trichodesmiun~ bloon~s can be 
observed regularly (Borstad & Borstad 1977, Corredor 
1977, Carpenter 1983). It accounted for about 1 % of the 
total number of copepods, excluding nauplii, sampled 
with 0.1 mm mesh nets in the upper 2000 m. This is 
somewhat lower than the corresponding value (3 %) in 
the upper 1650 m in the Red Sea found by Bottger 
(1987). 

The nauplii of Macrosetella gracilis have been sam- 
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pled in plankton nets only in cases when Trichodes- 
mium blooms were occurring (Krishnaswamy 1951, 
Tokioka & Bien 1966). The vertical range of the habitat 
of these juveniles is determined by the vertical exten- 
sion of the bloom. This can be quite variable, ranging 
from a few centimetres (Devassy e t  al. 1978) to several 
metres (Belogorskaya 1970, Bryceson 19801, but is gen- 
erally restricted to surface waters. 

The occurrence of later copepodids and adults is not 
restricted to the surface. They have been found in the 
Atlantic Ocean to a depth of 1750 m (Grice 1963, Owre 
& Foyo 1964) and Weikert (1982) has also reported its 
occurrence in deep waters of the Red Sea. It is still 
unknown whether a relationship exists between sur- 
face populations and deep water specimens of Mac- 
rosetella gracilis and if so what the nature of relation- 
ship may be. Existing information on the vertical dis- 
tribution and migration is rather scarce (Moore & Foyo 
1963, Roehr & Moore 1965) and insufficient to prove 
any hypothesis on this question. There is no informa- 
tion at all available on possible seasonal or production- 
related differences in the depth distribution of M. 
gracilis populations. The ontogenetic composition and 
sex ratio of surface and deep water populations are also 
unknown. 

This lack of information may be mainly due to the 
facts that mesh sizes of about 0.3 mm, as frequently 
used in marine zooplankton investigations (Roehr & 
Moore 1965), are not adequate for quantitatively 
sampling this very slender copepod species (Bottger 
1985), and that finer mesh net sampling in pelagic 
regions has generally been restricted to the upper 
200 m. 

The present paper is based on samples taken with 
0.1 mm mesh nets. It considers the population structure 
and vertical distribution of Macrosefella gracilis in the 
upper 450 m of the central and northern parts of the Red 
Sea during autumn and winter. Some preliminary infor- 
mation is also included on the deeper layers, down to 
1650 m. All developmental, stages of the copepod have 
been included in the analysis, although the smallest 
nauplii may not have been sampled quantitatively. 
Several population parameters, such as ontogenetic 
composition, sex ratio, size and  percentage of egg- 
bearing females are used to characterize different M 
gracilis populations in the region studied. By correlating 
the findings with regional and seasonal variations in the 
abundance of Oscillatoria (Trichodesmium) spp., a gen- 
eral outline of this copepod's life cycle is proposed. 

MATERIAL AND METHODS 

Zooplankton samples were collected from the RV 
'Valdivia' in the northern Red Sea, above the Kebrit 

Deep, between 9 and 15 October 1980; and in the 
central Red Sea, above the Atlantis I1 Deep, between 15 
October and 8 November 1980, and between 21 and 24 
February 1981. The geographical locations are shown 
in Fig. 1. A single reference station, situated north of 
the Kebrit Deep, was sampled on 9 October 1980. 

Fig. 1. Plankton sampling stations in the Red Sea during 
Meseda 3, 1980-81 

The sampling was part of a multi-disciplinary 
environmental research program, Meseda 3 (Thiel et  
al. 1986). A multiple opening-closing net with a mouth 
area of 0.25 m2 (Weikert & John 1981) equipped with 
5 nets of 0.1 mm mesh was towed vertically at a speed 
of 0.5 m S - ' .  The depth of the net was determined by 
the length of the towing wire during the sampling in 
October and November and by a depth-pressure re- 
corder in February. As the wire angle was less than loo, 
the actual depth limits of the vertical strata sampled 
varied less than + 3 m from the preset values. 

The routine program sampled the upper 450 m of the 
water column at  50 m intervals. A total of 27 vertical 
series were evaluated, 10 series each from the Atlantis 
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I1 Deep and the Kebrit Deep, and 1 series from the 
northern reference station during autumn, plus 6 verti- 
cal series from the Atlantis I1 Deep during winter. 
Equivalent numbers of day and night samples were 
taken at  each of the permanent stations. Samples at the 
northern reference station were collected during the 
night. Daytime samples were collected between 03:OO 
and 17:OO h (local time) in the Kebrit Deep area and 
between 1l:OO and 15:OO h in the area of the Atlantis I1 
Deep. The night-time samples were taken between 
03:00 and 05:OO h and between midnight and 04:OO h. 
In autumn 1980 additional samples were taken in the 
Atlantis I1 Deep area from the upper 100 m at  smaller, 
20 m intervals, and from the deeper water layers down 
to 1650 m at  larger intervals. In the upper 100 m, 3 
vertical series were taken during the day and 2 at  
night. Between 450 and 1050 m, 2 series of samples 
were taken at 150 m intervals, one during the day and 
one at night. Between 1050 and 1650 m 1 night-time 
series at 200 m intervals was collected. Depending on 
the strata sampled and assuming a filtration efficiency 
of 100 O/O, the volumes filtered ranged from 5 m3 (20 m 
intervals) to 50 m3 (200 m intervals). 

Samples were fixed in a 4 O/O formaldehyde-seawater 
solution buffered with hexamethylene tetramine. For 
sorting and storage, they were tranferred into a pre- 
servative of 5 % propylene glycol, 0.5 % propylene 
phenoxetol, and 94.5 % filtered seawater (Steedman 
1976). Copepods were counted under a stereomicro- 
scope. In most cases, the entire sample was counted. 
Fem.ales, males, copepodids and nauplii were counted 
separately. The numnber of egg-bearing females was 
noted in each sample, but only data from the night-time 
series will be considered here. The daytime samples 
had been fractionated through larger-sized mesh 
gauze earlier, so that some of the females lost their egg 
sacs, which could not be identified in the samples. 
Empty exoskeletons and copepods showing an ad- 
vanced degree of internal disintegration (carcasses) 
were counted separately and are not included in the 
abundance data. 

Due to fixation, most of the copepods were slightly 
bent, so the size measurements include some uncer- 
tainties. In the present study, only females were con- 
sidered for sizing and were grouped into 2 classes: 
< 1.2 mm and > 1.2 mm (anterior tip of prosome to end 
of caudal rami). A more precise analysis of the size 
frequency distribution was made on a limited number 
of individuals (Bottger-Schnack 1989 [companion arti- 
cle]). Females contained various numbers of small 'oil 
droplets', which possibly serve a s  a means of fat stor- 
age. From each region and season, 50 to 100 females 
were selected from samples of the epipelagic and 
mesopelagic zone to determine the degree of fullness 
with oil droplets. 

The occurrence of Trichodesn~ium filaments was 
semiquantitatively estimated in all 0.1 mm mesh net 
samples and was categorized as 'none', 'very few', 
'few' or 'many'. A more precise abundance estimate 
was made for samples of the uppermost 0 to 50 m or 0 to 
20 m depth range at the Atlantis I1 Deep during autumn 
1980. Samples taken in February, and those taken in 
the northern Red Sea, contained only very few fila- 
ments. In each of these 2 cases quantitative evaluation 
of filaments was restricted to 1 arbitrarily selected 
surface sample for comparison. The numbers of fila- 
ments were estimated from small subsamples, between 
U200 and 1/6000 of the entire net sample. The sub- 
samples were filtered through membrane filters with 
0.45 pm pores, stained with a 4 % eosine and 1.4 % 
aniline solution, and counted under a microscope a t  
1 0 0 ~  magnification. The number of filaments actually 
counted ranged from 20 to 500 per subsample. 

For the entire water column, temperature profiles were 
obtained using a multisonde. Salinity and dissolved 
oxygen were determined from water samples during 
October and November 1980, but in February, a multi- 
sonde was used. The profiles were plotted using the 
mean values of usually 2 or 3 data sets at each of the 
permanent stations. In the Kebnt Deep, the temperature 
profile was derived from a single vertical series. At the 
northern reference station, no  environmental data were 
obtained. 

RESULTS 

Environmental data 

At all 3 stations 2 water masses, characteristic for the 
Red Sea, were evident: a warm surface layer with 
reduced salinity extending to a depth of 100 to 150 m 
and a deeper water mass with constant temperature 
and salinity down to about 2000 m (Fig. 2). In October 
and  November 1980, sharp temperature gradients 
between 50 and 100 m separated the isothermal and 
isohaline deep water mass (21.7"C and 40.5 X I O - ~  S) 
from a thin zone of surface water at temperatures of 28 
to 30°C and salinities of 39.5 X 10F3 S in the central Red 
Sea and 39.7 X I O - ~  S in the north. In February 1981, 
surface temperatures In the central Red Sea had cooled 
to 24 "C. The temperature in the upper 100 ni remained 
almost constant, but beneath this depth,  it gradually 
decreased. The salinity profiles showed a marked gra- 
dient between 80 and  130 m. This was more pro- 
nounced than during autumn (Fig. 2). Oxygen concen- 
trations in the surface zone were high (4 to 5 m1 O2 I-'), 
but decreased sharply below 100 m. Minimum values 
of < 1.3 m1 O2 1-I were found in the central Red Sea 
between 300 and 600 m (Fig. 2). In the northern Red 
Sea (Kebrit Deep), the oxygen minimum zone was 
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Fig. 2. Vertical profiles of temperature (T), salinity (S), and dissolved oxygen (02) in the northern (Kebrit Deep) and central Red 
Sea (Atlantis I1 Deep). (Modified from Lange et al. 1981) 

situated deeper, and the minimum oxygen concen- concentrations were found in the central Red Sea 
trations were somewhat higher than in the central part, (Atlantis I1 Deep) in autumn 1980, during Trichodes- 
as commonly found in the Red Sea (Morcos 1970). mium bloom conditions. Only on this occasion were 

juveniles (nauplii and copepodid stages I to V) encoun- 
tered. Results are thus presented for this period first 
and taken as a basis to feature the specific differences 
at  the remaining surveys. 

Trichodesmium spp. 

Filaments of Trichodesmium were encountered in 
the upper 50 or 20 m depth zone at  all 4 sampling 
stations, but mostly at low abundance values, in the 
range of 104 to 105 filaments m-2. A bloom of Tri- 
chodesmium occurred in the Atlantis I1 Deep area in 
autumn 1980. Abundance values varied considerably 
during the 3 wk sampling period, from about 104 to 108 
filaments m-' (Fig. 3). 

Highest numbers of Trichodesmium were always 
present in the uppermost net samples. During bloom 
conditions, single filaments were found down to 450 m. 
Contamination of the closed nets during hauling 
through the dense surface patches cannot be ruled out, 
though this should not have been very significant. In 
the Kebrit Deep area, solitary filament bundles were 
present in the net samples to a depth of 150 m. 

Central Red Sea, October and November 1980 

Both juvenile and adult stages were mainly concen- 
trated in the uppermost 50 or 20 m depth interval 
sampled (Table 1). Beneath this surface zone, juveniles 
were found irregularly and in low numbers only. Adults 
were less confined to the surface waters. On the aver- 
age only two-thirds of the males and one half of the 
females inhabiting the upper 450 m of the water col- 
umn were caught in the 0 to 50 m interval (Table la). 
But within the upper 100 m zone (Table lb),  where 
samples were taken at close intervals, about 80 % of 
the adults and almost 100% of the juveniles were 
caught in the 0 to 20 m surface layer. Thus, numbers 
per m2 obtained from 50 or 20 m surface samples 

Macrosetella gracilis appeared to be roughly comparable and were com- 
bined for the following analysis. 

Populations of Macrosetella gracilis were present in Within the surface zone (0 to 50 m and 0 to 20 m), the 
the sampled depth range at all stations considered abundance of Macrosetella gracilis stages showed a 
during this study. Total abundance, vertical distribu- substantial variation. Total ranges of values are given 
tion and population structure, however, varied consid- in Table 1. The time sequence of the data, as presented 
erably among stations and sampling dates. Highest in Fig. 3, did not indicate any systematic day-night 
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differences. Rather, the dominating feature was excep- 
tionally low abundance values on 2 out of 15 sampling 
dates. The differences were most pronounced for 
juvenile stages. These were caught as single specimens 
only on these 2 dates, whereas adults were present in 
numbers of about 700 m-' at the same time. On all 
other dates, juveniles outnumbered adults on average 
by a factor of about 4. 

The variation in the abundance of Macrosetella 
gracilis at the surface appeared to be closely related to 
changes in the abundance of Tnchodesmium filaments, 
which were exceptionally rare on the same 2 sampling 
dates (Fig. 3). Spearman rank correlation coefficients 
(r) poved to be highly significant (p < 0.01) for both 
juvenile groups - nauplii (r = 0.70) and copepodids I to 
V (r = 0.78) - and for females (r = 0.61). For males, the 
variation was less pronounced and the correlation with 
Trichodesmium abundance was statistically significant 
at the 5 % level only (r = 0.48). 

In the 50 to 450 m depth range, compared to the 
surface layer, the variation of abundance values was 
generally less pronounced among sampling dates (see 
ranges in Table 1). The occurrence of juveniles was 
strongly related to the surface conditions - the abun- 
dance sequences in both depth ranges closely parallel 
each other (Fig. 4).  For adults, on the other hand, there 
was no indication for any correlation with the surface 
population or with Trichodesrniurn conditions. A com- 
plete picture of the variation in the vertical distribution 
pattern is given in Fig. 5 for males and 2 slze groups of 
females. The concentration of males decreased more or 
less continuously with depth and towards the end of 
the sampling period, whereas for females In total, some 

I '  " " ' 
Da te  19 21. 23. 25 27 29. 31 1 3. 5. 7 irregular layering was indicated beneath the surface 

OCTOBER NOVEMBER 1980 zone, without any general trend over time. Large fema- 
Fig. 3. Temporal variation in the abundance of Trichodes- its (> 1.2 mm), however, showed a conspicuous and 
miun~ spp. filaments and Macrosetella gracilis juveniles and 
adults beneath m Z  in the upper 50 m (., o) or 20 m in co~~sis tent  pattern, with minimum concentrations 
the Atlantis I1 Deep during October and November 1980. Solid between 50 and 250 m and a secondary maximum in 

symbols: night; open symbols: day. Note logarithmic scale the range 250 to 450 m (Fig. 5). 

log ~ 1 l . l r n 2  

COPEPODIDS I - V  

FEMALES 

M A L E S  

Table 1. Macrosetella gracihs. Abundance of juveniles and adult beneath 1 m' (a) in the upper 450 m (a) and (b)  in the upper 100 m 
above the Atlantis I1 Deep during October and November 1980. X: arithmetic mean; R: range; n: number of sampling series 

Depth (m) Juveniles 
(Nauplii + copepodids) Females Males 

n R R X R X R - 

Adults 

(a) Upper 450 m 
0-50 10 4200 (0-1 1000) 1400 (190-3800) 1300 (280-3700) 

5 0 4 5 0  10 235 (0-520) 1400 (1200-2 100) 740 (260-1500) 

(b) Upper 100 m 
0-2 0 5 

20-100 5 
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loq (nlm2.1) 

1 7 " ,  
Date 19. 21. B. 25. 27 29 31.1. 3. 5. 

OCTOBER NOVEMBER 1980 

Fig. 4. A4acrosetella gracilis. Number of nauplii and cope- 
podids I to V beneath 1 m2 in the upper 50 m and 50 to 450 m 
in the Atlantis I1 Deep during October and November 1980. 
Solld symbols: night; open symbols: day. Note logarithmic 

scale 

Among females, small specimens were generally 
dominant. On average, individuals < 1.2  mm ac- 
counted for 75 O/O of all females in the upper 450 m. This 
proportion varied among profiles over the wide range 
of 50 to 90 %. Within the surface layer, the proportion of 
small females was regularly above ? 0 % ,  (with one 
exception only), and within the depth of the secondary 
maximum of large females it was in the range 50 to 
70 %. 

Size differences were also apparent in the percent- 
age  of females bearing eggs. In the surface zone 34 O/O 
of small females carried egg sacs, as compared to only 
19 O/O of large females, giving a n  average of 31 % for all 
females. In the vertical profile low numbers of egg- 

bearing females were also found regularly down to 150 
m, and single specimens were collected as deep as 450 
m. The sex ratio was, on average, well balanced at  the 
surface, but varied between 2 : l  and 0.3:l females to 
males at  high and low Trichodesmium concentrations, 
respectiveIy. 

The restricted number of sampling profiles going 
down to 1650 m revealed that Macrosetella gracilis 
populations beneath 450 m consisted mainly of females 
(Table 2a). Males and juvemles combined accounted 
for only 5 % of all individuals sampled in this extended 
depth range. Juveniles were caught irregularly and 
may have entered the samples as contaminants from 
the surface waters. Males were regularly present but 
decreased in abundance toward greater depths. The 
female population was not reproductive at these 
depths. Only one egg-bearing specimen was found, 
which may also have been introduced as a contami- 
nant. The proportion of large females (> 1.2 mm) de- 
creased with increasing depth. Between 1050 and 
1650 m, nearly all individuals were smaller than 1.2 
mm (Table 2b). 

Central Red Sea, February 1981 

In winter 1981, the population of Macrosetella 
gracilis in the central Red Sea consisted exlusively of 
adults. One single nauplius was caught at 400 to 450 m. 
Females were predominant, accounting for 90 O/O of the 
total number of copepods in the upper 450 m (Table 

Table 2. Macrosetella gracilis. Population structure in various habitat zones within the upper 1650 m of the water column above 
the Atlantis I1 Deep during autumn 1980. 

(a) Standing stock of juveniles and adults: mean numbers (N m-') beneath 1 m2 and percentages (%) in given layers. n: number of 
sampling series 

Depth (m) Females Males Juveniles Ratio Ratio 
n N m-' O/o N m-' O/O N m-2 O/O adu1ts:juv. fema1es:males 

(b)  Standing stock of small (< 1.2 mm) and large (> 1 2 mm) females. For abbreviations, see Table 2a 

Depth (m) < 1.2 mm > 1.2 m Ratio 
n N m-2 O/O N m-' O h  < 1.2:> 1 2 mm 
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Table 3. Macrosetella gracilis. Temporal and regional variat~on in abundance beneath 1 m2 in the upper 450 m. (a) Atlantis I1 
Deep. February 1981; (b) Kebrit Deep. October 1980, (c) northern reference station, October 1980. X: Arithmetic mean; R: range; 

n: number of sampling series 

Depth Females Males Juveniles Ratio 
(m) n X R X R females : males 

(a) Atlantis 11. Feb 1981 1 0-50 6 70 
50-450 6 2100 

(b) Kebrit, Oct 1980 
0-50 10 

5 0 4 5 0  10 

(c) Northern, Oct 1980 
0-50 1 

50-450 1 

0 4 5 0  1 

a Solitary find 

3a).  Comparing autumn 1980 and February 1981, the 
standing stock of females was at the same level, while 
the standing stock of males was one order of magnitude 
lower in winter 1981. 

The vertical distribution of males was not very consis- 
tent, but showed a generally increased concentration 
with depth (Fig. 6). Values of > 1 ind. mp3 were only 
found below 200 m and mostly between 300 and 400 m. 
The sex ratio of females to males shifted with increasing 
depth in favour of the females, from a mean ratio of 2:l  in 
the upper 50 m to a mean of 10:l below 300 m. 

Females showed a more distinct deep concentralon 
maximum at 300 to 400 m, which was consistent during 
day and night and for both size groups (Fig. 6). Larger 
females (> 1.2 mm) congregated almost exclusively in 
the deep concentration maximum, whereas smaller 
females also showed some irregular concentrations 
above 300 m. The size composition of the females 
correspondingly changed abruptly a t  250 m. In the 
pooled samples from the deeper layers of each profile, 
individuals > 1 . 2  mm accounted for 40 to 60 % of total 
females, compared to only 4 to 9 % above 250 m. Egg- 
bearing females were collected sporadically between 
the surface and 150 m. Egg-bearing females in surface 
samples made up 3 O/O on average, which is very low 
compared to the 10 times higher value observed in 
autumn. 

Northern Red Sea, October 1980 

At the Kebrit Deep (24"N) and the northern refer- 
ence station (26"N, Fig. l ) ,  sampled in autumn 1980, 

the populations of Macrosetella gracilis consisted 
almost exclusively of adults (Table 3b, c). In the upper 
450 m, the range of variation in the total standing stock 
was much lower in the Kebrit Deep area than in the 
central Red Sea during the same season (Table 1). 
Females predominated, accounting for > 70 O/O of 
adults. Total numbers of M. gracjlis and the size com- 
position of females from the single northern reference 
station were similar to those from the Kebrit Deep, but 
distribution patterns differed considerably. 

In the Kebrit Deep area, males were concentrated 
mainly in the upper 50 m (Fig. 7) ,  with a mean abun- 
dance of 2.6 ind, m-3. A small secondary maximum was 
found at 350 to 450 m. Females showed the same 
general distribution pattern with 2 concentration max- 
ima, of which the deep maximum was however much 
more pronounced (Fig. 7). Mean concentration in both 
peaks was 2 to 3 ind. m-3 and this pattern was con- 
sistent during both day and night. Large females 
(> 1.2 mm) dominated. They congregated preponder- 
antly at greater depths, whereas the majority of the 
smaller females were concentrated in the upper 50 m 
(Fig. 7) .  Egg-bearing females were regularly found in 
the upper 50 m and occasionally egg-bearing individu- 
als descended as deep as 150 m. At the surface about 
16 % of females carried eggs. A size-related difference 
was not apparent in this case. The sex ratio of females 
to males averaged 0 .8 : l  in the surface zone and 
increased to 7: 1 at 350 to 450 m. 

The vertical distribution pattern of Macrosetella 
gracilis observed at the northern reference station dif- 
fered from that near the Kebnt Deep in 2 main features 
(Table 3c): (1) males congregated at greater depths 



Bottger-Schnack & Schnack: Macrosetella gracllis in the Red Sea 25 

0 - 

100- 

200- 
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t TOTAL FEHALES 

21 1 2 2 .  1 23. 1 2L. 
N I N I D I D I N I D  

Depth 
(m) 

21.122. 1 23. 1 2L 
N I N ~ D I D I N I D  

D a t e  
T ime 

21.122 1 23  1 2L 
N ] N I D I D I  N I D  

t M A L E S  

Depth  
(m) 

D a t e  
T i m e  

FEMALES c 1 2 m m  FEMALES > 1 2 mm 

21.1221 23 1 24. 
N I N I D I D I N I D  

0 1 2  1nd/m3 

Mid-po~nrs of Ihe 
sampled depth s t r o t o  
No l n d ~ v ~ d u a l  
samp led  

A Somple used l o r  l eng th  
frequency a n o l y r ~ s  

N Night  

Mid- po ln t s  of the 
sampled depth s t r o t o  

Fig. 6. Macrosetella gracilis. Vertical distribution of adults 
the Atlantis I1 Deep during February 1981 

below 300 m; (2) there was also no surface maximum found in individuals from deeper water layers than in 
for females; they were concentrated at 350 to 450 m those from the surface zone. However, individuals 
(2.5 ind. m-3) and were mainly large (> 1.2 mm). Fema- taken a t  the surface during highest concentrations of 
les with egg sacs were found irregularly between 50 to Trichodesmium (Atlantis I1 Deep, Fig. 8C), also con- 
300 m. The sex ratio of females to males shifted from tained many oil droplets. 
0.2:l in the upper 50 m to 2:l at 350 to 450 m. 

DISCUSSION 
Oil droplets in female Macrosetella gracilis 

Population structure and life cycle of Macrosetella 
The quantity of oil droplets in female Macrosetella gracilis in the Red Sea 

gracilis was regularly considered during the present 
analysis as an obvious special feature that might be When resolving the vertical structure of a plankton 
related to the condition of the stock. Results from all population by the use of closing net samples, the possi- 
stations and for different Trichodesmium situations are bility of contamination of deep samples by surface 
summarized in Fig. 8. Generally, more oil droplets were organisms has to be  considered. For the sampling 
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KEBRIT DEEP ATLANTIS n DEEP 
OCTOBER /NOVEMBER 1980 FEBRUARY 

0- 50m 1981 

loo 

N 61 

Degree of full- 
ness with o i l  

none 

f e w  dropiris 

hal f  f u l l  

f u l l  1 
Fig. 8. Macrosetella gracilis. Degree of fullness with oil drop- 
lets observed in females from various water depths. N: 
number of individuals examined. A, B. C: various densities of 
Trichodesmium filaments in the upper 50 m; A = 4 filaments 

I-', B = 70 filaments I-', C = 650 filaments 1-' 

device used in the present study, Weikert & John (1981) 
presented some quantitative assessment on this prob- 
lem and indicated small contamination effects only, 
using a larger mesh size of 0.3 mm. Reducing the mesh 
size, and thus the sizes of organisms considered, might 
in principle increase the contamination problem. How- 
ever, in the present study, distinct differences were 
observed between surface and deep water populations. 
Contamination obviously had no severe effect on the 
sampling results, however for organisms caught 
sporadically and in low numbers only, depth allocation 
remains uncertain. 

In general, the population structure of Macrosetella 
gracilis during autumn and winter differs substantially 
within the Red Sea. Trichodesmium appears to be the 
key factor governing the ontogenetic composition, the 
size distribution of adults, the sex ratio, and the 
percentage of reproductive females. The details pre- 
sented under 'Results' are schematically summarized in 
Fig. 9, which serves as a basis for some generalization 
and discussion of principle features of the population 
biology of this species in the Red Sea.  In the following , 
the paragraph numbering corresponds to the number- 
ing of populations of M. gracilis in Fig. 9. 

(1) Reproduction of Macrosetella gracilis populations 
is restricted to sea surface layers and depends on 
Trichodesmium bloom conditions. Only within these 
blooms do the pseudopelagic nauphi and copepodids 
find the substrate of filaments they need for their 
development. The abundance of the copepod within 
the bloom is correspondingly high. Female and male 
copepods are present in almost equal numbers, and a 
large proportion of the females carry egg sacs. On 
average small females (< 1.2 mm) are more numerous 
and have a higher percentage of egg-bearers than 
larger females. 

(2) In the water column beneath a Trichodesmium 
bloom, the population consists mainly of adults. The 
sporadic occurrence of juveniles remains uncertain, as 
some of these small individuals may also have entered 
the closed sampling nets during hauling through the 
densely populated patches of Trichodesmium. Males 
are less abundant than females at this depth. The 
difference in sex ratio between surface and deeper 
layers may indicate a lower survival rate of males at  
greater depths. Alternatively, a greater downward flux 
of females seems possible. Also within the group of 
females, larger specimens (> 1.2 mm) seem to move 
down more rapidly or s u ~ v e  longer a t  greater depths 
than smaller ones, as their proportion increases with 
depth. The passive sinking velocity of copepods has 
been found to vary between 36 and 720 m d-' (Parsons 
et  al. 1977). Thus, it seems possible that these copepods 
sink to a few hundred meters within a very short time. 
The possible retarding effect of the long, thin body 
form of Macrosetella gracilis on its s inhng  velocity has 
not been investigated, however. 

(3) Without a Trichodesmium bloom, a s  in February 
1981, no surface population of Macrosetella gracilis 
develops. Females > 1.2 mm congregate in the upper 
part of the oxygen minimum at  a depth of 300 to 400 m. 
The abundance of smaller females also increases with 
depth, but shows no strong tendency to congregate at  a 
certain depth. Males are rare in this winter situation 
and juveniles are no longer present. A small percent- 
age  of females is still carrying egg-sacs in the near- 
surface water down to 150 m, but juveniles cannot 
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develop successfully, because sufficient amounts of 
Trichodesmium are lacking. It can be presumed that 
the autumn population of M. gracilis is still present in 
the following winter. After reproduction in Trichodes- 
rnium-rich surface waters, the adults congregate at 
greater depth just above the oxygen minimum zone. 
The ecological significance of this behaviour will be 
discussed in the next section. 

Regional differences observed in the vertical distri- 
bution pattern of Macrosetella gracilis can be summa- 
rized and interpreted as follows (cf. Fig. 9): 

(4)  Regarding the midwater population present at 
depths of more than 300 m, the autumn situation in 
the northern Red Sea (Kebrit Deep) looks similar to 
the winter situation in the central Red Sea, when no 
Trichodesmium bloom was noticed. It is a small popu- 
lation, characterized by a low proportion of males and 
a lack of juvenile stages. The dominance of large 
females, however, is much more pronounced in the 
Kebrit Deep. The aggregation of large females is 
found ca 100 m deeper than in the central area, which 
corresponds to the regional differences in the depth of 
the oxygen minimum zone (Fig. 2). Thus, it may be 
assumed that the decreasing oxygen concentrations 
act as a stimulus that prevents larger females from 
descending further. 

(5) In Kebrit Deep, the surface population of Macro- 
setella gracilis is completely separated from the popu- 
lation at midwater depths. It resembles Populat~on (1) 
found in the central Red Sea during the Trichodesmium 
bloom with respect to sex ratio and size composition of 
females. However, this northern population is less 
numerous than Population (1) and has a lower mean 
percentage of egg-bearing females. Juvenile stages are 
not present, and Trichodesmium is scarce. This surface 
population of M. gracilis may be part of an expanding 
Population actively reproducing within a Trichides- 
mium bloom nearby. Such a bloom may well be missed 
during a survey because of the very patchy distribution 
of Trichodesmium. Alternatively, the observed Popula- 
tion (5) may be interpreted as part of an old surface 
population after bloom conditions have disappeared. It 
may have been separated from the related deep popu- 
lation by drift processes. 

(6) North of the Kebrit Deep, at 26ON, only one deep 
Macrosetella g r a c h  population was found, which 
resembled Population (4)  of the Kebrit Deep with 
respect to abundance and size composition of the fe- 
males. However, the large proportion of males seemed 
to be atypical for a midwater population of this species, 
according to the population structure observed farther 
to the south. The limited data compiled from a single 

SCALE I 

NORTHERN RED SEA 
AUTUMN 1980 

26' N I 2L0 N 
FEW TRICHODESMIUM 

Fig. 9. MacroseteUa gracjljs. Schematic depiction of population structure in the central and northern Red Sea during autumn and 
winter, 1980-81 Numbers (1) to (6) refer to explanations given in the text 
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vertical series are insufficient for a reasonable interpre- 
tation of this regional difference in the population 
structure. 

The results so far obtained on the population struc- 
ture and vertical distribution of Macrosetella gracilis in 
the Red Sea above a depth of 450 m allow the following 
general conclusions: 
- Reproduction of the copepod takes place only in the 

epipelagic zone in areas with large amounts of 
Trichodesmiun7 spp. 

- Midwater populations consist of adult Macrosetella 
gracilis only. After developn~ent in the surface zone 
during favourable conditions, they congregate in the 
mesopelagic zone in the upper part of the oxygen 
minimum layer. Diurnal vertical movements are not 
apparent. 

- The midwater populations are dominated mainly by 
large females (> 1.2 mm) and continue to exist after 
conditions for reproduction are no longer favourable. 

Ecological significance of midwater and deep sea 
populations of Macrosetella gracilis 

The conspicuous depth distribution of Macrosetella 
gracilis raises questions concerning the function of the 
deep-dwelling part of the population within the life 
cycle of the copepod. Two explanations are presented 
here. 

Firstly it is suggested that the midwater population 
represents a resting stock surviving at this depth until 
favourable Trichodesmium conditions develop again 
at the surface. Such resting stocks are known from a 
variety of calanoid copepod species, which are under- 
going a 'diapause' (Alldredge et al. 1984). In the Red 
Sea, a deep population of Rhincalanus nasutus, dwel- 
ling in the oxygen minimum zone at  450 to 600 m, is 
also considered to be  such a resting stock (Weikert 
1980, 1982, Beckmann 1984). For marine harpacticoid 
copepod species, similar phenomena have not previ- 
ously been reported. One reason for this may be that 
the relatively few pelagic harpacticoid species are too 
scarce to be sampled in sufficient numbers by tradi- 
tional methods to allow a detailed investigation of 
their depth distribution (Boxshall 1979). Moreover, 
species such as Macrosetella gracilis and Microsetella 
spp, have not been sampled quantitatively by the 
commonly used 0.3 mm mesh nets. This was demon- 
strated by simultaneous sampling using 0.3 m and 0.1 
mm mesh nets during the Meseda 3 cruise in the Red 
Sea. No juveniles and only one tenth of the adult A4. 
gracilis were retained by the coarser mesh size (Bott- 
ger 1985). 

The high number of oil droplets observed in the 
deep-living females indicate considerable lipid stor- 

age,  typical for resting stages of calanoid copepods 
(Conover 1962, Hirche 1983, Alldredge et  al. 1984). A 
biochemical analysis of the Macrosetella gracilis speci- 
mens for physiological determinations such as protein, 
lipid or enzyme content is not practicable after fixation 
in formaldehyde. In particular, the lipid content of 
copepods can be  greatly reduced by formaldehyde 
fixation (Morris 1972). The determination of metabo- 
lism, including respiration, excretion and mobility, is 
also possible only with living specimens. Therefore, the 
presence of resting stages of M. gracilis can only be 
inferred. If M. gracilis has an ontogenetic migration 
cycle only one phase of it, the downward migration, 
was observed dunng the present study. It remains to 
be determined whether an  upward migration occurs 
during other periods or in other parts of the Red Sea. 

Secondly, the possibility has to be  considered that 
the deep population of Macrosetella gracilis is 
moribund. The relative percentage of carcasses among 
the deep population, however, was not significantly 
higher than that among the surface population. Fur- 
thermore, compared to the percentage of carcasses of 
other copepod species, that for M. gracilis was rather 
low. In view of the different distribution pattern ob- 
sewed for the 2 size groups of females, it may also be  
possible that only the population of large females 
(> 1.2 mm) represents a resting stock, while the smaller 
females are produced in surface waters for rapid repro- 
duction and do not survive non-bloom periods. 

Generally, the occurrence of Macrosetella gracilis in 
deep waters is of special importance for the nutrient 
cycle in the area studied. Nitrogen flxed by Tricho- 
desmium spp, at the sea surface is transported into 
deep water by the copepod and becomes available for 
other planktonic organisms there after excretion or 
through the food web. The relative importance of M. 
gracilis within total copepods, which are  the most 
numerous metazoan group in 0.1 mm mesh nets, was 
far greater in the deep sea (40%) than a t  the surface 
(2 %) (Bottger 1987). It is still too early to estimate 
nitrogen input to the deep sea via M. gracilis, as  
important numerical data on this copepod a t  depths 
below 500 m are restricted to a few sampling series in 
the Red Sea. In evaluating the ecological significance 
of Trichodesmium spp,  blooms in tropical pelagic 
areas, however, these processes will have to b e  taken 
into account. 

Comparison with other pelagic areas 

The abundance data for adult Macrosetella gracilis 
in the Red Sea can be compared with those from other 
fine mesh net sampling programs (c 0.1 mm mesh size) 
in the southern Atlantic Ocean (Calef & Grice 1966), 
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the Caribbean Sea (Roman 1978) and the Sargasso Sea 
(own unpubl. data). Usually, between zero and over 
100 ind. per m2 of the sea surface were counted in the 
upper 200 m. Extreme values of 6000 ind. m-2 were 
recorded within Trichodesmium blooms (Calef & Grice 
1966). Abundance values observed in the present study 
for the upper 200 m of the Red Sea varied from 120 to 
8300 ind. m-2. They are thus comparable to the more 
extreme values found in the Atlantic. Published infor- 
mation on the abundance of M. gracilis nauplii and 
copepodids is scarce. From data reported by Tokioka & 

Bieri (1966), a mean abundance of 1.4 nauplii m-' can 
be calculated for the upper 10 cm of the water column. 
For the Red Sea,  much higher values have been 
obtained. Even when assuming an equal distribution 
over the upper 20 m, the average abundance of nauplii 
in the upper 10 cm would amount to 25 ind. mP2. This is 
certainly an  underestimation, because the concen- 
trations a t  the surface will be  higher than the average 
value for the upper 20 m. 

Since the in vitro experiments of Bjornberg [1965), it 
is known that blooms of Trichodesmium act a s  potential 
'Kindergarten' for juvenile Macrosetella gracilis. In 
view of the tremendous amount of literature dealing 
with the mass development of these algae in tropical 
pelagic areas (reviewed by Carpenter 1983), the lack of 
any reference to the occurrence of these juvenile 
copepods is surprising. This omission is presumably 
due to the sampling methods used and not to a scarcity 
of the copepod. Zooplankton samples taken within 
Trichodesmium blooms have in most cases been ob- 
tained with 0.3 mm mesh nets, which do not even catch 
adult M, gracilis quantitatively (see above). The larger 
zooplankton organisms associated with Tnchodes- 
mium blooms were investigated in a long-term study 
along the Indian Coast (Nair et  al. 1980). Unfortunately, 
all Trichodesmium filament bundles and thus any M. 
gracilis nauplii that may have been attached to them 
were carefully removed prior to the analysis of the 
zooplankton samples. 

Midwater and deep populations of ~kfacrosetella 
gracilis comparable to that found in the Red Sea during 
the present study have not yet been reported from 
other pelagic regions. All published information on 
finds of M. gracilis in water layers below 200 m (Grice 
1963, Owre & Foyo 1964, Deevey & Brooks 1977, Box- 
shall 1979, Weikert 1982) are based on samples taken 
in 0.2 m or 0.3 mm mesh nets, which cannot catch that 
species quantitatively. In most cases single specimens, 
mainly adults, were found. Some authors assume that 
deep samples have been contaminated by surface 
organisms (Boxshall 1979). In view of the inadequate 
sampllng methods, however, these scattered finds may 
also indicate that this species inhabits deep waters in 
other pelagic regions as well. 
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