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On the coupling of hydrography, phytoplankton, zooplankton,
and settling orghnic particles offshore in the Arabian Sea
K BANSE
School of Oceanography, WB-10, University of Washington, Seattle, WA 98195, USA
Abstract. Processes and issues related to the connections between hydrography, plankton,
and the flux of organic carbon to great depth are reviewed for the offshore Arabian Sea
and compared with observations in similar regimes of other seas. The south-north and
west-east gradients and seasonality in the Arabian Sea are emphasized, but generalizations
about the area as a whole are shunned. New data include regional differencesin seasonality
of satellite-observedchlorophyll for two years. The rule for the depth dependence of organic
flux is unclear, therefore, this should be the first priority for future investigations. While the
data for supply of organic carbon by settling and demand for the depth interval 200-1,000 m
in the eastern Arabian Sea are in fair agreement, this is not true for the interval between
300 and 400 m. For advancing the understanding of the generation of flux in the upper
layers and the consumption at depth, very much needs to be learned about the biology of
the principal speciesof zooplankton and nekton. To keep the task manageable,further studies
of flux should focus on only one or two subdivisions of the Arabian Sea.
Keywords. Budgets;chlorophyll; depth dependence; mesopelagic;organic flux

1. I n t r o d u c t i o n

This paper sets out from observations of production of organic carbon by phytoplankton
in the upper layers and the sedimentation of a small fraction of this production to
great depths, and discusses processes that connect the two endmembers. In the Arabian
Sea, many of the controlling processes in the upper layers have a strong regional
flavor in their magnitude or their spatial and temporal patterns, owing to the effects
of a monsoonal climate on an ocean basin. In spite of this, however, the processes
as such are decidedly of more than local interest. The settling of organic particles
into, and consumption in, the deep layers are even more of a general character, but,
beyond statistical correlations, are largely unknown in quantitative or predictable
detail anywhere.
The offshore parts of the Arabian Sea, north of the equatorial current system, i.e.,
poleward of about 5~ will be emphasized, and geographic differences therein noted.
The upwelling off Somalia and the Arabian Peninsula with its great spatial and
temporal variability, however, will be largely neglected, as will be the L a ~ a d i v e Sea
(Lakshadweep). Abbreviations frequently used are POC, P O M , and P O N for particulate
organic carbon, matter, and nitrogen, respectively (in analogy, D O C , D O M , and
D O N for the dissolved moieties), and P P for the rate of primary production. Biological
terms used for dividing the water column are defined in Appendix A.
To set the stage for the thrust of the paper, consider a conceptual model of a water
column. Photosynthesis takes place in the euphotic zone, which occupies the upper
half or somewhat more of the epipelagial. Much (8/10 to 9/10 in most situations) of
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the newly-formed organic matter also is being consumed there by zooplankton and
heterotrophic bacteria, mainly within a day or two, and more is digested at depth
before reaching the deep-sea bed. Only the fraction of the newly-formed organic
matter, including DOM, that temporarily accumulates in the euphotic zone, as during
phytoplankton blooms, and that which is exported to depth, lead to a net flux of
CO2 into the organic pool (and potentially to an influx of the gas from the atmosphere)
and leave dissolved oxygen behind. The partitioning of primary production (net
phytoplankton production, after accounting for the respiration) between fast
consumption and temporary accumulation or export to depth is not a direct function
of the photosynthetic rate, i.e., of the phytoplankton, but depends on the food web,
i.e., it is a function of a community property.
The principal conduit from the upper layers to the bottom is through passive
settling, a physical process. This ever-present removal of particles also slowly strips
the upper layers of the associated plant nutrients. In addition, some nutrients are
lost from the upper layers through migratory animals feeding near the surface, then
metabolizing and excreting at depth. Because of this downward transport, the annual
level of phytoplankton production in the Arabian Sea, as in all stratified water bodies
at low and intermediate latitudes, is incipiently nutrient-limited. Therefore also in
this region, high concentrations of phytoplankton and, hence, of chlorophyll occur
in the mixed layer where and (note:) when new nutrients are made available, which
far offshore is principally from below and effected by physical processes.
For the near future, we strain to understand the fluxes through horizontal planes,
e.g., the sea surface (especially for gases), and the bottom of the mixed layer (especially
for particles), or the sea bed. Note for settling material that the three terms of the
equation,
F = CWs

(1)

(where F, vertical flux; C, concentration; Ws, sinking rate) have not as yet been
measured at the same time and place anywhere in the world's ocean. At best,~two
have been determined and the third one found by the difference. In the far future,
we hope to understand the maintenance of the balance, i.e., the budget of a substance
like organic matter or the concentration of organisms, at depth in a volume that is
imbedded in horizontal gradients of concentrations, in addition to the vertical
gradients. The task will be especially daunting when the continental slope is near or
forms one side of such a volume, since (a) horizontal gradients of properties tend to
be more marked there than far offshore and cannot be neglected, as is often done
in the open sea, and (b) processes on the sea bed need to be taken into account.
Besides the vertical and horizontal spatial aspects, there is a range of temporal
scales for these processes. In this paper, the time scale structuring the treatment of
the upper layers is principally the generation time (the time between cell divisions)
of the phytoplankton. In the middle part of the euphotic zone, the generation time
can be expected to vary between less than one day and a very few days and, usually,
is short also in nutrient-depleted water (see section 3.2). Thus, when studying changes
of phytoplankton concentrations on the scale of days, horizontal processes often can
be neglected because of the small horizontal gradients in the open sea, and a twodimensional model (depth, time) will suffice. The generation time of larger animals,
the size collected by plankton nets, usually is a few weeks, and horizontal advection
may not be negligible at a particular station. At great depths, the relevant time scales
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also are several weeks for pulses of sedimentation following phytoplankton blooms.
The principal time scale at depth may extend to seasons or years that are juxtaposed
herein, or to decades or centuries, when climate variability is being considered.

2. Physical processes
This section, which treats hydrography as well as sedimentation, emphasizes the
epipelagial, but points out the close geographical and temporal connection between
events in the upper layers, including biological mechanisms, and sedimentation to
depth. Integration likewise is attempted in the other sections.
Of the vertically acting physical processes, eddy diffusion in the stratified water of
the Arabian Sea is far less efficient in returning nutrients to the euphotic zone than is
advection during upwelling and convection from overturn of the water column by
cooling. Upwelling in the Arabian Sea principally is connected with the SW monsoon
(for the western side see~ e.g., Swallow (1984) and Shetye et al 1994 [this volume];
for the eastern side, Shetye et al 1994 l'this volume]) . During the SW monsoon
season, two processes seem to lead to vertical advection in the unusually wide nutrientand plankton-rich zone that roughly parallels the coast of the Arabian Peninsula
(Smith and Bottero 1977; Bauer et al 1991). Close to the coast, upwelling and intersection of the pycnocline with the sea surface are caused by the offshore transport
of water to the right of the southwesterly winds (i.e., coastal divergence). Since,
however, the highest wind speeds occur well offshore under the Somali Jet (also called
Findlater Jet) of the atmosphere, which at the height of the SW monsoon flows from
the horn of Africa to northwest India, updoming of the pycnocline from open-sea
divergence plays a major role. The key mechanism is less the wind speeds as such
than its geographic distribution (the gradient of wind speed normal to the direction,
i.e., the curl of the wind stress on the sea surface). Superimposed on those vertical
movements is mechanical mixing that erodes stratification and promotes nutrient
injection into the mixed layer and euphotic zone. Because of the strong horizontal
gradients of properties and appreciable currents in the upwelling region, vertical and
horizontal processes need to be considered for a full understanding of the nutrient
supply at a given locality. In contrast, the nutrient supply to the upper
layers of the eastern and southern Arabian Sea seems to be little affected by the SW
monsoon (hence, so-called oligotrophic conditions largely persist), so that chlorophyll
concentrations and rates of primary production tend to stay low (figure 1, areas 2b
and 2c, also 4a, and section 3"3)
During the NE monsoon, coastal upwelling is absent in the northern and northeastern
Arabian Sea, in spite of the offshore-directed wind (Banse 1968; Shetye et al 1991),
owing to the counter-clockwise coastal current set up by the south-north directed
pressure gradient that principally results from the advection of low-salinity water
from the eastern Indian Ocean. Instead, the low water temperature near the coast is
caused by the cool, dry wind (Banse 1984). North of 20~ in the open sea, this surface
cooling leads to vertical convection that greatly deepens the mixed layer, erodes the
pycnocline, enhances the nutrient supply to the mixed layer, and results in
phytoplankton blooms (figure 1, areas 4b, 4c).
An overview of the geographic differences in seasonality of satellite-observed
phytoplankton pigment in the Arabian Sea is provided in figure 1. While the signal
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Figure 1. (Continued).
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Figure 1. Means of phytoplankton pigment on individual days during largely 10-day
periods in the approximately upper third of the euphotic zone. Based on NASA's Global
Data Set (Feldman et al 1989; McClain et al 1993) for the NIMBUS-7 Coastal Zone Color
Scanner, proc~scd by D C English as described in Banse and English (1994b, excepting a
different correction for atmospheric ozon), and averaged over the area shown in figure 2,
lower left. The new processing emphasized stringent cloud masks. Squares, November
1978-October 1979; triangles, November 1979-October 1980; bars, one standard deviation.
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was received only from the upper one-third to one-quarter of the euphotic zone,
blooms are restricted principally to periods during and after vertical mixing so that
the near-surface values of phytoplankton pigment tend to be representative for the
entire mixed layer; also at such times, the deep chlorophyll maximum, which is
beyond the reach of the satellite, is usually reduced or absent. (The data in figure
1 will be discussed in full in a forthcoming paper by K Banse and D C English).
The effect of the upweUing during the SW monsoon on phytoplankton (chlorophyll)
in the mixed layer of the northwestern Arabian Sea is treated in detail by Brock et al
(1991) and Brock and McClain (1992), who also demonstrate differences between
the geographic distributions and levels of pigment averaged for the early and later
monsoon periods, including interannual variability, during 1979-1982. For the early
part of the SW monsoon season, though, few data were obtained by the satellite
owing to the cloudiness. I note that inspection of the raw data from the satellite
suggests that the markedly elevated pigment levels of the season appear offshore well
over a month after the onset of the strong winds of June, although the strong wind
curl is present from June onwards (in 1972 and 1973, Joseph and Pillai 1986; from the
middle of June 1977 onwards, Rao 1987). However, the climatological monthly charts
of mixed-layer depth in Hastenrath and Greischar (1989) and Rao et al (1989) show
that the large temporal change and the sharp horizontal gradients of mixed-layer
depth of the SW monsoon season, offshore from the Arabian Peninsula, is fully
developed only by July, so that, perhaps, the effect of vertical processes on the supply
of nutrients to the mixed layer is delayed (see also section 3.4.). In figure 1 for the
NE monsoon in the north ( areas 4b, 4c), differences in pigment levels between the two
winters are appreciable, as might be expected from weather-driven processes, and
are qualitatively relatable to wind speed (Banse and English 1994b, superceding the
statement in Banse and McClain 1986).
The effect of the seasonal, wind-driven changes in the surface layer of the Arabian
Sea on sedimentation at depth was documented for 3-4 years with sediment traps,
one each between 2.8 and 3.1 km at three stations near 15~ approximately 1 km
above the bottom (Haake et al 1993). The westernmost location is close to the
average position of the Somali Jet during the height of the SW monsoon; the
easternmost station is located in the oligotrophic parts. Yet, among the three locations,
the averaged annual fluxes of both organic C and N range by only a factor of 1.7
(for C, see figure 4a); the existing, scant measurements of rates of primary production
and the chlorophyll concentrations suggest a much larger contrast. Only at the
western site, the flux during the SW monsoon contributes more than half the total
of the year. Again, not only the seasonal, but also the interannual differences, are
marked. A common feature at the three stations is the early rise toward the seasonal
peak of sedimentation in June or July and, usually and similarly, also in October or
November toward the secondary peak.
The onset of high sedimentation so close in time to the beginning of the SW
monsoon and the ensuing phytoplankton bloom shows that (1) high flux is correlated
with blooms, and (2), here also, the principal mode of vertical flux is effected by large,
quickly-settling material but not by individually sinking phytoplankton cells. Both
results may be generalized for the entire Arabian Sea, since they hold also in other
regions (for [1], e.g., Lohrenz et al 1992 off Bermuda; for [2], Deuser 1986 near
Bermuda, the hydrographic setting near Bermuda being similar to that of the
northernmost Arabian Sea with its winter blooms of phytoplankton, Banse 1984).
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The consequence of rapid settling is that offshore, i.e., away from the continental
slopes, the organic particles supplied to the bottom principally reflect the geographic
distribution of the source; the slow current speeds at depth cannot effect much lateral
displacement during settling.
In the Arabian Sea, in the sediment traps deployed near 15~ CaCOa dominates
over opal on the annual average, and both clearly dominate over organic matter.
However, the particularly strong flux of remainders of coccolithophorids and foraminiferans, relative to that of diatoms, during the first month or so of the SW monsoon
(opal) is conspicuous. The predominance of settling CaCO3 over opal early in the
SW monsoon season was explained by Haake et al (1993) by the vertical distribution
of nutrients in the top of the thermocline: First in the season, water rich in nitrate
but poor in silicic acid (silicate) will be drawn into the mixed layer, allowing organisms
that do not require Si to flourish; coccolithophorids are likely to be most important.
Only later, water layers rich also in silicate will be eroded by the physical processes
acting upon the mixed layer, allowing the diatoms with their short generation times
to gain the upper hand in respect to particle flux. The temporal sequence of nitrate
and nitrate-with-silicate supply, similar to that near 15~ is likely to hold for the
entire Arabian Sea (see hydrographical/chemical data Dietrich et al 1966), but
plankton counts to demonstrate the succession are not available.

3. Planktonic processes in the euphotic zone

3.1 Overview of vertical structure of the eUphotic zone
Usually in terms of space and time in the Arabian Sea, i.e., outside the regions and
periods with phytoplankton blooms, the bottom of the euphotic zone (i.e., the
compensation depth, CD; see Appendix A) is deeper than the mixed layer, as in other
subtropical and tropical seas (compare the 1-% depths in Krey and Babenerd 1976
with mixed-layer depths in Hastenrath and Greischar 1989 and Rao et al 1989).
During such periods, as first noted by Dugdale (1967), the mixed layer is well-lit but
nutrient-depleted. The rate of phytoplankton cell division is controlled by the nutrient
availability rather than light, when light inhibition of photosynthesis near the surface
is negligible. Most of the critical nitrogen is provided by zooplankton as ammonium
(some animals excrete urea) and immediately used so that the nutrient concentrations
are very low. Farther down in the euphotic zone where the water column is stratified,
light still suffices for photosynthesis, but nutrient supply is enhanced by zooplankton
grazing and bacterial degradation of the organic matter provided from above, as well
as by eddy diffusion from below; the latter provides the critical nitrogen as nitrate.
To collect the scarce light, phytoplankton tends to exhibit a higher chlorophyll-tocarbon ratio than that of the well-lit layer (shade adaptatio n, which also affects the
photosynthetic apparatus e.g., Steemann Nielsen 1975 and Appendix B). The overall
result of growth in stratified water and shade adaptation of phytoplankton is an
enhanced chlorophyll concentration at depth, the Deep Chlorophyll Maximum
(DCM, herein; SCM of some authors, for Subsurface Chlorophyll Maximum).
Probably in the Arabian Sea, outside of regions and periods with phytoplankton
blooms, the DCM is more important than the oligotrophic mixed layer above for
generating a particle flux (see section 3.3). The DCM vanishes when placed below
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the CD for any length of time by, e.g., changing incident irradiance, reduced
transparency in the layers above, or being moved deeper by hydrographic processes.
At times, in some parts of the offshore Arabian Sea, however, the mean irradiance
within the mixed layer may become so low that it materially affects phytoplankton
division rates. One occurrence is the deepening of the mixed layer over large areas
during the SW monsoon, coupled with dense cloud cover and lowered transparency
from enhanced phytoplankton concentrations (cf. Brock et al 1993; note that their
treatment is cast in terms of the 1-% depth, instead of an absolute irradiance, of.
Appendix A). The second is the deepening of the mixed layer north of 20~ during
the winter, which is coupled with somewhat shorter day length and lowered altitude
of the sun (for in-water data, see Varkey and Kesavadas 1976; for the seasonal cycle
of incident irradiance, see Brock et al 1993, figure 6). In both situations, the CD rises
into the mixed layer, but because of the exponential nature of the decline of irradiance
with depth, the phytoplankton already shortly above the CD accumulates an
appreciable surplus of organic matter. As a result, a net gain of organic matter will
accrue to the average cell in the mixed layer over 24 h.
3.2 Mixed l a y e r - oligotrophic state
In spite of nearly undetectable concentrations of nutrients in the mixed layer in the
Arabian Sea during most of the year, cell division rates of phytoplankton are
appreciable. Rates between 0.5 and 1-5d -1 were inferred for areal averages of oligotrophic and eutrophic situations in the Arabian Sea (Banse 1988) and were measured
for the very small (ca. 1 #m diameter) cyanobacteria at 3 stations by Burkill et al
(1993), with the oligotrophic station (sta. 5) yielding the highest instantaneous growth
rates, k, of 1.2 d - 1 (daily division rates are obtained from k/In 2 = k/0.693; see Banse
1992 and Malone et al 1993 for oligotrophic regions elsewhere). If not checked by
any losses, the daily increase of phytoplankton from cell division would be of the
order of 100yo(with k = 0.7 d-1). Yet for months in most areas in figure 1, chlorophyll
concentrations do not change with time when variability over a few days are neglected.
Because the cells are mostly small and often motile, daily losses due to sinking can
be expected at most to be a very few percent per day. In view of the likewise minor
physical removal of cells by vertical processes (the small horizontal terms can also
be neglected), phytoplankton cell division principally must be balanced by
zooplankton grazing; sigaficant (and continuous!) mortality of algae due to viruses
or parasites is not known for the open sea. Thus, the time rate of change of the average
concentration of chlorophyll in the mixed layer [chl] is
dEchl]/dt ,~ [chll (k - g) ,~ 0

(2)

where k and g are the instantaneous rates of growth and death (units, day- 1). Therefore,
phytoplankton population dynamics cannot be understood from algal physiology
alone (Banse 1988, 1992; for experimental data on grazing rates from the Arabian
Sea, see Burkill et al 1993).
Because of the small size of the cells, most of the zooplankters grazing on
phytoplankton are expected to be small (<<0.1 ram), i.e, for the most part, they must
be protozoans or nauplii of copepods; among major groups with relatively large (ram
to cm) planktonic members, only appendicularians (= larvaceansL salps, and some
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pteropods can efficiently retain very small particles. A consequence of mainly small
organisms being the grazers is that feces, if any, will also be small and, therefore, not
settle out of the mixed layer, but be degraded by bacteria or be re-ingested. This
remineralization, as well as the metabolism of the zooplankton, supplies nutrients
at rates approximately matching the small demand per unit volume and time by the
prevailing low concentrations of phytoplankton, thus maintaining high algal division
rates. The high remineralization rates also prevent a drawdown of COa. Further,
the small animals have growth rates comparable to those of their prey (or higher~
when well-fed, e.g., ciliates) and, therefore, can keep temporal changes of algal
concentrations in check. Thus, a slightly enhanced k (for whatever reason) first, within
days, may lead to higher algal concentrations, this would draw more heavily on the
nutrient supply, and thus, soon lead to renewed scarcity of nutrient, and again lower
k. At the same time, more food will increase the number of grazers, which increases
the amount of water cleared, so that the previous equilibrium is reestablished quickly.
While the rate of change of concentrations of phytoplankton (if any) essentially is
determined by the difference between k and g (equation [2]), it is not clear how the
level of concentrations are set and maintained in the face of these heavy daily losses,
i.e., about half of the standing stock per day at generation times of 1 d. Based on a
steady-state model of the belt of upwelling in the eastern equatorial Pacific, Frost and
Franzcn (1992, equation [7]) suggest that the concentrations essentially are determined
by traits of the grazers, especially their feeding thresholds, i.e., the food concentrations
at which grazing ceases.
3.3 Stratified part of euphoric zone and deep chlorophyll maximum (DCM)
The principle of conditions of life for phytoplankton below an oligotrophic mixed
layer, when the euphotic zone extends into the pycnocline and leads to the presence
of a DCM, was sketched in section 3.1 where the potential for generating an enhanced
particle flux was mentioned. The rules for the depths of the peaks of pigment, phytoplankton biomass, photosynthesis, grazing, and fecal pellet production, relative to
each other, were discussed by Longhurst and Harrison (1989). Accordingly, one should
expect that in most of the Arabian Sea, nitrate is measurably increased at the depth
of the DCM peak ('Typical Tropical Structure', TTS, Herbland and Voituriez 1979);
further, during winter in the north, the euphotic zone may be shallower than the
mixed layer so that the DCM would vanish. For the period prior to the SW monsoon,
Brock et al (1993), based on a comparison of the depths of the mixed layer and a
newly-computed 1-% depth of irradiance, suggest that a DCM will be present through
almost the entire Arabian Sea and may also develop again during the heating period
following the SW monsoon season. I note, however, where the seasonal thermocline
of the spring subdivides a mixed layer that was already nutrient-depleted, this
pycnocline is not likely to be accompanied by a DCM, as in fact was largely the case
on drift stations in the central Arabian Sea in early May (Jochem et al 1993,
figures 12-14; Pollehne et al 1993a, figures 2-4) and off Pakistan in late May (Jochem
et al 1993, figures 20-23; the very detailed observations by Fasham et al 1985 near
the Azores, an area similar to the northern Arabian Sea). Also, for the same period
in the southeastern Arabian Sea with temporal stability, high irradiance, clear water,
and a deep, but still sufficiently illuminated main thermocline, a separation of the
DCM, from the nitracline below by several ten meters might be discovered, as is
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observed (but as yet unexplained) in the central North Pacific gyre (Hayward 1987;
cf. Longhurst and Harrison 1989, figure 10b, 'Eastropac - 20S').
During the SW monsoon in the open Arabian Sea, below and to the northwest of
the path of the Somali Jet, the two-layer (high light-low nutrient vs low light-enhanced
nutrient) euphotic zone will be abolished, and with it the DCM; high nutrients and
chlorophyll now occur in the mixed layer. To the southeast of it, i.e., over perhaps
half of the Arabian Sea north of the equator, more or less oligotrophic conditions
seem to continue (figure 1 and section 2). Accordingly, on a trans-basin section at
10~ during the later part of the SW monsoon (early September 1963), Yentsch (1965)
observed a DCM east of 64~ The raw chlorophyll data for the cruise (Laird et al
1964), based on coarse filters of 4 #m pore size; values not corrected for phaeopigment,
but multiplied herein by 0.76, el. Banse and Anderson 1967) also show a distinct DCM
at the cross-basin section of the same cruise along 5~ east of 60~ (mid-September),
and at two or three stations on the sections at 15~ and 20~ (August). On nearly all
stations (including those at 10~
the chlorophyll content in the mixed layer was
~<0"3 #g 1-t, and the locations of the stations almost exactly coincided with surface
phosphate values of~< 0.3 gM measured on the cruise (McGill 1973, figure 6), i.e.,
with oligotrophic conditions. The locations of stations with a DCM were not related
to the geographical pattern of surface salinity. The same DCM appears in meridional
sections during August 1987 in the central Arabian Sea south of 12~ (Bauer et al
1991; figure 6) and during September 1986 along 67~ from the equator to 20~
(Mantoura et al 1993; Owens et al 1993). Thus, offshore in the southern and eastern
Arabian Sea during the SW monsoon, the euphotic zone clearly extends below the
mixed layer, in contrast to the calculations by Brock et al (1993).
No generalizations are available for the phytoplankton species in the DCM of the
Arabian Sea. Elsewhere in the DCM of temporally stable subtropical regions, the
species with cells larger than a few micrometers greatly differ from those of the mixed,
well-lit upper layer (Venrick 1988). This was also observed elsewhere by Furuya and
Marumo (1983) and Kimor et al (1987), except that the dinoflagellate species in the
mixed layer and the DCM tended to be similar. The very small species in the DCM
also seem to differ from the assemblage in the upper water (Furuya and Marumo
1983) or, at least, the dominance shifts greatly (Campbell and Vaulot 1993; see
Longhurst and Harrison 1989 for an additional review).
Turning to the maintenance of the DCM, the peaks ofphytoplankton biomass and
production rather than of pigment must be the focus in a conceptual framework as
advocated herein that emphasizes the role of grazing and feeding thresholds for
determining phytoplankton concentration. When considering the DCM as a steadystate phenomenon, however, it is not obvious why there may be a biomass maximum
at all, i.e., a sort-of-permanent bloom. Why does the zooplankton permit it? Perhaps,
steady state may be difficult to attain, since the instantaneous growth rates of the
phytoplankton can be expected to be small (in comparable regions, 0.09-0.15d-1,
Eppley et al 1988; 0-1-0.4 d -1, Malone et al 1993), while physical processes like
weather-induced changes of incident irradiance, or periods of enhanced activity of
internal waves (refer to Lande and Yentsch 1988) might also occur on a weekly time
scale.
The lower, stratified part of the euphotic zone with low light, but supplied with
nutrient from below, is believed to be a site of production of large, rapidly-settling
particles (Coale and Bruland 1987; Small et al 1987). For a station in the central
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Arabian Sea in May, Pollehne et al (1993a) suggested from pigment analyses and
microscopy that the DCM was the principal source of material for sediment traps
at 100m (below the euphoric zone). Further, Brock et al (1993) noted that the flux
of organic material near 15~ at about 3 km (Haake et al 1993) was remarkably high
for the times without blooms of phytoplankton, relative to that of the bloom periods,
and suggest~l that the DCM would be the principal source of the primary production
feeding this sedimentation. One reason for the DCM being the source of settling
organic material is the greater biomass of larger animals; another reason, which
allows these larger species to function better, is the usual increase in cell size of
phytoplankton in the lower, nutrient-enriched layer, the cells > 1 pm diameter
contributing 5 to 15% (up to 19%) in data from the tropical Pacific (Le Bouteiller
et al 1992, figure 6).
The view of the two-layered euphotic zone and the associated flux pattern has found
other observational support and broad acceptance. However, at Bermuda, a wellstudied site similar to the northern Arabian Sea, a three-year investigation of nitrogen
dynamics (one year with sediment traps) yielded another pattern that is particularly
well documented because of also relying on the nitrogen isotopes in the sinking
material (Altabet 1989). Prior to, and during the presence of the seasonal thermocline,
the upper layer of the euphotic zone generated more settling particulates than the
lower layer, evidently because of destruction of particles in the lower layer; the flux
leaving the euphotic zone appeared to come from both layers. As noted by Altabet
(1989), one reason for the contrast to the observations of Small et al (1987) might
have been differences in food webs (as usual, not measured). Beyond the mentioned
observations by Pollehne et al (1993a), no data are available for the Arabian Sea that
allow guesses where and when either of the two models of the euphotic zone will
hold, the one described by Dugdale (1967), Small et al (1987), and followers, or that
derived by Altabet (1989). The convincing inference by Brock et al (1993) in the
preceding paragraph favors the view of the former group of authors.
Finally, the range of the fraction of primary production in the DCM, relative to the
total in the r
zone, is not known for the Arabian Sea. Elsewhere in tropical
and subtropical environments, most values are 1/3 or less (e.g., ~< 20% Venrick 1993,
for the depth below 2 to 6% of incident light; see, however, Appendix B for Brock
et al 1993), The fraction not only will depend on the PP in the DCM, but also on
the ratio of thickness of the upper and lower layers, i.e., the dividing depth chosen by
the investigators. Off Hawaii, by using the 25-% light depth, 50 to nearly 80% of
PP was calculated to occur in the lower layer (Bienfang et al 1984).
3.4 Mixed l a y e r - phytoplankton blooms
As indicated, based on knowledge accumulated elsewhere and the observations by
Haake et al (1992, 1993) in the Arabian Sea, sites and periods of phytoplankton blooms
are principal generators of organic material reaching great depths. Also, via the
grazers, the large cells of phytoplankton are much more important for vertical flux
than those of the small species. However, bearing in mind the concept, for oligotrophic
conditions, of a near-steady state of concentrations dominated by small species kept
in check by small zooplankters with about equal growth rates, it is not clear how
any blooms can be produced. For example, for two winter blooms in the northern
Arabian Sea, Banse and McClain (1986) estimated instantaneous rates of increase of
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chlorophyll of 0.044 and 0.055 d -1 (population doubling rates of 16 and 13 days,
respectively; both estimates from averages over large areas). These rates are about
1/10 of the algal division rates to be expected at this time, and of the to-be-expected
grazing rates. Why did the zooplankton not keep pace? (Actually, as noted by Banse
1988, the rate of population increase in the two blooms represented the difference
between k and g in equation [21; the algal performance [Pro,x] may have improved
a little, cf. Platt et al (1992) for spring blooms in the Sargasso Sea - but even so, why
could not the zooplankton add about 0.05 d - ~ to the existing instantaneous grazing
rate of at least 0.35, if not 0.7 d - ~, and keep the algae in check?).
The same question about the mechanism(s) leading to marked algal increases
pertains to the blooms elsewhere that are caused by injection of nutrients into a
nutrient-starved upper layer with previously little temporal change of phytoplankton,
e.g., as they occur seasonally in the Sargasso Sea and a few other low-latitude regions:
Blooms there are the regular consequence of physical erosion of the top of the
pycnocline. As briefly discussed and documented with sparse evidence for tropical
and subtropical offshore waters by Banse and English (1994a; section 4.1), the key
may be a shift in species composition toward larger algae. Especially Raimbault et al
(1988) for subtropical and tropical seas, and Riegmann et al (1993) for temperate
waters, showed that the very small phytoplankton does not increase during blooms
beyond a more or less constant, low pigment 'level, presumably owing to continuing
grazing pressure. The increase of total chlorophyll is principally due to larger cells,
which can be grazed only by larger animals that on account of their size have longer
generation times and cannot increase their grazing potential as fast as would be
needed to check the algal increase. Note that it is these larger animals that produce
large fecal pellets, thus being one mechanism that connects periods of blooms with
enhanced sedimentation. For the northwestern and central Arabian Sea, though,
replotted measurements of size-fractioned production rates a n d chlorophyll (from
Jochem et al 1993; table 1, figure 10) do not show a consistent pattern toward a
larger role of large cells when approaching bloom conditions. I wonder whether
suitable data from Soviet expeditions to the Arabian Sea are available.
An injection of nutrients is the necessary condition for initiation of blooms of larger
algal cells, since they tend to require higher nutrient concentrations for growth (of.
half-saturation constants estimated by Moloney and Field 1991, figure 2). In addition
to N, P, and Si, Fe also may be at issue, which is principally supplied in aeolian dust.
Although iron is continually recycled in the euphotic zone (Hutchins et al 1993), an
enhanced supply results in accelerated growth of large cells in oligotrophic water
(e.g., DiTullio et al 1993). Aside from the size-selective grazing pressure subsequently
coming into play, vitamin requirements also may affect species composition in blooms
of diatoms in the mixed layer, as observed off Bermuda (Menzel and Spaeth 1961;
Swift 1980). Further, vitamins were crucial for mass development of diatoms in the
thermocline below oligotrophic Mediterranean surface water (Fiala 1982). Finally,
inoculation of the upper layers may result from physical erosion of the DCM (Venrick
1993).
Returning to the Arabian Sea, it is not clear why diatom frustules are absent in recent
sediments in the eastern parts (Burckle 1989), even though the sediment traps near
15~ by Haake et al (1993) record an appreciable opal flux also at the central and
eastern sites (in the annual average, one-third to one-quarter that at the western site).
It would be useful to compare species occurrences in mixed-layer blooms, in the
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DCM, and in traps with the benthic assemblage (s), where also differential dissolution
of frustules may come into play.
3"5 Larger zooplankton and nekton
As indicated in section 3-2, most zooplankton species in stratified warm seas like
the Arabian Sea tend to be small, because most of the phytoplankton is small. Also,
the biomass of the smaller size classes of zooplankton tends to be higher than that
of the larger classes (Napp et al 1993). This trend, coupled with the higher metabolism
per unit weight of small animals (and, hence, higher daily food demand, but also
higher weight-specific growth rates) leads to the large impact of the small zooplankton
on the economy of the upper layers. Yet, the larger zooplankters play at least five
important roles: The suspension feeders among them can handle the larger phytoplankton cells and colonies of small-celled species, common during blooms; they
produce large fecal pellets; they control the populations of small zooplankton; they
graze on aggregates formed in the euphotic zone (see next section); and they are large
enough to be fed upon by fishes that also produce large fecal material.
Herein, animals > 0.2-1>3 mm in body length are regarded as the 'larger zooplankton'
because they were collected by most of the plankton nets used in the Arabian Sea.
Presumably, little seasonality in production of this plankton fraction occurs in the
southeast where the low chlorophyll-small cell milieu appears to prevail nearly yearround (figure 1; note that area 2 only begins at 10~ figure 2). One extended period
of development should occur in the western and central Arabian Sea during the SW
monsoon, but two periods (connected with the SW and NE monsoons) of enhanced
zooplankton biomass in the north. In view of the interannual differences of phytoplankton pigment concentrations, especially during the NE monsoon in the north
(areas 4b, 4c and Banse and English 1994b), marked interannual variability of animal
concentrations can be expected.
These inferences cannot be tested with existing data, because of inadequate seasonal
sampling (figure 2; cf. new observations in Mathew et al 1990 and Goswami et al
1992 for the eastern Arabian Sea, which mainly were not grouped for addressing the
issue and, remarkably, suggest extremely low values for the SW monsoon season
(Goswami et al 1992, figure 2)). For the present in figure 2, it is not clear how much
of the large variability within seasons within each of the three areas is due to sampling
variability, geographic differences within areas, or interannual variability. Many more
collections, however, exist, owing to the numerous Soviet expeditions to the Arabian
Sea that subsequent to the collections on which figure 2 is based took vertically divided
hauls within the epipelagial and provided much biological information by detailed
counting, identification, and conversion to biomass. These results are largely unknown
to the Engllsh-writing parts of the world. (For newer collections with superior depth
resolution in the subtropical and tropical eastern Pacific, see Longhurst 1985; Sameoto
1986). Yet, even with only figure 2 in hand, it is safe to assume that both the regional
differences in seasonality and the interannual variability of zooplankton collected by
nets will be reflected in the spatial and temporal patterns, as well as the cumulative
amounts of particle fluxes, so that it is not advisable to generalize the results of Haake
et al (1992, 1993) over the entire Arabian Sea.
Note for areas with marked seasonal changes in biomass of larger zooplankton
species that also the mean size composition will change owing to the shifting ratios
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Figure 2. Zooplankton volumes (ml; left-hand) and number of copepod specimens
(right-hand) per haul (200m to surface, units essentially per 200m -3 or 1 m -2) on month
of the year, from IIOE collection with Indian Ocean Standard Net (0"3mm mesh size) at
stations of > 200m bottom depth in areas 2--4 of Colborn (1975; see lower left-hand of
figure). Median values for day and night do not differ so that time of collection is neglected.
Data from Brinton and Tranter (1969).

of larvae, juveniles, and adults. The change in zooplankton numbers and mean size
will cause a similar shift in numbers and size of the fecal pellets generated (Uye and
Kaname 1994), although only some of the larger pellets may reach deeper layers. For a
population with all age groups of a medium-sized suspension-feeding copepod in a
35-m deep mixed layer at 20~ Hofmann et al (1981) calculated that nauplii and
adults would on the average produce 50 and 13% of the total pellet mass, but
contribute 4 and 63% respectively, of the flux at 35 m depth; observed rates of
production and microbial degradation, sinking velocity of pellets, and grazing by the
copepods themselves on the pellets (sinking and grazing dependent on pellet size), as
well as animal growth, were considered.
Finally, from extension of equation (2), it is clear that a full understanding of the
population dynamics of net-collected zooplankton cannot be had without studies of
the predators, many of which are nektonic (i.e., determine their geographic position
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by their own motions, in contrast to plankton). In the Arabian Sea, the vertically
migrating, mesopelagic myctophid fishes should be a major object of this research
because of their unusally large biomass (Banse 1984) and likely importance as
consumers of copepods (Kinzer et al 1993). Note that out of 27 fish otoliths
in 2 sediment cores taken near Madagascar, 5 were unidentifiable, but the others
were of myctophid species (Martini 1974). Among their predators, in turn, squids seem
to play a major role.
Addressing the vertical particulate flux due to nekton, only a small fraction of
primary production can reach such animals, since they are removed from the
phytoplankton by several steps in the food web; moreover, as carnivores, their
assimilation efficiency is higher than that of suspension-feeding zooplankton, further
reducing their output of undigested material. However, the feces are large, and some
of the myctophids' feces are voided at depth, after the fish left the upper layers toward
morning. These large particles, until fragmented and/or eaten, will sink very fast and
contribute unproportionately heavily to total organic flux, Finally, the large
concentrations of mesopelagic fish are apparently found only in the western and
north-western third, or so, of the Arabian Sea. That, as well as the restriction of tunas
(one level higher up in the food web) to the central and southern Arabian Sea (from
catches, Suda 1973) are further hints that it is unwise to generalize from one
well-studied area to the entire region.
3.6 Marine snow and other aogregates
The paper so far has considered only feces formation as the mechanism of compacting
small particles into potential settling material. Most organic material collected in
traps at intermediate and lower latitudes, however, tends to be other particulates
(Banse 1990, p. 1178; Silver and Gowing 1991). Among the bulk of this essentially
unstructured material, animal products may be of some importance. In addition, in
the euphotic and even in the mesopelagial zone, numerous other large aggregates
occur, some of which, at least, settle rapidly and contribute significantly to vertical
flux. These particles, other than fecal pellets, are called marine snow, regardless of
origin, when the size is above approximately 0.5 mm, i.e., when they are visible to
the naked eye. Large snow particles may be several centimeters long. As reviewed
by Alldredge and Silver (1988; see also Alldredge and Gotschalk 1989a), marine snow
is produced principally by zooplankton (e.g., degraded appendicularian houses) or
by collision and adhesion of smaller particles, many of which are mucoid. The snow
consists of floes of inorganic and, especially, dead organic material, may contain live
particles and fecal pellets that have become passively associated with snow through
collision, and is populated by a microbial, autotrophic community (especially in the
euphotic zone and immediately below), as well as a heterotrophic community. The
concentrations in oligotrophic offshore water generally are << 1 to about 1 1 - 1. There
is no natural lower size limit (e.g., 0.5 mm) for aggregates. They easily enlarge, since
they often collide because of different sizes and, hence, different sinking rates, as well
as due to turbulence; higher shear in the water favors collision. Snow particles, once
collided, are likely to stick together; a mean ratio of 0"8 of attachment rate/collision
rate was observed for field-collected material by Alldredge and McGillivary (1991).
The shear, naturally present in the water column, generally appears to be insufficient
to break large marine snow into smaller units, except during stormy weather (Alldredge
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et al 1990; see also Riebesell 1992 for data on somewhat more fragile flocs). The

destruction, therefore, seems principally biologically caused, i.e., from grazing or
microbial break-down.
Sinking rates of marine snow tend to be several to many ten meters per day
(Alldredge and Silver 1988), but other observations in temperate coastal waters well
saturated with oxygen, during and immediately after phytoplankton blooms, showed
near-neutral buoyancy or even upward-floating when gas bubbles are caught or
develop (Riebesell 1992); obviously, bubbles can form only in the uppermost few
meters. Thus, the residence time of snow in the mixed layer can be long. Similarly,
fecal pellets of large crustaceans (probably euphausiids) that should sink > 100 m d - 1
may. stay for days in the mixed layer of oligotrophic, warm waters (Alldredge et al
1987) and be partially degraded by microbes after being damaged by grazers (Lampitt
et al 1990). Phytoplankton cells, when colliding, likewise may adhere to each other,
which leads to enhanced sinking velocities. Stickiness of cells may be independent of
nutritional status (two diatom species) or increase drastically upon nutrient depletion
et al 1990).
(one species; Kir
For phytoplankton aggregation, theory is at hand (Hill 1992; Jackson and
Lochmann 1992; Riebesell and Wolf-Gladrow 1992), which, in part, also applies to
other particles. Some points are, that given the same shear, collisions increase with
the square of cell concentrations; collisions and, hence, aggregation, are not a function
of production rates of particles. This dependence leads to a rapid increase of
aggregation with the advance of a bloom and results in a slowing of the rate of
population increase while cell division rates continue to be high because of ample
nutrients (Alldredge and Gotschalk 1989b, off California; Riebesell 1991 a,b for the
North Sea). An important, more recent discovery is the copious amount of transparent
exopolymer particles (TEP, i.e., mucopolysaccharides, 10 ~ a - 10-61-1) of 0"1 to
1 mm in size, not visible, that appear during phytoplankton blooms and facilitate
agglutination by enhancing collisions (Passow et al 1994). The TEP appear to be
among the principal agents leading to vertical flux, and induce agglutination of
phytoplankton (and other live particles) well prior to these reaching the critical
concentrations by themselves.

4. Flux and fate of organic matter in deeper layers
4.1 General rules
In principle, the magnitude of the organic flux to depth results from the interaction
of physical processes and the ensuing phytoplankton production rate with the food
web structure. The interaction is not well understood, and the food web structure
and the critical processes within it, as yet, are not predictable with useful accuracy.
Recent equations correlated rates of primary production (PP) and flux (F) of particles
collected in sediment traps at some depth z as
F z= 17PPz -1 +0-01PP

(3)

F~ = 9 PP z- 1 + 0"7 PP z- o.s

(4)

and
where z is in

meters,

zero

being

the

surface (Bishop

1989). In

both
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equations, F did not increase exponentially with PP (in contrast to the earlier, muchcited correlation by Betzer et ai 1984), and both recognized a labile and a more
refractory fraction (first and second right-hand terms, respectively) as leaving the
upper layers. The first right-hand terms in the equations implied that at 1,000m
depth about 2% and 1%, respectively, of the labile fraction that was present at 0m
remains (15 and 21% of that at loom). Note that the mechanism leading to the
difference between the first right-hand terms, caused by a community property (the
food web), was not addressed by the equations. In view of papers like those by Passow
et ai (1994) and the role of zooplankton in particle formation, it seems uncertain that
direct correlation between PP and F can yield predictions of useful accuracy (see
also Williams et ai 1989).
Below the upper loo0-2OOm of the open sea, flux F, but also concentrations of
particles (C) retained by filters and zooplankton caught with nets, tend to decline
with depth (z) according to
F~ (or C~) = a z-b;

(5)

where a and b are the intercept and slope in double-log plots; Martin et al (1987) set
a = Fro o (i.e., F at 100m). The equation recognizes implicitly that there may not be
a reliable correlation between PP and F (see also next section). The coefficient a and
the exponent b in a data set may not stay constant over the entire meso- and bathypelagic depth range (for concentrations, see Banse 1990; also figure 4b herein and
section 4.3). One reason is the refractory material (the second terms in equations 3
and 4), which becomes relatively more important with depth, so that equation (5)
with a constant b would underestimate the POC flux slightly. Another reason for a
and b being depth-dependent is the balance between consumption (removal) and
production (repackaging and voiding as feces in the same size range, or abiotic
aggregation by collision) of particles, that may change owing to the form of depth
dependence of the zooplankton concentrations (figure 4b). Reworking and
repackaging by the organisms, accompanied by new biosynthesis, arc invoked as the
cause of mid-water peaks of total particle flux far from land, as well as of fluxes of
aluminium (principally derived from atmospheric input of clay) and fatty acids (Walsh
et al 1988; Reemtsma et al 1990 for fatty acids in the Arabian Sea) and, without
doubt, affect a large fraction of the flux below the epipelagial.
One of the weaknesses of equation (5) is that the exponent b is biologically
meaningless, i.e., without explanatory power. More suited for research into cause and
effect than equation (5) is the exponential formulation,
Cz = Cxe -'~

(6)

(likewise for F), where the subscript x refers to a depth smaller than z, .and
n is a strongly depth-dependent exponent, so that a semi-log plot linear in z yields a
curve. This exponent can be understood as the ratio of D/W s, where D is the instantaneous
rate of decay and W~ is the sinking rate, both with the same units of time (Banse 1990).
These variables, at least in principle, are amenable to experiment and measurement,
but note that at any depth, particles arc found with ranges of each D and W~, both
of which will change upon the particles sinking and lacing degraded further. Presently,
the use of equation (5) dominates the evaluation of observations of vertical flux.
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4.2 Carbon f l u x from the euphoric zone to the mesopelagial
First, flux measured a few ten meters below the euphoric zone will be discussed. For
a site close to Oman and one in the central Arabian Sea (both /> 2,000 m deep), daily
photosynthesis (PP) is compared in figure 3 with daily organic sedimentation (F) into
traps drifting at 80 m (Oman, figure 3a) and 100 m (Central, figure 3b), both deployed
in the main pycnocline and 15-20 m below euphoric zones that exhibited a pronounced
two-layer structure. Both figures demonstrate variability in such measurements, but
figure 3a also illustrates the problems with reproducibility of fluxes into traps of the
same design, drifting close to each other. The main issue, however, is that, especially
off Oman, where the trap(s) moved into positions below hydrographically (and, hence,
biologically) different water masses, photosynthesis on day X was correlated neither
with flux on the same day nor with flux on day X + 1, day X + 2, etc.
Assuming, for the sake of discussion, the absence of a quick change of food web
structure or of significant zooplankton patchiness (not measured), the first reason
for the lack of day-by-day correlation of PP and F out of the euphotic zone is that
sedimentation of newly-formed organic matter is not near-instantaneous. Whereas
feces of larger copepods may sink about 100 m d - 1, i.e., leave most euphoric zones
within 24 h (see, however, the cited paper by Alldredge et al 1987), feces formed only
a small part of the trap material off Oman (Passow et al 1993), but contributed the
largest fraction in the central Arabian Sea (Pollehne et al 1993a). More slowly settling
material will settle into traps geographically removed from the water of origin. This
effect of relative motion between source and trap normally is worse for anchored
trap arrays.
Second, even if there were perfect steady state and the grazers consumed the entire
primary production of the day so that little live chlorophyll, i.e., cells, were settling
directly, as also observed here, suspension feeders would ingest some of the other
P O M so that the flux partially will reflect the size of the inventory of P O M in the
euphoric zone, and not just the rate of PP. Thus, for example, at the site off Oman,
sedimentation removed 0-3-7~ (median about 2~) of the POC inventory per day
and 0 . 3 - 4 ~ (median about 1.2~) of the PON, but 0"2-11~ (median about 4~) for Si

Figure 3. Primaryproductionin euphoticzone(clearbars) and organiccarbon flux(shaded
bars) into sediment traps drifting 15-20m below the euphotic zone at a station off Oman
(figure 3a, from Jochem et al 1993,figures9, 10, and Passow et al 1993, table 2) and in the
central Arabian Sea (figure 3b, from Jochem et al 1993, table 1 and Pollehne et al 1993b,
figure 2). Lines in shaded bars in (a) show the ranges of fluxesinto two traps driftingclose
to each other on the particular days. Note differingscales on ordinate in (a) and (b).
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(Passow et al 1993, table 2). The POC loss for the second site was approximately
0-7~ of the inventory (Pollehne et al 1993b).
Third, the DCM may be the main source of sedimentation in a two-layered euphotic
zone (see section 3.3), as also suggested for the site in the central Arabian Sea by
Pollehne et al (1993a), so that the primary production integrated through the euphotic
zone, as normally done, is not the appropriate measure of correlation. Moreover,
when comparing F with PP toward establishing the rule and using data by a number
of investigators, one must keep in mind that the best trap design, leading to actually
accurate data, is still being debated (see also the difference between identical traps
with and without preservative, squares in figure 4a and other similar results from
the Arabian Sea, B Zeitzschel, unpubl.).
Fourth, and thinking now of comparisons among sites, differences in food webs
are likely to influence, if not determine, the fraction of PP settling out (cf. Murray
et al 1989 for drastically different percentages of exported PP at stations in the eastern
tropical pacific, and Roman et ai 1993 for day-to-day changes of zooplankton grazing
rates even at one site off Bermuda).
Turning from the variability within each of figures 3a and 3b to a comparison of
the two, the median PP rates are similar, but the median F values differ by almost
an order of magnitude. Pollehne et ai (1993b) related this divergence to the stages of
a temporal sequence, from an unbalanced community, as the aftermath of some
upwelling, to the balanced state where primary production and consumption largely
take place within the euphotic zone. In any case, the divergence, not to be expected
from equation (3) and (4), illustrates the difficulty of using equations such as these
without considering temporal aspects, as noted by S. Honjo (personal communication)
also for empirical correlations like equation (5),
While day-by-day comparisons of PP and F are problematic, as shown, the other
temporal endmember for comparison is the year. Over the course of two consecutive
years off Bermuda, the site comparable to the northern Arabian Sea, 8.4 and 6"4Vo
respectively, of the POC fixed by primary production sank through the 150-m horizon,
a few ten meters below the 1-~ irradiance level (Lohrenz et ai 1992; range, 3-14).
The "authors noted for their monthly collections that PP integrated to the 1-~ depth
did not predict POC flux (F) at 150 m, unless the one date per year of a bloom period
was included. With that addition, log PP was correlated with log F with a coefficient
of determination (r e) of only 0.32 ( similarly, Silver and Gowing 1991 off California).
Further, while near Bermuda more material settled during and after blooms, as also
is found commonly elsewhere, the percentage of the primary production was lower
than during oligotrophic conditions, contrary to the expectation from equations (3) or
(4). Lohrenz et al (1992) suggested that the previously reported positive correlation
of PP with the percentage of POC settling may be an artifact from combining ratios
from regions with different food webs.
I consider the unpredictability of F from PP and the inverse relation of PP/F on
PP as the principal results of Lohrenz et al (1992) that are potentially applicable to
the Arabian Sea where the range of PP is larger than off Bermuda. At 15~ in the
Arabian Sea, the small difference (1-7-fold in the three-year average) between the
three sites in annual fluxes at 3 km depth (Haake et al 1992, 1993), in the face of
drastically, and consistently, different physical conditions for phytoplankton
development, suggests strongly that the observations by Lohrenz et al (1992) are
relevant here. Because of the dependence of the export ratio (F/PP, e-ratio, Downs
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in Murray et al 1989) on food web structure, thorough evidence is needed before
general statements should be made about the entire region. Presumably, the only
slight similarity between the geographical pattern and presumptive magnitude
of primary production and the organic carbon in the offshore deep-sea sediment in the
Arabian Sea (Paropkari et ai 1992) also is due to foodwebs in the epipelagial and/or
the mesopelagial that determine the particle flux but differ in the various parts. The
content of organic matter in sediments, of course, also reflects its fate and
transformation after arrival on the sea bed (Berger et al 1989).
4.3 Carbon flux in the mesopelagial and bathypelagial
Little is known anywhere about the regularities of decline with depth of POC flux in
the first few hundred meters below the euphotic zone; the situation is not
much better for greater depths. Early on, Martin et al (1987) grouped six subtropical
to tropical east Pacific offshore stations and established a satisfactory correlation of
F with depth between 100 and 2000m (r 2 =0.81 for a log-transformed equation
[5] as herein; heavy line in figure 4a). The exponent b, however, ranged from - 0 . 6 5
to - 0 . 9 7 (mean, -0.86) among the stations, without a correlation with Flo o. Since
then, with more data available, the picture has become even less clear. For example,
in some twenty sets from the Bermuda time series station (Lohrenz et al 1992), with
duplicate or triplicate traps per depth on one array, the POC and PON fluxes at
150, 200, 300, and (partially) 400m often did not decline monotonically with depth
(for the medians of POC flux, see figure 4a). Further, I find for these observations
that there is no statistical difference between the assumption of a linear and an
exponential depth dependence. Also in observations in the central North Pacific gyre,
with up to eight horizons between 100 and 300m, much irregularity was found,
especially for POC (much less so for PON), including systematic increases of POC
with depth (Downs 1989). Midwater peaks at greater depths and far from land were
mentioned on section 4.1.
For the central Arabian Sea during September 1986 and April/May 1987, 84%
and 72%, respectively, of the p o c flux leaving the euphoric zone (which already is a
small part of the daily production, as shown) was consumed between 100 and 500 m
(squares and circles in figure 4a). Extrapolating to 1,000 m, only another approximately
50% would disappear in the next 500 m because the material reaching greater depth
on the average becomes more refractory. Note, however, that very fast settling masses
of fresh material from the euphotic zone may directly reach the bathypelagic zone
or even the sea bed at times, e.g., phytoplankton after the temperate spring bloom in
the eastern North Atlantic (Rice et al 1986; see also Silver and Gowing 1991 for trap
data at a station in a subtropical area of upwelling, and the generalization, based on
other evidence, by Anderson and Sarmiento 1994). In any case, more POC appears
to reach the abyssal in the Arabian Sea near 15~ than in the tropical Pacific (compare
filled diamonds C and W and inset with heavy line, figure 4a).
Proceeding to the form of attrition of fluxes in the main part of the mesopelagial
and the abyssopelagial of the Arabian Sea, it is likely that near 15~ the decline
with depth of POC flux is more gradual than in the Pacific data of Martin et al (1987;
compare open diamonds in main figure and the inset with heavy line, figure 4a).
Elsewhere, of seven principally oceanic, low-latitude time series of trap deployments,
usually with 4 horizons (Honjo et al 1982, 4 series of 61 to ll0d; Dymond and
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Figure 4(a). Logarithm of carbon flux in the central Arabian Sea and comparable regions
on logarithmic of depth. Main part of figure: Filled symbols, Arabian Sea. Upright triangle,
my estimate for April/May 1987 for central station of Haake et al (1992, 1993); diamonds,
annual means for western (W) and central (C) stations of Haake et al (1993, table 2), with
bars indicating range of means for individual years. Circles, central station (Leg 3b) of
Pollehne et al (1993b; bar at upper symbol, range from their figure 2b). Squares, data by B
Zeitzschel (personal communication) collected in Sept. 1986 over 24-48 h each for stas. 3
and 5 (see Ducklow 1993): filled symbols, live collections; open square, poisoned trap beaker.
Inverted triangles, means for May-October 1986 on central station of Haake et al (1992,
1993; from Reemtsma et al 1990, table 3). Open symbols (except square), North Atlantic
data. Upright triangles, circles, and inverted triangles, pre-bloom, bloom, and post-bloom
periods of the year, respectively, at 34~ 20~ (from Honjo and Manganini 1993). Upright
and lying crosses, medians of 8 monthly collections, Jan.-Aug. 1989, and 11 monthly
collections. Sept. 1991-Oct. 1992, respectively, off Bermuda (from Bermuda Biol, Sta. 1991,
1993). Heavy line, composite of six subtropical offshore stations in the eastern North Pacific
(Martin et al 1987, figure 5). Before comparing the fluxes reported by various authors, note
that a near-identical design of anchored trap was used by Haake et al (1993); Reemtsma
et al (1990), and Honjo and Manganini (1993), another one by Martin et al (1987) and off
Bermuda, and a drifting type by Pollehne et al (1993b) and Zeitzschel (in Ducklow 1993).

Figure 4(a) inset: Mean fluxes at the three stations of Haake et al (1992, 1993; from Haake
et al 1992, figure 3). Upright triangles and full lines, western station: Open symbols, Dec.
1986-June 1987 (8 13-d periods), closed symbols, July-Oct. 1987 (8). Circles and broken lines,
central station: Open symbols, mid-Oct. 1986-Feb. 1987 (I1), closed symbols (upper left),
May-early Oct. 1986 (10), and (upper right) June-Aug. 1987 (7). Inverted triangles and full
lines, eastern station: Open symbols, Nov.-Dec. 1986 (4), closed symbols, June-Aug. 1987
(10). Heavy line, "C", and "W" from main part of figure, to guide the eye.

Figure4(5). Logarithm of zooplankton wet weight (mesh size, ~43 mm and somewhat finer)
at 'Vityaz' stations in the equatorial and western Arabian Sea on logarithm of depth, with
regression lines. Data from Vinogradov (1962, table 1; 1970, table 20).
Collier 1988, 3 series o f 1 y each), o n l y 3 suggest a r e l a t i o n of P O C flux similar to
the h e a v y line in figure 4a. T h e o t h e r s r a n g e from uniformity with d e p t h (to 3.7 kin)
to i n t e r m e d i a t e increase a t 2 k m depth. R e g a r d i n g constituents o f P O C c o n c e n t r a t i o n s ,
m e a s u r e d at a n u m b e r of d e p t h h o r i z o n s elsewhere in the s u b t r o p i c a l a n d t r o p i c a l
mesopelagial, those o f fine s u s p e n d e d m a t t e r , fecal pellets, fecal material, a n d
z o o p l a n k t o n often d o n o t decline m o n o t o n i c a l l y with d e p t h (Banse 1990).
F o r the net-collected z o o p l a n k t o n , the b r e a k in the h e a v y line in figure 4b suggests
a c h a n g e n e a r 1.2 k m in the m e c h a n i s m s m a i n t a i n i n g the o b s e r v e d a n i m a l b i o m a s s ,
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which perhaps coincides with (or defines?) the transition from the mesopelagial to the
abyssopelagial. The mechanisms may include a change in species composition,
assimilation efficiency, and, hence, of the ratio of ingestion/defecation, and probably
a change in respiration/unit biomass. For net-collected zooplankton, such breaks in
the zooplankton vs depth curve tend to be the rule (Vinogradov 1970, figure 32 for
the Pacific Ocean). As noted by him, the depth of the change-over becomes larger
with increasing biomass of epipelagic net-collected zooplankton and, presumably,
with higher primary production and vertical organic flux, i.e., it is related to the lower
limit of flux of suitable food needed to sustain the upper community. I imagine that
the depth of transition might vary even within the Arabian Sea for this reason. I
note, also, that the form of depth dependence of zooplankton biomass in the NE
Atlantic differs principally from that in figure 4b in that below about 2.5 km, the
attrition is less steep than in the mesopelagial (Koppelmann and Weikert 1992). In
conclusion, without assured knowledge of the form of depth dependence in the
various abyssopelagic regions, understanding is far away.
To set the gravity-driven POC fluxes observed in the Arabian Sea into perspective,
note that the biomass of mesopelagic fish in a broad swath along the Arabian
Peninsula, equal to or wider than five degrees of longitude, was estimated to be
near 60 g m -2 wet weight (GjCsaeter 1984, median from table 6). These fish daily
perform feeding migrations from several 100 m into the near-surface layers (for the
Arabian Sea, GjCsaeter 1984; Kinzer et al 1993). Converting 10 g wet weight to 0.85 g C
(Childress et al 1990 for Hawaiian species of Benthosema and Diaphus, the mesopelagic
myctophid genera dominant in the northern Arabian Sea) and assuming, without any
basis for this guess, that only every second fish traverses the distance in a given night,
this daily movement of POC vastly exceeds the gravity-driven transport. It still will
exceed where the fish biomass is only 6 g m-2 (cf. figure 4a). The consequences of
animal vertical migrations for fluxes of C and N into the mesopelagial have been
discussed in more detail by Longhurst and Harrison (1989) and Longhurst et al (1990).
In conclusion, in view of figure 4a and the present uncertainty about the rate of
primary production in the Arabian Sea (for reasons of temporal and spatial coverage
[cf. figure 1], but also about the accuracy of some of the earlier data), it appears that
even near 15~ with three or more years of observations at each of three localities,
the form and rate of decay with depth of organic flux is not certain. As long as not
even the rule for the form is reasonably well established (presumably, by deploying
traps at a number of horizons), a quantitative understanding of particulate flux into
deep water is hardly possible. This critique holds also for other seas. As to mechanisms
maintaining the flux, recall that if the distribution with depth of vertical flux greatly
diverges from that of zooplankton biomass (figure 4), very different balances between
supply and demand must be struck by the organism (cf. the model by Tseytlin 1991
for the mesopelagic flux of feces generated by zooplankton and the microscopical
differentiation of contributors to flux, Silver and Gowing 1991).
4.4 Planktonic processes in the mesopelagial
Here, rounded numbers will be presented and generally accepted conversion factors
will not be referenced. In the eastern Arabian Sea near 17~ between about 200 and
400 m, the particulate protein as retained on Whatman GF/F filters (nominal pore
size, 0.7#m), comprising bacteria and the small zooplankton present in 10-151 of
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water, is 7-10mgl-1 (Naqvi et al 1993, figure 6). The equivalent dry .organic matter
(OM) of 10 to 15mgm -3 contrasts starkly with about 2mgm -3 of OM in the
zooplankton collected by nets in this depth range (figure 4b). From Ducklow (1993,
figures 4 and 5 stas. 3 and 5, in about the same area), the bacterial cell numbers
between 200 and 400m range between 0-2 and somewhat below 1-0 x 10 9 cells 1-1,
which corresponds to a range of OM between 10 and somewhat below 50 mg m-3.
Using the ample measurements between 200 and 300 m at the same two stations
of Ducklow (1993). the bacterial cell numbers at sta. 5 are about 0.8 x 109 cells
1-1, and dividing the corresponding carbon content by the production of about
0-026 mg C m - 3 d - 1 (from Ducklow 1993, figure 9), a turnover (generation) time of
about 600 days is obtained (about one-half that time for sta. 3). The latter value of
somewhat less than 1 y pertains also for the interval 200-1,000 m at both stations.
Ducklow (1993) emphasized that his estimates of bacterial production are conservative,
i.e., on the low side, on account of the conversion factors; insufficient temperature
control, however, might have led to overestimates by perhaps a factor of two. For
the even more oligotrophic North Pacific central gyre, Cho and Azam (1988) estimated
a mean bacterial turnover time of 65 days between the bottom of the euphotic zone
(110 m) and 1,000 m, largely with the same approaches and conversion factors as used
by Ducklow (1993).
As noted by Simon et al (1992), who obtained a similar result for the mesopelagial
of the Gulf of Alaska, long turnover (generation) time may indicate that the bacteria
are unlikely to respond quickly to seasonal changes in phytoplankton. In view of the
relatively high temperatures in the upper mesopelagial in the Arabian Sea (approximately
12-15~ for the depth range of 200 to 400 m), another important corollary that comes
to mind is that the long turnover time indicates severe substrate limitation of the
bacteria, i.e., the organic matter supply is at a premium. Hoppe et al (1993), based on
North Atlantic data, suggested that the rate of hydrolysis of PON may be the
bottleneck.
By way of comparison, the net-collected zooplankton respires approximately 0.9~
of its bodily carbon per day in the same depth interval and area (Appendix C)
and, thus, is likely to have a shorter turnover time than the bacteria (section 4.5 and
Appendix C). In spite of its low biomass and relatively low carbon consumption,
however, the larger, net-collected zooplankton plays three roles in the mesopelagial
in respect to vertical flux of organic particles: It consumes particles, it forms new
ones by voiding fecal pellets ('repackaging'), and it generates mucus that again leads
to aggregates. All three processes affect mean size and sinking rates of the bulk
particulate matter.
The zooplankton data in figure 4b were obtained by hauls over large depth intervals
and therefore are of restricted value. Vinogradov et al (1992) reported on the very
marked layering of vaious species, including migratory forms, in the Costa Rica Dome
in the eastern tropical Pacific where, similar to much of the Arabian Sea, a highly
productive euphotic zone overlies a mesopelagial with very low oxygen concentrations.
The observations partly extended down to 2 km, i.e., well into the abyssopelagial.
Because such layering is to be expected for the Arabian Sea, detailed consideration,
including modelling, of population dynamics of mesopelagic species is unlikely to be
profitable here until stratified sampling of zooplankton and nekton with openingclosing nets has been performed (of. Madhupratap and Haridas 1990). Also noteworthy
in the paper by Vinogradov et al (1992) about the Costa Rica Dome is the over-
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whelming contribution by 'jelly-like' organisms, i.e., medusae, siphonophores,
ctenophores, and chaetognaths to the wet weight of zooplankton and mesopelagic
fishes. Even on a carbon basis, they accounted for almost 1/5 of the animals. Very
little is known about these groups from the mesopelagial of the Arabian Sea.
From the geographic distribution of mesopelagic zooplankton elsewhere in the
Arabian Sea, it is clear that regional differentiation is appreciable. The principal
English-language paper on the subject (Vinogradov and Voronina 1962), based on
two sections in 1960, especially addressed the role of low oxygen concentrations in
the eastern Arabian Sea on species composition among copepods and biomass of
net-collected zooplankton (see Vinogradov 1962 for biomass below 500m). Besides
noting species that do not occur at depth at low oxygen concentrations, Vinogradov
and Voronina (1962) illustrated the vertical distribution of two species that only occur
in the epipelagial where they can also live at depth, i.e., outside the region with about
< 1 to 0.25 roll- 102 in the oxygen minimum. Further, Vinogradov (1962) showed for
two stations with lower mesopelagic oxygen values, where the biomass in the minimum
is much reduced (observed at 3 stations), that more biomass is collected below the
minimum than at the same horizon on stations outside the region of lowest oxygen
content. Presumably, more food can reach deep water here because of the near-absence
of larger zooplankton at intermediate depths. Note that this much-quoted increase
at depth is evident only in three samples at 'Vityaz' sta. 4721 and one at sta. 4718.
A confirmation is desirable for that reason, as well as because of the since-observed
change of oxygen at these depths: Near 67~ between 1964 and 1976 and 400 and
800 m, the 1- and 0.5-ml 1-1 isolines of oxygen moved by several degrees of latitude
to the north (Bordovskiy et al 1981; see also Naqvi 1987).
As stated in section 1, information on flux and concentrations of particulate matter
is necessary for understanding the connection between the surface and the deep
(equation [1]). While some data on flux of organic material are available (see the
previous section), there is almost no information about concentrations of non-living
organic particulates for the mesopelagial of the Arabian Sea. Elsewhere, marine snow
in the mesopelagial seems to be rarer than in the epipelagial. During several dives
at one site in oligotrophic water in the Bahamas, Alldredge and Youngbluth (1985)
recorded 0.5 to 4 per m - 3 of aggregates > 3 mm in size between about 100 and 650 m
depth, without a clear decline of concentrations with depth. The paper mentioned
unpublished observations by M J Youngbluth in two other seasons at the same site
when concentrations were about two orders of magnitude higher than the numbers
given above. Elsewhere in the open sea, concentrations of particles > 1 mm size were
between about 0-5 and 2 per liter, again without a marked decline with depth down
to 3.5 km (Asper et al 1992, Panama Basin), and mean concentrations of particles
> 0.5 mm were 1-5 per liter (Walsh and Gardner 1992, Gulf of Mexico), with no
marked depth dependence to nearly 1.5 km.
The last-mentioned two studies are among the very few that measured two
parameters of equation (1), i.e., optically assessed concentration and determined flux
from traps. Asper et al (1992), who did not have concentration and flux data fully
matched in time, concluded that many of the meso- and abyssopelagic particles did
not sink fast, if at all, in spite of their size, so that the correlation between particle
abundance and flux is bound to be poor. Per unit volume, fast-settling aggregates
(I may add: and fecal pellets) will be rare although they effect most of the flux, a
conclusion previously stated only by way of contrast between large particles and

Arabian Sea planktonic processes and organic flux

149

finely-suspended material collected by water bottles. Walsh and Gardner (1992),
however, after noting that the snapshots by the optical method are not easily compared
with time-integrated flux data from a trap (38d in this case), found a significant
relation between flux and numbers (as well as volume) of large particles for one of
their two observation dates (measured after recovery of the trap) but not for the
pre-deployment date.
Very little is known about the decay rates of fresh settling material (in equation [4])
in the mesopelagial, since most traps are deployed for more than one or two days.
There is profound disagreement even about the principal mechanisms of destruction
of POM (e.g., ingestion by zooplankton, bacterial degradation from within, or
bacterial solubilization and subsequent oxidation of DOC by free-living bacteria and
their predators (cf. references in Banse 1990 and Simon et al 1992).
The abyssopelagial (deeper than 1,0OO [750] m) is little known anywhere, except
for plankton collections with taxonomic goals and deployments of sediment traps.
For the Arabian Sea, information reviewed or alluded t o previously (see especially
section 4.3 and figure 4) suggests that the mesopelagic processes and rates may not
be extrapolated to greater depths, even when effects of lower temperature, higher
oxygen concentrations, and higher pressure can be accounted for. The species composition of zooplankton differs materially (extrapolated from information elsewhere),
the daily removal and addition of biomass from migratory animals is absent, and
the biomass of the resident population appears to decline with depth differently from
that of the mesopelagial, suggesting different rules.
4"5 Budgets for the mesopelagial
In order to see whether a self-consistent picture of processes is emerging, measurements
will be combined for the area near 65~ between 8 and 15~ Steady state will be
assumed. Aside from the oxygen budget, horizontal advection and horizontal and
vertical diffusion will be neglected. The area is not populated by a great mass of
migratory mesopelagic fishes so that only settling material as in figure 4a is considered.
All POC disappearing between two horizons is taken as having been eaten or
converted into DOC, but not partially degraded into small, non-sinking particles.
The carbon demands by zooplankton and bacteria are estimated as in Banse (1990;
see Appendix C, herein, for details and for conversion factors and other assumptions).
Depth range 2 0 0 - l,O00m: First, the oxygen advected from the south will be
compared with the supply of POC from settling and the carbon demand by bacteria.
Converting the oxygen supply of 3.2 x l0 -9 mll- 1s - i at 8~ (Olson et al 1993, p. 680)
into 220 ml m - 2 d- 1 for the depth interval yields an equivalent of 82 mg C m - 2 d - 1
oxidized. For the same cruise near 8 and 15~ bacterial production for stas. 3 and
5 of Ducklow (1993, regression lines in figure 9) is estimated from the rates at 100m
of 6.0 and 4.1 mmol C m -a y-1, respectively. The integrated production is 14 and
9 mg C m - 2 d - 1, respectively; this implies a bacterial carbon consumption of 46 and
30 mg C m- 2 d - 1. For the POC flux during the same month and year, figure 4a (filled
squares, line extrapolated to 1 km) suggests the disappearance of 3.5 mg C m - 2 d - 1
In view of the estimated flux at 3 km for the same time (filled triangle, figure 4a), the
value appears to be low, and for a comparison with oxygen consumption, i.e., a
long-term average, the annual flux anyway may be the more appropriate figure. Also,
recall that the mesopelagic bacterial production might not change greatly in response
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to seasonally varying flux of organic particles (section 4-4). Extrapolation from the
median annual flux near 3 km (figure 4a, diamond 'C') parallel to the heavy line
suggests a rate of 35 mg POC m - 2 d - 1 , but less if the attrition of flux with depth in
the Arabian Sea is less steep (figure 4a, inset).
As a result, the rates of bacterial DOC consumption and of disappearance of
sedimenting POC are considerably lower than the carbon equivalent of oxygen supply,
as they should be, since oxygen is observed also poleward of 8 (15)~ Only the
higher (annual) rate of POC flux, however, can satisfy the bacterial carbon demand.
As stated below, the larger zooplankton is not a major consumer of POC between
300 and 400 m; since the animal concentrations decline with depth very similarly as
the POC flux (figure 4), the conclusion holds for the integral from 200 to 1,OO0m even
when the lower temperature and the likely pressure effect are neglected. The carbon
demand of the small zooplankton is unknown.
Depth range 300- 400 m: The supply of POC by settling particles will be compared
with estimates of the carbon demand by the larger zooplankton as collected in nets,
bacteria, and bacteria with small zooplankton. The temperature between 300 and
4OOm is 12- 14~ In a water column of 100m, the net removal of POC by the netcollected zooplankton is 3.6 mg m - 2 d - 1 (Appendix C). Since the data for figure 4b
were collected in January-April 1960 (except for sta. 5260 [October]), the demand
is compared first with the reduction of flux within the depth interval for this season,
which during 1987 was about 1.8 mgC m-2 d-1, and less in 1986. Note that the small
zooplankton and bacteria are not yet considered! If, however, the zooplankton is
assumed to be present all year round in the same concentrations, and the mean
annual POC flux in the central (or eastern) Arabian Sea at 3 km depth (diamond C
in figure 4a) is extrapolated as before to the upper mesopelagial, about 8 mg C m - 2d - 1
are at hand.
The bacterial production during September 1986, calculated as above, was 2-8 and
1-8mgCm-2d -1 in the same interval at stations 3 and 5 of Ducklow (1993),
respectively. Using the lower rate because of the mentioned concern about
experimental temperature control, the equivalent carbon consumption is about
6 mg C m - : d-1; even this rate may be too high because figure 9 in Ducklow (1993)
indicates the actual data points for the 300- 4OO-m depth range to be below the
regression line used here for finding the integrated production. Even so, the calculated
value is almost ten times the POC supplied by settling during the same cruise at
these stations, approximately 0.7 mg Cm-2 d - t (from filled squares, figure 4a). Also
the estimated average sedimentation rate of POC, of about 1.6 mg Cm-2d-1, at the
central or eastern stations of Haake et al (1992, 1993) for this season is inadequate
(extrapolation from filled triangle, figure 4a). Only the annual rate (extrapolated as
before from 3 km) of about 8 mg Cm- 2 d - 1 would meet the estimated bacterial need.
Clearly, however, the total demand by bacteria, small zooplankton (see below), and
net-collected animals is not satisfied.
Using a chemical approach to measuring oxygen demand by small organisms, in
effect bacteria and small and medium-sized zooplankton as contained in about I0 1
of sample volume, Naqvi and Shailaja (1993) estimated for the same or slightly
shallower depth range an oxygen consumption of about 2 0 n l l - l h -1 (from their
figure 2, where most points fall between 5 and 35 nl 1-~h - ~). This rate equals 29 mg
C m-2 d-1 for a 100-m water column. Even when considering that the authors, in
part, addressed somewhat shallower depths than 300 m, the rate is still much higher
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than the supply of POC inferred from figure 4a. Further, Naqvi et al (1993) estimated
a mean carbon demand for denitrification over the central and eastern Arabian Sea
of 155 m g C m - 2 d - 1 that also is much higher than the probable POC supply in the
relevant interval of approximately 200-500m (figure 4a). The disagreement would
vanish if a longer renewal time of water had been used for calculating the denitrification
rate from concentrations. As noted by Naqvi (1994 [this volume]), Mantoura et al
(1993), by doing just that (based on Olson et al 1993), calculated a denitrification
rate smaller by 37 -54~, and hence, a lower demand for carbon.
Realizing that the carbon demands for their organisms did not match the POC
flux satisfactorily, both Ducklow (1993) and Naqvi and Shailaja (1993) suggested
sources of organic carbon other than those supplied by settling particles, especially
DOC advected from the side. I note that if DOC is consumed, a horizontal gradien~
must exist, as is indicated by Kumar et al (1990). These authors emphasized the western
Arabian Sea, but from their figure 8 (sta. 2; see also the section in their figure 2), very
approximately, 0.1 to 0.2#moll -1 of DOC seems to vanish over a distance of 10~
of latitude. Over a 100-m water layer, this would approximate 100-250 mg Cm-2. If
a ten-year renewal period is assumed (cf. Olson et al 1993) and no horizontal eddy
diffusion allowed, the daily supply would be minuscule relative to the postulated
demand for the area at issue here; even with a renewal time of about 1 y (cf. Naqvi
1994 [this volume]), the supply would be well below 1 m g C m - 2 d - t and not nearly
suffice. Also vertical eddy diffusion will not deliver much DOC, in spite of the large
difference in DOC concentrations between the epipelagial and the deeper layers. The
intermediate salinity maximum, between the bottom of the mixed layer and the depth
range in question, shows how ineffective vertical eddy diffusion is. I wonder whether
chemolithotrophy might make up for some of the missing carbon supply (cf. Karl
et al 1984, pp. 85-86).
There is no way to judge which of the above estimates of POC flux and demand
or consumption of oxygen is most accurate. Major uncertainties are: the representativeness and comparability in space and time of the samples, including the choice of
the POC flux from figure 4a; the time (age) estimates for the oxygen consumption
by Olson et al (1993) and Naqvi and Shailaja (1993) and, hence, of the rates, as
discussed in both papers; the conversion factors for arriving at the bacterial production
(see Ducklow 1993 and Simon et al 1992); and the unknown role of the small
zooplankton. Clearly, all determinations of parameters and rates bear improvement,
an understatement that holds worldwide for these depths.

5. Outlook

In discussing promising avenues for open-sea work in the near future, I presume that
understanding of supply to, and consumption of, organic matter at depth in the
Arabian Sea will not only continue to be interesting by itself, but will illuminate
geographic, seasonal, and long-term (decadal and longer) patterns of oxygen consumption at depth, as well as impinge on understanding the nitrogen cycle. The latter has
global consequences (Naqvi 1994 [this volume]).
To make real headway in the understanding of processes coupling hydrography,
phytoplankton, zooplankton, and sedimentation in the Arabian Sea in the foreseeable
future, i.e., during the next one or two decades, it will be necessary to focus the effort
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at one or two regions where similar physical processes and species recur, as discussed
by Platt and Sathyendranath 1988 ['biogeographic regions']) and SCOR (undated,
presumably 1992).
Next, as shown herein, phytoplankton production may or may not be a predictor
of POC (and PON) flux in the Arabian Sea because of the intervention of the food
web. Without understanding the role of the latter, little predictive ability about flux
can be expected beyond statistical correlations. Conversely, the processes in the food
web and, in particular, those involving the zooplankton and bacterioplankton, cannot
be profitably studied without also considering the phytoplankton, For the latter, some
change of emphasis may be useful, not only in the context of studies of organic flux
or gas (COz) exchange. For example, measurements of daily photosynthetic rates at
a number of depths to obtain the daily production per unit of sea surface should not
be of high priority, because the result at any station depends so much on the
fortuitously encountered chlorophyll concentrations and the weather. Instead, as first
stressed by Steemann Nielsen and Hansen (1961), the physiological parameters of
the photosynthesis vs Irradiance [P vs I] curve need to be determined so that the
day-to-day changes of photosynthesis per unit sea surface can be calculated from
environmental information. These parameters, then, are to be combined with survey
data of chlorophyll concentrations from in situ recorders or satellites as the only
reliable (and practical) way to obtain repeated regional coverage. While satellites
sense pigment only in the upper quarter or third of the euphotic zone, experience
shows that these concentrations are correlated with the pigment at depth in the
euphotic zone (el. Platt and Sathyendranath 1988). However, since phytoplankton
cell division offshore tends to be more or less balanced by grazing (section 3.2),
investigations of phytoplankton in isolation have little chance to contribute to
understanding the concentrations and their rates of change (Banse 1992). Instead,
phytoplankton should be studied concurrently with zooplankton.
Regarding the zooplankton, the first task is to proceed beyond measurements of
concentrations to process studies. I recognize that the difficulties in arriving at an
understanding of the dependence of zooplankton dynamics on geographic differences
in seasonality of primary production are discouraging in the Arabian Sea, as is true
anywhere in the open ocean. Even the mere listing of the issues would go far beyond
the scope of this paper. For example, basic biological information on dominant
metazoan species, as may be obtained by coastal stations and universities, is needed,
e.g., number of eggs laid by hungry and well-fed females, developmental time of
dominant species in dependence of food and temperature (for both, see Sashina 1985
for the Arabian Sea), etc. Suffice to write that, in my view, the zooplankton is the
challenge of the next 2-3 decades of biological work in the pelagic realm of the sea.
Understanding zooplankton means knowledge of production, i.e., fecundity and
growth, but also of the mortality exerted by larger animals. This, in turn, means
setting aside many, many hours of open-sea ship time during the day, but especially
at night, for trawling. A fish and squids are collected and studied with methods
different from those used by most planktologists, a comprehensive study of the pelagial
in the Arabian Sea nust include oceanographers and fishery biologists at the same
times and places. Their frequent separation from each other, the world over, on an
administrative and often also intellectual basis, is very unfortunate and is not
benefiting either group.
Returning to the understanding of organic flux, here the first task seems to be
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finding the rules governing the loss of POC and PON from the euphotic zone in one
or two of the selected provinces and the rules of attrition of flux at greater depth. As
indicated in section 4.3, the single critical measurement for finding the rule governing
depth dependence is that of fluxes at a number of horizons. Only after that, mechanisms
can be studied with specific questions in minds. There is no substitute for this regional
measurement because of the role of the food webs in leading to and mediating flux.
Because of biogeochemical accidents, as it were, food webs may be peculiar to certain
biogeochemical provinces.
Early on, and prior to major expeditions, it will be efficient to apply mathematical
models to the existing biological data to find out where the major gaps are. Network
analysis (e.g., Ducklow 1991) and inverse analysis (e.g., Jackson and Eldridge 1992)
for planktonic food webs may also prove helpful for putting bounds on rates or
inferring flows among compartments. Mathematical models summarize, as well as
develop, the theory and permit posing rigorous questions that need to be addressed
in the field. They also facilitate acceptance or rejection of a particular theory more
definitively than conceptual models can.
Clearly, the future research considered here addresses the open sea, thus requiring
ships, other major investments, and long-term commitments of resources, as well as
truly cooperative research among colleagues and institutions. Such cooperation is a
difficult task; it requires some leadership, but is facilitated by common scientific goals
that are mutually perceived as such. Again, mathematical models as statements about
our theory may define such goals better than merely conceptual constructs, thereby
inspiring cooperation.
Issues like the broad-scale inquiry into the life processes of dominant species of
zooplankton, however, do not depend on a large research apparatus; opportunities
for decades of fruitful work await investigators at universities on the seashore. In
view of the poor knowledge of tropical marine zooplankton worldwide in respect to
natural history and ecology, such studies, once well-conceived, will be of more than
regional interest. Also, Longhurst and Pauly (1987) have repeatedly made the point
that tropical fish biology and ecology are not warm-water copies of those of North
Sea fishes. Does that hold for tropical plankton communities?
Finally, in spite of all the cooperation and coordination that oceanographic research
demands, there will always be the need for the gifted, industrious individual (generally
not older than middle-aged!) whose ideas tend to be the ones that truly advance the
field.
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APPENDICES

Appendix A: Euphotic zone: Its lower limit, the compensation depth (CD, for 24 h),
is determined by an absolute light requirement of the phytoplankton, not by a
percentage of irradiance incident at the sea surface (e.g., the '1-~o light depth') as is still
the current useage. The CD is where an algal cell held for 24 h would photosynthesize
just enough to replace the organic matter lost to respiration during the day and
especially during the night. Thus, there will have been no growth or net flux of O 2
into or out of the cell after 24 h. In the open Arabian Sea, the CD is at several ten
to about one hundred meters deep, or slightly deeper. Obviously, since phytoplankton
is always accompanied by zooplankton, the community budget for organic matter
and 02 will be negative at the CD of the phytoplankton. The irradiance at the CD
depends inter alia on the light requirements of the algal species dominant near the
bottom of the euphotic zone. In the offshore Arabian Sea during periods of low
chlorophyll content in the mixed layer above a stratified water column, the CD can
be expected to be well below the 1-~ light depth and closer to the 0"1-~o depth.
Conversely, during bloom periods with enhanced extinction coefficients (lowered
transparency), or during winter with deep mixed layers as in the northern Arabian
Sea, the CD might be shallower than the 1-~ depth. No reliable determinations of
the CD are at hand for the region.
Epipelagial, Mesopelagial, Abyssopelagial: The euphoric zone is imbedded in the
epipelagic zone (or epipelagial). Generally in low-latitude oceans, the transition to the
mesopelagial below is marked by a drastic decline of zooplankton biomass, in places
by orders of magnitude (Longhurst and Harrison 1989), as well as a profound change
in species composition (Madhupratap and Haridas 1990 for the Arabian Sea). The
epipelagial extends well into the upper part of the principal (non-seasonal)
thermocline, but is closely connected with the euphotic zone because of vertical
migrations by animals and an ample supply of organic matter from settling. For the
Arabian Sea, I estimate that the epipelagial reaches to 100-200m depth, but actual
data may be found in the Soviet literature that draws on numerous divided net hauls
through this zone. Below the epipelagial, between about 200 m and very approximately
l km, and between about 1 and 4km (or the sea bed, if shallower), extend the
mesopelagial and abyssopelagial, respectively (see also Vinogradov 1970, p. 247; in
the present paper, the bathypelagial, between the meso- and abyssopelagial, is not
distinguished). The epipelagial and especially the upper mesopelagial are connected
on a daily basis through migratory zooplankton and fishes that feed in the epipelagial
at night. In the epipelagial, these migrators do not contribute numerically but may
matter in terms of biomass. The oxygen minimum of the Arabian Sea occurs in the
mesopelagic depth range.

Appendix B (for section 3.3): In the text it was stated that the Deep Chlorophyll
Maximum (DCM) tends to contribute a small part of the total primary production
in a stratified water column. Brock et al (1993), however, calculated from a model

Arabian Sea planktonic processes and organic flux

155

for the Arabian Sea that the DCM may contribute up to 10 times the production in
the upper layer, and that the ratio would be about 1 even in the absence of a DCM
(i.e., with vertically uniform pigment distribution). I note that these calculations
assumed a depth-independent, uniform photosynthetic rate per unit of chlorophyll
at light saturation (the so-called Pmax), i.e., no shade adaptation. Steemann Nielsen
and Hansen (1959, cited from Steemann Nielsen 1975, p. 73) and Eppley et al (1973),
however, measured an approximately tenfold reduction of P~ax for shade-adapted
plankton in tropical and subtropical waters, and, more recently, Plattet al (1992)
also reported a materially lowered pm~x at depth in the Sargasso Sea. The low
performance of shade-adapted plankton at the depth of its saturation irradiance is
only partly compensated, still farther down, by a steeper 'alpha' (the
initial slope of the Photosynthesis vs Irradiance [P vs I] curve).

Appendix C (for section 4.5): Consumption of dissolved oxygen is converted into
carbon by a modified Redfield ratio of CO2/O2 of 119/172 (Takahashi et al 1985,
table 5). To estimate the respiratory carbon demand by zoo- and bacterioplankton,
a quotient of CO2/O 2 = 0-9 is used. The food of the animals is partitioned as in Banse
(1990) into one-quarter each of feces, respiration, DOM, and growth ( = 3 3 ~ net
growth efficiently). At steady state, all growth will be consumed within the depth
range at issue, so that the food (settling particles) is actually partitioned into one-third
each of feces (which leaves the depth range), respiration, and D O M (the latter utilized
by the bacteria that are consumed by the small zooplankton). The net POC removal
from the water then is twice the respiration. The DOC demand of bacteria is estimated
as 3"3 x production, by taking the growth efficiency (production/assimilation) as 30~
(as in, e.g., Coffin et al 1993, table 1; there is no significance to the difference between
efficiencies of 30 and 33~, as used herein).
The zooplankton (wet weight, 13 mg m-3 from figure 4b, heavy line) is assumed
to consist of copepods of a mean length of 3 mm (to the end of the caudal rami; cf.
Roe 1972 for the same depth range near the Canary Is.). Neglecting other animals
enhances the total dry weight by the omission of, e.g., the more watery chaetognaths,
and increases the weight-specific respiration by neglecting the larger decapods, but
then, the small zooplankton is entirely omitted. Converting 3 mm to standard length
by subtracting 1/3 (Davis and Wiebe 1985) yields 0.6 mg wet weight, and with their
copepod value, 0.05 mg C per specimen. For the respiration, Childress (1975) found
that animals from the subtropical part of the east Pacific oxygen minimum layer
regulate oxygen consumption well; also pressure does not affect the rates to any
extent for the depth range of interest. Thus, I use Childress' (1975) weight-dependent
respiration equation for 5-6~ but double the rates because of the higher temperature
at issue. The resulting 0"054 #1 hr- 1 per animal is twice the rate obtained from Ikeda's
(1974) equation (4) for 13~ but fits the trend of decline with depth in Smith (1982).
For the depth range at issue, the 25 animals per m-3 respire about 30#1m-3d-1 02
or 18 #g C m- 3 d - 1. The rate equals a carbon consumption of 0"9~o of bodily carbon
per day. As stated, the net POC removal from the water is twice the respiration, i.e.,
3 6 # g C m - 3 d -1.
The bacterial production in section 4"5 is estimated by integration from Ducklow
(1993, figure 9, straight lines). According to a personal communication from
Dr. H W Ducklow, the rates and BP~oo in his table 2 were erroneously reported,
but the values for m are correct.
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