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ABSTRACT: Data from surveys carried out in 1982 and 1990 in the Arabian Sea, and the South and
North Sub-equatorial Divergence regions of the Indian Ocean were used to analyse the spatial distrib-
ution and the size spectra of zooplankton in relation to primary production and hydrophysical dynam-
ics on a scale of hundreds of kilometres. Spatial heterogeneity of biomass distributions increased with
the size of organisms from phytoplankton to macrozooplankton. The zooplankton abundance spectra
changed with hydrodynamic regimes of water dynamics (cyclonic, anticyclonic eddies, frontal zones)
and could be approximated by linear regressions in logarithmic scale. From values of the normalised
spatial variance of plankton biomass components (phyto-, meso-, macroplankton) it is concluded that
heterogeneous 'fields’ of predators exist on more uniform ‘fields’ of prey. Biomass ratios of phytoplank-
ton (chlorophyll a), microzoo-, mesozoo- and macrozooplankton form an inverted pyramid of biomass
in the studied regions. Maximal slopes for zooplankton abundance size spectra have been observed in
regions of maximum primary production, i.e. in regions of high primary production the smallest zoo-
plankton dominate the total zooplankton. This is also true for regions of high phytoplankton turnover.
The ratio of primary production to herbivore production indicates that the highest efficiency of transfer
from autotrophs to heterotrophs is carried out by the smaller zooplankton, The ratio of primary pro-
duction to zooplankton biomass increases as the spectrum slope of the zooplankton abundance
increases. This means that the ratio increases when small mesoplanktonic organisms become more
dominant amongst the mesoplankton size range. Both types of relationships can be approximated by
diminishing non-linear equations. The values of these 2 ratios can change an order of magnitude on a

scale of hundreds of kilometres,
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INTRODUCTION

Before any worthwhile prediction or modelling of the
marine pelagic ecosystem can be achieved, an under-
standing of the functioning and structure of the eco-
system is required. However, it should be noted that
there is no well-developed, generally accepted body of
theory as to why biomass and productivity of pelagic
marine organisms vary greatly in space and time
(McGowan 1989). The primary cause is the lack of ade-
quate data on descriptions of the frequency spectra of
changes of biological, physical and chemical proper-
ties of the system. To understand the consequences
of large-scale variations or anthropogenic impacts on
biological systems, detailed information is required on
the response of pelagic biota to change. It has been
demonstrated that changes in one component, or
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trophic level, of the marine community over several
decades can be representative of the 'whole ecosys-
tem' (Aebischer et al. 1990). Therefore it can be con-
cluded that it is not necessary to monitor every variable
within the ecosystem and that detailed information of a
selection of ‘key’ variables, over time, could indicate
the general patterns of the change within the ecosys-
tem. This implies that a holistic approach is required to
sample the marine ecosystem, possibly through the use
of some integrative characteristics of the ecosystem
structure and variability (Sherman & Solow 1992).

To derive these system characteristics plankton vari-
ability needs to be parameterised. The spatiotemporal
variability of plankton communites has been discussed
by several authors (Haury et al. 1978, Longhurst 1981,
Horne & Platt 1984, Haury & Pieper 1988). This embod-
ies one of the main objectives of our work carried out in
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the tropical zone of the Indian Ocean (the Arabian
Sea), where one of the largest fish stocks of a single
species in the world exists. This species is the myc-
tophid fish Benthosema pterotum and is responsible
for an annual production of 100 million tons (GLOBEC
1993). Copepods are the main diet of myctophids in
this region (Dalpadado & Gjosater 1988). However, the
spatiotemporal dynamics of fish and copepod popula-
tions are little understood for the Indian Ocean.

A further gap in our knowledge of the pelagic
ecosystems of this region are trends in planktonic com-
munities’ spatiotemporal variability. The International
Indian Ocean Expedition highlighted some general
properties of spatiotemporal structure and productivity
of planktonic communities, typical for the scale of the
whole ocean (Rao 1973, 1979). Biological events on a
scale from hundreds to tens of kilometres (synoptic and
mesoscale variability) are still not well understood. On
the other hand, it is known that within this scale in the
western part of the Indian Ocean the variability of
phyto-, micro- and mesoplankton biomass, as well as
primary production, is rather high (Goldberg & Piont-
kovski 1985, Kuzmenko & Georgieva 1985, Kuzmenko
1986, Ostrovskaya 1986, Petipa 1986, Piontkovski et al.
1986). This variability is related to the dynamics of the
water masses which are in the form of eddies and
fronts. These are well studied for the western part of
the Indian Ocean (Kosnyirev & Shapiro 1981, Plotnikov
1986).

The aim of this paper is to evaluate relationships
between some integrative structural and functional
characteristics of plankton communities (community
size spectrum, primary production, ratio between
primary production and biomass of herbivores and
carnivores organisms) on a spatial scale of hundreds of
kilometres.

MATERIALS AND METHODS

Sampling of biological and physical variables was
carried out during surveys of grids of stations (Fig. 1),
at the end of the winter monsoon season (February—
March, 1982 and 1991) from the RV 'Professor Vodyan-
itsky'. The spatial resolution of sampling within the
grids was approximately 50 km. There were usually
about 50 stations within each grid and the data from 4
of these grids surveys were used in this study. Mea-
surements of CTD profiles (Plotnikov 1986, Martyn-
enko et al. 1991), primary production and chlorophyll a
(chl a) (Kovaleva & Kuzmenko 1986, Kuzmenko 1986,
1991, Yunev 1991), abundance and biomass of micro-
zooplankton (Ostrovskaya 1986, Skryabin 1991),
mesozooplankton (Piontkovski et al. 1986, Melnik
1991), and macrozooplankton (Ignatyev 1991) were

taken at each station from the surface to 100 m. At
Grids 34 and 35, biological sampling was conducted
mainly at night, while day sampling was used on the
remaining grids.

Samples for chl a determination were collected by
means of water bottles at 4 to 7 depths within the 0 to
100 or 0 to 150 m layers. Water was filtered through
Synpor filters (1.5 pm) and chl a concentration mea-
sured from 90 % acetone extracts using a spectrophoto-
meter.

The Juday Plankton Nets (mesh size 112 to 142 nm)
were used for mesozooplankton vertical hauls. The
wet weight of samples was measured on board ship
using a WT-500 balance (0.1 mg). Composition of
zooplankton was determined back at the laboratory
from stored 4% buffered formalin samples. Aliquots
(1 ml) were taken from the samples using Stempel
pipettes until sufficient numbers of organisms were
counted. Measured body lengths of individual meso-
zooplankton (around 100 to 200 individuals for each
range) were classified into 11 size ranges: <0.5,
0.5-0.75, 0.75-1.0, 1.0-1.25, 1.25-1.50, 1.50-1.75,
1.75-2.0, 2.0-3.0, 3.0-4.0, 4.0-6.0, >6.0 mm. Zoo-
plankton abundance size spectra were then deter-
mined on the basis of these size ranges. Therefore, our
definition of community size spectrum is the abun-
dance/biomass distribution of individuals over their
range of body sizes.

Regression analysis has been used to investigate links
between characteristics of community size spectra and
primary production (standard statistical software:
Statview SE+Graphics for Macintosh users). Linear re-
gressions were used for zooplankton abundance size
spectra approximations (as a function of body length)
and In(x+1)-transformation applied to both axes.

When sampling throughout the 24 h period, the diel
variations of zooplankton biomass need to be taken
into account. The diel trend was elucidated from mea-
surements of abundance and biomass taken from the
long-term drift station and from the other short-term
stations within the grids. In the latter case, data were
allocated into twelve 2 h periods. The trend was used
to correct the biomass values and to compute 'day’ and
‘night’ maps of zooplankton biomass spatial distribu-
tion. The maps were used for comparisons between
regions. It should be noted that ‘day’ and ‘night’ bio-
mass values differed by 1.5 to 2.5 times.

Macrozooplankton biomass was obtained from
oblique tows with mid-water trawls (mouth area
0.25 m?, mesh size 750 pm) in the 0 to 100 m layer. The
upper size limit of organisms taken from these trawls
was around 50 mm (Ignatyev 1991).

Our aim was to amalgamate all collected data in
order to analyse the size spectra of the whole commu-
nity and determine spectra characteristics and rela-
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Fig. 1. Station grids in the Ara-
bian Sea (Grids 34 and 35), in
the region of the North Sub-
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tionships to primary production. Biomass ratios of the
plankton community for all groups (approximate size
range from 5 pm to 50 cm) were expressed in mg m?
(wet wt) for the 0 to 100 m layer.

To compare some characteristics of the structure and
functioning of the secondary production within the
plankton community the herbivore and carnivore spe-
cies were counted. The species were differentiated
according to their dominant feeding strategy and from
published studies of feeding behaviour (Petipa et al.
1971, Samyishev 1971, 1973, Timonin 1973, Pavlovs-
kaya et al. 1975, Greze & Moryakova 1984). Calcula-
tions of secondary production were carried out on the
basis of herbivorous biomass size spectra and from
estimations of herbivorous species specific production
from the western part of the Indian Ocean, carried out
by Sajina (1986) for the same monsoon period. The
ratio of primary to herbivore production was also esti-
mated.
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RESULTS AND DISCUSSION
Hydrophysical dynamics of waters

Typical features of the mesoscale dynamics of the 4
studied regions (2 grids in the Arabian Sea, and 1 each
in the South and North Sub-equatorial Divergence
regions) are densely packed eddy fields. The structure
of surface waters exhibit a well-developed field of
interacting cyclonic and anticyclonic eddies and
frontal zones (Fig. 1). It is well documented that the
vertical component of water flows is directed upward
in cyclonic eddies, with a counter-clockwise rotation
(in the north hemisphere) and directed downward in
anticyclonic eddies (Plotnikov 1986, Martynenko et al.
1991). As a consequence of these dynamics, cold water
is observed in the centre of the cyclonic eddies, while
warmer waters occur in centres of anticyclonic eddies.
The horizontal dimensions of these eddies were in the
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range of 100 to 150 km (Grids 34 and 35) and vertically
they were measured to depths of several hundred
metres. In the Arabian Sea, eddies exhibit slow latitu-
dinal oscillations. At Grid 34, the velocity of such oscil-
lations was around 0.9 to 2.8 km d-'. Frontal zones
form at the boundaries of these eddies. Maximum cur-
rent velocities were observed at the surface with veloc-
ities declining from south to north: 40 to 25 cm s~ ' in
the southern currents and 34 to 23 cm s~ ! in the north-
ern direction currents. At Grids 34 and 35, the general
water mass transport was dominated by macroscale
northeastern transport. The presence of eddy fields
causes considerable variance in the basic structural
characteristics of the water masses. For example,
within the area of Grid 34 the thickness of the surface
mixed layer changed from 25 m in regions of local
upwelling to 115 m in convergence zones.

A number of different processes may give rise to soli-
tary eddies or an eddy field. In the Indian Ocean, many
eddies are probably formed by Rossby waves during
the meandering of the macroscale frontal zone and its
decay in the intermonsoon period (Kosnyirev &
Shapiro 1981). In this case, the process of eddy forma-
tion occurs during the passage of a wave and the
isopycnal surfaces must be deflected upward with a
consequent uplifting of the nutricline. The water is not
permanently upwelled, but the uplifted zone travels
with the wave. Since the duration of influence of such
an uplifted water mass, at any location, is of the order
of 10 d, phytoplankton may receive a nutrient pulse
and consequently bloom. The response of the zoo-
plankton community to such a perturbation is likely to
be small, because the generation time for zooplankton
(for example, for copepods of the Indian Ocean tropical
zone) is 1.5 to 3 times longer at approximately 15 to
30 d. This can be the case even when the concentration
of food for herbivorous and carnivorous species is very
high (Sajina 1986).

Another cause of eddy field generation is the baro-
clinic instability of coastal currents of the Somalian and
Arabian coasts. These coastal currents can generate
eddies which subsequently move into the open ocean.
Such eddies, moving from the Somalian coast, have
been observed by satellites (Golovastov et al. 1982).
On the basis of measurements taken during our expe-
ditions, it was shown that some of them may have tem-
perature-salinity characteristics of Arabian upwelled
water, which provides evidence for their meridional
motion from north to south (Kosnyirev & Shapiro 1981).
Well-known CZCS images on chl a macrospatial distri-
bution within the Arabian Sea region also support the
event of water mass transport from the coastal to the
open ocean region.

In the area of the South Sub-equatorial Divergence
(Grid 6), the Equatorial Counter Current (enriched by

nutrients but low in oxygen, typical of the Arabian
Water Mass) interacted with the South Passat Current
(enriched with oxygen but low in nutrients, typical of
the Subsurface Subtropical Water Mass). It was con-
cluded from measurements taken at the long-term
buoy station that the average current geostrophic
velocity in the surface layer was about 50 cm s~'. Baro-
clinic instability of interacting currents caused the for-
mation of the intensive cyclonic eddy, which occupied
nearly all of the grid. Edges of smaller anticyclonic
eddies were monitored on the periphery of the studied
region (see Fig. 1). Dynamical structures observed on
the surface have been detected to depths of 800 m. The
position of the South Sub-equatorial Divergence in this
region coincided with the orientation of the latitudinal
axis of the cyclonic eddy and is shown by the diver-
gence lines.

The area of the North Sub-equatorial Divergence
(Grid 7) which was studied was located within the
region of alternatively directed and interacting cur-
rents. Measurements from the long-term buoy station,
in the northeastern area of the grid, showed an aver-
age velocitiy in the upper 30 m layer of approximately
65 cm s!. Water dynamics of this area were deter-
mined by the westerly directed North-Eastern Mon-
soon Current (carrying the Bengal Bight Water Mass)
and the Equatorial Counter Current (carrying the Sub-
surface Arabian Water Mass, from west to east). The
coastal waters of the Timor Sea were entrained into
this region from the southeast. The interactions of
several different water masses caused a complicated
system of eddies and meanders (see Fig. 1d). Such
macroscale events as the North Sub-equatorial Diver-
gence separate the Bengal Bight Water Mass from
waters having subtropical structure (Plotnikov 1986).

Spatial distribution and variability of planktonic
community components

Spatial distributions of zooplankton biomass within
the grid surveys were quite heterogeneous (Fig. 2). For
example, in Grid 35, mesozooplankton biomass within
the integrated layer 0 to 100 m varied within the range
of 114 to 516 mg m~? and in Grid 34 from 164 to 594 mg
m~?. In regions of the North and the South Sub-
equatorial Divergence (Grids 7 and 6 respectively),
average values were 2 to 3 times less than that in the
Arabian Sea. Maximal values have been observed at
the periphery of eddies, as well as in the macroscale
frontal zones. The location of phytoplankton, mesozoo-
plankton and macrozooplankton biomass peaks did
not, as a rule, spatially coincide. They were shifted rel-
ative to each other and this spatial shift was from tens
to hundreds of kilometres. This tendency was less pro-
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nounced in the Arabian Sea. Low cross-correlation val-
ues between phyto-, meso- and macrozooplankton bio-
mass for each area also indirectly confirm this spatial
shifting. However, when discussing spatial shifts, we
have to realise that the maps of dynamical topography
(i.e. system of currents) are based on many theoretical
assumptions, i.e. the method of mapping topography is
quite rough. These make a comparison of the dynamic
topography maps with those of zooplankton distribu-
tions very approximate.

On the other hand, data from the grids can provide
sufficient information on average values of spatial vari-
ance of the plankion components. A comparison of
spatial heterogeneity of zooplankton with other com-
ponents of the plankton community and environmental
variables has been attempted quantitatively. The data
on chl a, and micro-, meso- and macrozooplankton bio-
mass from Grids 34 and 35 were amalgamated (sur-
veys were conducted one after another) and the spatial
heterogeneity of fields was represented in a form of
normalised spatial variance (S%/x) for the whole area
(Table 1). From this table it can be seen that a hierar-
chy of heterogeneity exists; the heterogeneity of spa-

gence region (Grid 7)

tial distribution increases with the size of the organ-
isms, from phytoplankton (chl a) through mesozoo-
plankton to macrozooplankton,

The normalised spatial variance (S%x) of various
characteristics of an ecosystem is often used as a mea-
sure of 'patchiness’ of spatial distribution (Okubo 1980,
Piontkovski et al. 1986). From a trophodynamics view-
point, the increase of the S%/x value means that rela-
tively heterogeneous fields of predators exists on more
uniformly distributed fields of their prey. This ten-
dency can be observed throughout the trophic levels.
Differences in 'intensity of heterogeneity’ among the
principal structural characteristics of the community
and the environment perhaps explain the reason for
low cross-correlations in spatial distribution of phyto-,
micro-, meso- and macrozooplankton, on a scale of
hundreds of kilometres, noted in field studies in tropi-
cal regions (Piontkovski 1985, Piontkovski & Baev
1990).

Patterns of the community size spectrum

On the level of 'coarse’ estimates of community size
spectrum, there is a frend of increasing biomass from
phytoplankton (chl a) through micro- and mesozoo-

Table 1. Characteristics of macroscale spatial heterogeneity
of fields of different variables in the upper 0 to 100 m in the
Arabian Sea. S* spatial variance; x: mean; CV: coefficient of

variation
Type of field S¥x Ccv
Temperature 0.02 2,91
Salinity 0.005 0.36
Chlorophyll a biomass 0.02 30.57
Microzooplankton biomass 1.54 30.91
Mesozooplankton biomass 48.39 43.17
Macrozooplankton biomass 1003.3 226.52
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Table 2. Statistical characteristics of plankton spatial distribu-
tions. S*/x: spatial variance

Parameter Grid34 Grid35 Grid6 Grid 7
Chlorophyll a
Mean 0.21 0.2 0.18 0.18
sD 0.05 0.06 0.13 0.13
n 39 37 46 46
S¥x 0.01 0.02 0.09 0.09
Microzooplankton
Mean 16.7 17 12.29 8.84
SD 5.68 5.44 3.27 2.26
n 38 38 47 50
S%x 1.93 1.74 0.87 0.58
Mesozooplankton
Mean 216.8 298.5 97.8 77.4
SD 86.7 128.4 41.1 26.06
n 52 56 47 47
S¥x 34.67 55.23 17.27 8.77
Macrozooplankton
Mean 222.5 101.6
SD 505.1 139.2
n 27 28
S%x 1146.63  190.71

plankton to macrozooplankton (Table 2). This trend
looks statistically sustainable for the area of Grid 34.
However, the northern grid (35) has average macro-
zooplankton biomass values less than those of meso-
zooplankton. The above tendency is valid for the
sequence ‘phyto-, microzoo-, mesozooplankton' for all
studied regions and indicates the phenomenon of the
‘inverted pyramid of biomass' within epiplankton com-
munities. Such biomass ratios do not fit Sheldon’s gen-
eral concept (Sheldon et al. 1972) that the total biomass
of organisms, in logarithmically equal size ranges,
should be constant. Even if we should convert biomass
into logarithmically equal size ranges, it would not
change the qualitative tendency of increasing average
values. The 'inverted' pyramid of average biomass of
different size ranges can be shown from our data.
Enhanced values of zooplankton biomass compared
with those of phytoplankton have been observed for
other regions of the tropical Atlantic Ocean (Greze et
al. 1984), and Holligan et al. (1984) reported an
inverted pyramids of organic carbon biomass for epi-
planktonic community of the English Channel strati-
fied waters.

In contrast with the ‘coarse’ community size spectra,
the behaviour of the fine spectra (the internal structure
of mesozooplankton size range only) fits the above
concept. The fine structure of zooplankton abundance
size spectra has been analysed for different hydro-
dynamic situations in Grids 34 and 35. The statistical
data analysis confirmed that the size spectra could be
approximated by linear regressions in logarithmic
units (Fig. 3). The curves indicate that decreasing

abundance is proportional to increasing size of the
individuals.

Relationships between plankton community
structural and functional characteristics

It is noted from above that the size spectra curves are
not constant and that they exhibit a variability in the
range —0.8 to —1.8. Correlation analysis showed a sta-
tistically significant relationship between the slope of
the curve and primary production values (Fig. 4). The
maximum slopes of zooplankton size specira have
been observed in regions with highest values of pri-
mary production. Consequently, in regions with high
values of primary production, zooplankton organisms
of the smallest size range dominate the total zooplank-
ton abundance. The 'fine' scale community size spec-
tra are similar to those from tropical Atlantic and the
Pacific Ocean regions (Tseitlin 1986, Zyev & Piont-
kovski 1990). The relationship between spectra slope
and primary production explains about 60 % of spectra
slope's variability, which means that other structural or
functional properties of the ecosystem should also be
considered. We assume that these properties can be
expressed as ratios. One ratio is that of primary pro-
duction (PP) to zooplankton biomass Bz (the latter
being expressed in carbon units). This PP/Bz ratio has
the dimension of d~! and shows the turnover rate of
phytoplankton through zooplankton biomass, i.e. it is
a measure of efficiency with which primary production
is utilized by zooplankton (Vinogradov & Shushkina
1987). The implication from this type of relationship
(Fig. 5a) is that, in regions where phytoplankton
turnover rate is high, the zooplankton is mainly repre-
sented by smaller organisms; their contribution to total

Ln (Abundance), ind. m™3

Ln (Body Length), mm

Fig. 3. Size spectra of zooplankton represented as regressions
of In{fAbundance) against In(Body length) in the 0 to 100 m
depth layer from cyclonic eddies (0), frontal zone () and anti-
cyclonic eddies (A) of the Arabian Sea (Grids 34 and 35).
Average regression: y = 3.72 - 1.87x; 1 =0.78; p = 0.01
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Fig. 4. Relationship between zooplankton community size
spectra slopes and primary production (mg C m~* d!, for
100 m layer) in the Arabian Sea (Grids 34 and 35)

abundance of individuals considerably exceeds that of
larger organisms. In regions with low phytoplankton
turnover rate, the contribution of large zooplankton
organisms becomes more significant.

The ratio of primary production to the biomass of the
total zooplankton community has been considered as a
measure of biomass renewal within the ecosystem
(Margalef 1968, Odum 1971, Vinogradov & Shushkina
1987). In these terms, it has been noted that in young
ecosystems, such as upwelling regions, the energy is
not used efficiently, because a larger quantity of
energy is used per unit of biomass (i.e. the specific
energy flux is high). In contrast, in mature systems the
specific energy flux is low. These conclusions were
derived by Vinogradov & Shushkina (1987) from the
comparison of ecosystems on a global scale. Our data
show that similar structural-functional integrative
ratios exhibit quite high variability on meso/synoptic
scales. In regions of highly packed eddy fields, such as
the northern Indian ocean, the PP/Bz ratio can actually
change an order of magnitude over hundreds of kilo-
metres.

A second parameter, the ratio of primary production
to herbivore production (PP/Ph), can be interpreted as
the contribution of phytoplankton primary production
to herbivore production. This relationship indicates
that in areas where the efficiency of transformation of
matter from autotrophic to the first heterotrophic level
is highest, it is carried out by the smallest organisms of
the whole zooplankton size range (Fig. 5b). At the
same time, there is a critical value of the PP/Ph ratio
where no change in the size of zooplankton occurs
above the value. This is where the decreasing curve
perhaps reaches a plateau, although the 'plateau part'
of the curve is not well fitted by data. The PP/Ph ratio
(or its inverse ratio, the ecological efficiency coeffi-
cient) as well as the PP/Bz ratio can change an order of
magnitude. They exhibit similar variance when plank-
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Fig. 5. Relationships between structural and functional char-

acteristics of plankton communities (for the layer 0 to 100 m)

of the Arabian Sea (Grids 34 and 35): (a) primary production

(PP)/ zooplankton biomass (Bz); (b) primary production
(PP)/ herbivore production (Ph)

tonic communities from different productive regions
and different oceans, such as the Indian Ocean and the
Atlantic Ocean (Vinogradov & Shushkina 1987), are
compared. This implies that the main structural-func-
tional integrative ratios of ecosystems are comparable
by their variance at meso-, macro- and megascales. In
consequence, to obtain accurate averaged estimates of
the structural or functional characteristics of plank-
tonic ecosystems on a macroscale depends greatly on
the mesoscale sampling strategy used. Mesoscale sam-
pling with further subsequent smoothing of this esti-
mates over large areas (squares) should precede global
generalisations.

Summary

In regions with well-developed eddy fields, there is a
trend of increasing macroscale spatial heterogeneity
from phyto-, through micro- to mesozooplankton bio-
mass. Within this coarse scale sequence of plankton
community size spectrum the values for the average
biomass increase. The formation of a particular zoo-
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plankton community size structure may be related to
several basic structural-functional ratios such as PP/Bz
and PP/Ph and values of primary production.
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