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Abstract
This paper summarizes our results on the changes in pelagic calci"cation and the standing
stock of calcium carbonate associated with the SW Monsoon and NE Monsoon (cruises TN049
and TN053 of the U.S. JGOFS study, respectively) in the northern portion of the Arabian Sea.
Mean calci"cation was &3X greater during the SW Monsoon than during the NE Monsoon.
Calci"cation per coccolithophore was 7}10X higher, and the ratio of calci"cation to photosynthesis (C/P) was 40}45% higher during the SW Monsoon. The turnover time of PIC was not
statistically di!erent between the two cruises (&4.5 d averaged over the euphotic zone).
Turnover time of POC increased signi"cantly between TN049 and TN053 (from &3 to 6 d
over the euphotic zone). We discuss vertical sections of coccolithophore abundance, carbon
standing stocks and carbon "xation. Coccolithophore calci"cation was usually about 1}5% of
community photosynthesis. The ratio of calci"cation to photosynthesis spanned almost 2
orders of magnitude, and was not signi"cantly di!erent from the ratio of the PIC and POC
standing stocks. We compare surface PIC and POC production rates to sediment trap #uxes
from the same region. ( 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction
The JGOFS program is concerned with #uxes of carbon to the sediments and its
prediction (Smith et al., 1998); much of the work in the JGOFS program has
addressed the production, transformation and fate of organic carbon fractions. Our
hypothesis is that the inorganic carbon #ux from coccoliths is of equal signi"cance to
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the organic #ux in terms of carbon burial in sediments, and is of interest in terms of
carbon removal on geological time-scales. This aspect of the carbon cycle is particularly interesting in the Arabian Sea due to its annual cycle of high productivity and
high expected calcite #uxes.
1.1. Carbon xxation in the Arabian Sea
Primary production rates from the coastal Arabian Sea can exceed 2 gC m~2 d~1
(with peaks exceeding 6 gC m~2 d~1; see Ryther and Menzel, 1965). On an annual
basis though, rates of primary productivity in the north Arabian Sea are
5.3]1014 gC yr~1 (Qasim, 1982), which when averaged over its 1.5 million square km
of area yields 340 gCm~2 yr~1. Since the total organic carbon #ux at 3 km depth in
the Western and Central Arabian Sea is 1.8 and 1.5 g m~2 yr~1, respectively (Nair et
al., 1989) then on average, about 0.5% of the surface organic carbon productivity is
thought to reach the sea #oor. (Obviously, this "gure is higher in upwelling centers
then this areal average.) This argues for a total potential burial of organic carbon of
about 2.65]1012 g C yr~1 in the Northern Arabian Sea. Sclater et al. (1977) provided
estimates of the regional distribution of organic rich sediments in the Arabian Sea,
including the strong increase in % organic carbon (to values'2% by weight) in
surface sediments in the upwelling region o! the coast of Oman.
Considerably less is known about global calci"cation, let alone calci"cation in the
Arabian Sea. Globally, calcium carbonate sediments represent about a quarter of all
marine sediments (Broecker and Peng, 1982). The current global CaCO production
3
rate is about 0.6 Gtons C as CaCO yr~1 (Milliman, 1993; his Table 1). Annual
3
production of CaCO represents only about 1}3% of the global marine organic
3
carbon production (e.g., Milliman, 1993; Koblentz-Mishke et al., 1970; Berger, 1989;
Longhurst et al., 1995), but due to extremely e$cient remineralization of organic
tissue by bacteria and higher organisms, CaCO dominates carbon burial in many
3
regions. It is generally thought that CaCO represents a progressively larger fraction
3
of the total carbon #ux as particles sink (Westbroek et al., 1993).
1.2. Stoichiometry of calcite production
For each mole of CaCO produced, 1 mole of CO is also released (Berger and
3
2
Keir, 1984), which, for coccolithophores may be used in photosynthesis. Similarly,
dissolution of the CaCO consumes CO . Loss of Ca`` via calci"cation means that
3
2
calci"cation a!ects alkalinity much more than organic carbon production does.
2HCO~#Ca``PCO #H O#CaCO .
3
2
2
3
Westbroek et al. (1994) pointed out that coupling of calci"cation and photosynthesis
as well as respiration and CaCO dissolution means that calci"cation releases less
3
CO
into the ocean and atmosphere than one might expect. To put the above
2(!2)
stoichiometry into perspective, given a global calci"cation rate of 0.6 Gt C yr~1, there
should be approximately an equimolar amount of CO produced each year. This
2
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represents &1/8 of the fossil fuel CO production, and is equal in magnitude to CO
2
2
production associated with timber cutting and agricultural tilling of soils (Broecker
and Peng, 1982). Calcium carbonate is produced in shallow waters by either coral
reefs or Halimeda macrophytes, or in the plankton, by coccolithophores, foraminfera,
and pteropods. Recent budgets suggest that calci"cation by shelf and open ocean
plankton accounts for &2/3 of global calci"cation (Milliman, 1993).
Coccoliths comprise a signi"cant portion of the CaCO content of pelagic sedi3
ments (Lohmann, 1908; Bramlette, 1958), and the distribution of many coccolithophores in surface waters matches their sediment distribution (McIntyre and Be,
1967). The global ratio of deposited CaCO to biologically "xed CaCO ranges from
3
3
14 to 55% (Broecker and Peng, 1982; Milliman, 1993). In terms of carbon actually
reaching the ocean #oor, the global sedimentation #ux of inorganic carbon from
coccoliths is about equal to the organic carbon #ux. Considering carbon burial in the
`geological archivea, the global CaCO #ux dominates organic carbon by a factor of
3
6X (Westbroek et al., 1993).
Expected calci"cation in the Arabian Sea can be calculated using a combination of
historical 14C measurements of primary production, and the global ratio of organic
production to calci"cation (1 mol of calcium carbonate formed for every 4.5 mol of
organic carbon; Broecker and Peng, 1982). We have measured this ratio at several
sites in the North Atlantic Ocean and "nd that this ratio, although highly variable, is
reasonable. Thus, if the average organic "xation in the surface Arabian Sea is
340 gC m~2 yr~1 (Qasim, 1982), then the expected calcite production rate should be
&76 gC m~2 yr~1. Assuming a 6 month period of active growth, then this would
give an integrated daily calci"cation rate of 414 mg C m~2 d~1.
One can cross-check the above calci"cation and photosynthesis estimates by using
the equations of Broecker and Peng (1982, p. 474), and the GEOSECS data
from station 416 in the Northern Arabian Sea. The value of net carbon "xation into
calcium carbonate based on Eq. (9-4) of Broecker and Peng (1982) is 30.52 lmol C l~1
after correcting for density (sigma theta was about 26 for converting kg to liters).
Organic carbon production is then &200 lmol C l~1 based on Eq. (9-5) of Broecker
and Peng (1982). To convert these to rates, they can be multiplied by the average
upwelling velocity of 1]10~3 cm s~1, found up to 400 km o!shore (Smith and
Bottero, 1977), with values three times that inside upwelling centers. Assuming that
the bulk of the annual upwelling occurs for 3 months per year during the SW
Monsoon at a rate of 1]10~3 cm s~1, results in a calci"cation rate of
0.32 gC m~2 d~1 (or &28.5 gC m~2 yr~1). Organic production during this period
would be about 2.1 gC m~2 d~1 (or 189 gC m~2 yr~1). Thus, two radically di!erent,
indirect estimates of the daily calci"cation rate in the Arabian Sea agree within
&25%.
The purpose of this work was to (1) measure directly calci"cation in the Arabian
Sea and to compare these data with indirect estimates of calci"cation, (2) examine
the variability of calci"cation over space and time, between the SW Monsoon and
the early NE Monsoon, (3) calculate turnover of organic and inorganic carbon
fractions, and (4) compare the direct estimates with sediment trap #uxes of calcium
carbonate.
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2. Methods
2.1. Cruise track
We participated on process cruises 4 (`TN049a; July 17}August 14, 1995) and
6 (`TN053a; October 24}November 25, 1995) of the US JGOFS Arabian Sea program. In the "rst cruise, we sampled 25 stations of the o$cial US JGOFS `station
linea plus two extra stations on the Omani shelf. The second cruise was the US
JGOFS Bio-optics cruise where we sampled 14 stations on, and eight stations o!, the
US JGOFS station line. Process cruise six sampled Arabesque stations (UK JGOFS)
within the Gulf of Oman, crossing the Ras al Hadd front in a saw-tooth pattern, then
joining the US JGOFS northern line. At the completion of the US JGOFS southern
line, the ship visited a line of stations along the axis of the Omani coast, crossing
the US JGOFS southern line perpendicularly, then into the Gulf of Oman. This line is
referred to as the `NE linea. Sample depth was determined according to the % surface
irradiance (PAR; 93, 75, 44, 27, 15, 7, 4, and 1%). The light depths were not always
known prior to the pre-dawn sampling, so these depths were approximated using
light data from the previous day. On TN053, light data were available from a submersible PAR sensor on the rosette frame, as well as radiometers placed on an
Undulating Optical Recorder (UOR; Aiken and Bellan, 1990) deployed prior to
station arrival.
2.2. Calcixcation and photosynthesis
Calci"cation and photosynthesis were measured by incubating natural populations
of phytoplankton with 14C bicarbonate in 275 ml tissue culture bottles, and subsequently separating acid-labile particulate and organic 14C activity using the microdi!usion technique of Paasche and Brubak (1994), modi"ed for use on a rolling ship
(see below). Details of the 14C stock preparation are given in Balch and Kilpatrick
(1996). All incubation bottles were "rst pre-soaked for 5 d in warm Alconox detergent
solution to avoid the ammonium contamination found in Micro detergent. Next,
bottles were rinsed three times, soaked over night in deionized water, and rinsed once
with Milli-Q water. Finally, the bottles were soaked 3 d in 20% HCl solution, and
rinsed "ve times in Milli-Q water. At sea, bottles were rinsed with isotope-free "ltered
sea water, rinsed once with Milli-Q water and 90% ethanol to kill any bacterial/algal
"lms adhering to bottle walls, followed by a 10% HCl rinse, then 3 more rinses with
Milli-Q water.
Water was sampled before dawn, using a trace-metal clean rosette equipped with
eight 50-l GO-FLO Niskin bottles (Lindley et al., 1995). On the monsoon cruise
(TN049), the trace-metal clean rosette was lost at station 7 (19.23N]67.173E), and all
remaining stations of that cruise were done with a standard hydrographic rosette
equipped with 5-l Niskin bottles (see Measures and Vink, 2000, for a comparison of
iron in GoFlo and hydrographic rosette bottles); the di!erence was not signi"cant.
Powderless vinyl gloves were used when transfering water from the Niskin bottles to
incubation bottles (see Lindley et al., 1995 for more details on water sampling and
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handling). Incubation bottles were rinsed 5X with their respective seawater sample
prior to "lling. Twenty to forty lCi of 14C bicarbonate stock were added to each
bottle from an 8-depth cast at the start of each incubation. One-tenth ml of the
seawater/isotope mixture was removed from the shallowest and deepest incubation
bottles, combined with 0.2 ml of phenethylamine (PEA) and scintillation cocktail for
an estimate of total radioactivity per sample. At all stations, bottles containing
100#ml of seawater were incubated in on-deck incubators with simulated in situ
(SIS) conditions of light quality and quantity, and were maintained at surface ambient
temperatures. Light quantity was controlled by neutral-density screening while light
quality was controlled with blue plexiglass (incubators were the same as used for US
JGOFS core productivity measurements by R. Barber and J. Marra). At six stations
during TN049, and eight stations during TN053, bottles were completely "lled,
capped and suspended in situ (IS), at depth, over the light period using a free-#oating
array (see Lindley et al., 1995). Note, when transporting bottles to and from the array
or deck incubators, they were always kept darkened to avoid light shock to the
phytoplankton from deck lights.
Following 24 h incubation, "lter forceps, "lter frit and cup were always prepared for
"ltration with a thorough rinse of 10% HCl, to ensure no contamination from
14C}HCO~ or labelled-calcite from previous samples. Glassware and forceps were
3
then rinsed three times with unlabelled "ltered seawater (FSW) prior to loading each
0.4 lm pore-size polycarbonate "lter. With the "lter in place, one more FSW rinse was
given to the entire "lter rig. Replicate 50-ml samples were withdrawn from the
polycarbonate bottles and "ltered. The 0.4 lm pore-size "lter caught virtually all
coccoliths (based on published sizes of coccoliths; Winter and Siesser, 1994). Following "ltration, "lters were carefully rinsed three times with "ltered seawater (including
a careful rim rinse) to remove any 14C-labeled, dissolved, inorganic carbon left on the
"lter. Each "lter was then placed in the bottom of a clean scintillation vial, and vials
were sealed with rubber septum stoppers (10% HCl-soaked overnight, and rinsed
three times with distilled water). A small bucket containing a Whatman GFA "lter,
pre-soaked with 0.2 ml of PEA, was suspended inside the vial from each septum
stopper. One ml of 1% phosphoric acid was then injected through the serum stopper,
past the bucket, onto the polycarbonate "lter on the bottom of the sealed vial. The
acid dissolved any 14C}CaCO from the "lter, and resultant 14C}CO was allowed to
3
2
equilibrate within the head space, eventually being trapped in the overlying PEAsoaked "lter. Vials were placed on a shaker table for 6 h to hasten the equilibration. At
the end of 6 h, vials were opened, and the GFA "lters (containing 14C activity
associated with calcite) were transferred to a new vial, and scintillation cocktail added.
Cocktail was added also to the acidi"ed polycarbonate "lter containing acidi"ed
14C organic matter. Both sets of vials were stored in darkness for 24 h to stabilize the
radioactivity counts, then their radioactivity was measured using a Beckman scintillation counter. Calci"cation and photosynthesis were calculated using the 14C activity
of each "lter (Balch et al., 1993). Quenching was corrected using the channels-ratio
method. Carbon uptake was calculated using the method of Parsons et al. (1984). The
14C activity of the "lter minus the formalin blank was multiplied by 1.05 (isotope
discrimination factor), the concentration of total dissolved inorganic carbon
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(="24,000 mg C/l), and divided by the total radioactivity per sample, and time of
incubation. The constant value = was used to match the equations used in the core
US JGOFS primary productivity measurements of R. Barber and J. Marra. Given
euphotic zone salinity variation during TN049 of 35.6}36.8 PSU, then assuming
a constant = would have translated to a maximum error of about $1.4% in the
photosynthesis or calci"cation measurement (Parsons et al., 1984). For TN053, the
range of euphotic zone salinities was from 35.4}37.6 PSU, thus the maximum error
was about $2.9%. Note, however, the assumption of a constant = would not have
e!ected the ratio of photosynthesis to calci"cation.
Control experiments were performed in which a blank "lter was soaked with
14C}HCO~ and placed on the bottom of a sealed vial, then acidi"ed. The resultant
3
14C}CO was allowed to di!use through the head space, to a suspended PEA-soaked
2
"lter. These experiments veri"ed that 97% (standard deviation"$1.9%) of the
14C}CO was collected on the PEA-soaked "lter after &2 h. This compared fa2
vorably to the mean yield of 98% (standard deviation"$6.3% observed by
Paasche and Brubak, 1994 in the original method). Three controls also were run:
a time-zero (to estimate short-term 14C binding), a formalin-killed sample (the counts
of which were subtracted from the experimental sample) and a dark sample (to
provide an estimate of dark calci"cation).

2.3. Microscope counts
Water from each Niskin bottle was taken for coccolithophore and coccolith counts.
Brown glass bottles were rinsed three times with each sample prior to "nal "lling.
Samples were preserved with 4% bu!ered formalin ("nal concentration) and, after the
cruise, settled in 10-ml counting chambers prior to counting detached coccoliths and
plated coccolithophores (UtermoK hl, 1931,1958). Microscope enumeration of detached
coccoliths and plated coccolithophores was made using an Olympus BH2 microscope
with polarization optics, which allowed us to quantify birefringent CaCO coccoliths
3
and coccospheres. For statistical reasons, 200 coccoliths or cells were counted from
each sample, when available.

2.4. Suspended CaCO3 , particulate organic carbon, and chlorophyll a
The technique of Fernandez et al. (1993) was used to measure suspended CaCO
3
concentrations. Brie#y, samples were "ltered onto 0.4 lm pore-size polycarbonate
"lters, and rinsed "rst with "ltered sea water, then borate bu!er (pH"8) to remove
seawater calcium chloride. Filters were placed in trace-metal free centrifuge tubes with
5 ml 0.5% Optima grade Nitric acid to drive o! any 14C activity of the coccoliths.
Next, the Ca concentration was measured using graphite furnace atomic absorption
spectrometry. The sensitivity of the technique, after correction to the volume of
seawater "ltered, was about 2 ng Ca l~1. Chlorophyll a and particulate organic
carbon were measured according to the JGOFS protocols (JGOFS, 1996).
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3. Results
3.1. Regional data comparison between SW and NE Monsoons
During the SW Monsoon, the depth of the 1% light level varied from 23}100 m
over the study area while during the early NE Monsoon, the 1% light depths varied
from 46}90 m. Surface mixing during the SW Monsoon also caused smaller vertical
gradients in temperature. For example, the average euphotic zone temperature gradient during TN049 was !0.0223C m~1 (a negative value means the water was colder
with depth; SD"0.0663C m~1; n"197) while during TN053 the average gradient
was !0.0513C m~1 (SD"0.135; n"152).
For ease in comparison of the biological variables, statistical averages, medians,
ranges, standard deviations and sample size are summarized in Table 1 (discrete
measurements) and Table 2 (results integrated over the water column to the 1% light
depth). Note that there were many fewer stations than discrete measurements; therefore, there are fewer degrees of freedom when working with the integrated data, and
less statistical power for rejecting the null hypothesis (H : cruise means were equal).
0
Probabilities for rejecting the null hypothesis are given in the text (P "probability
$*4
based on discrete data; P "probability based on integrated data). All ¹ tests are
*/5
two-tailed and assume heteroschedastic variances. A summary of all notation is given
in a separate table (Table 3).
Particle counts showed some signi"cant di!erences between cruises. Average detached coccolith concentration increased during TN053 (P (0.001) as did the
$*4
average plated coccolithophore concentration (P (0.05). The ratio of detached
$*4
coccoliths/plated cell decreased by a third from TN049 to TN053 (P (0.01; see
$*4
Tables 1 and 2). Standing stocks of the particulate inorganic carbon also showed some
noteworthy changes. Mean PIC and PIC per coccolith decreased signi"cantly during
TN053 (P (1E-5 and P (0.05). Interestingly, mean POC increased by a third
$*4
*/5
during TN053 (P (1E-5 and P (0.05). The ratio of PIC:POC (`rain ratioa) was
$*4
*/5
2}3% and showed no signi"cant changes between cruises.
Rates of carbon "xation changed signi"cantly between the SW Monsoon and early
NE Monsoon cruises. Primary production (P) decreased by a third between cruises
TN049 and TN053 (P and P (0.05). Mean photosynthesis per unit biomass (P )
$*4
*/5
"
was &30}50 gC gChl a~1 d~1 and showed no signi"cant variability between the two
monsoons. Mean calci"cation (C) was &3X greater during TN049 than during
TN053 (P and P (0.01). Calci"cation per unit chlorophyll (C ; an indication of
$*4
*/5
"
the rate of calcite production per total phytoplankton biomass [i.e. calcifying and
noncalcifying algae]) was 50}60% lower during the early NE Monsoon (P (0.01;
$*4
P (0.05). We normalized calci"cation rates by the concentration of plated
*/5
coccolithophores as an indication of the relative activity of the calcifying algae.
Results showed that calci"cation per coccolithophore (C ) dropped almost 10X
#%-(P (0.0001; P (0.05) from TN043 to TN053, and the ratio of calci"cation to
$*4
*/5
photosynthesis (C/P) dropped by 40}45% (P (0.01; P "0.05).
$*4
*/5
It should be noted that the ratio of simulated in situ (SIS) carbon "xation to in situ
(IS) carbon "xation was 1.28}1.38 for calci"cation, and 1.52}1.85 for photosynthesis

160.0
12.00
30.51
2.38
2.32
66.57
25.62
47.54
0.863
1.62
13.86
3.45
4.16
22.71
5.57
4.010
0.259
0.326
1.28
1.85

Coccoliths (per ml)
Plated Cells (per ml)
Coccoliths/cell
PIC (mg m~3)
PIC (pmol/detach lith)
POC (mg m~3)
P (mg C m~3 d~1)
Pb (gC gChl a~1 d~1)
C (mg C m~3 d~1)
C (gC gChl a~1 d~1)
"
C (pmol C cell~1 d~1)
1PIC : POC (%)
C/P (%)
q (d)
PIC
q
(d)
POC
q /q
PIC POC
k
(d~1)
POC
k (d~1)
PIC
C /C
4*4 *4
P /P
4*4 *4

!P(1E-3.
"P(0.05.
#P(0.01.
$P(1E-5.
%P'0.05.

049

R/V ¹hompson Cruise

200.6
16.76
20.75
1.62
1.34
88.47
18.40
42.19
0.327
0.87
3.13
2.60
2.56
14.25
18.94
1.80
0.160
0.270
1.54
1.56

053

Average no.

Property

106.3
6.77
15.03
1.80
1.40
58.67
13.29
33.58
0.360
0.81
4.75
2.19
2.21
4.512
3.960
1.373
0.225
0.199
0.838
1.41

049

Median

179.4
10.93
13.81
1.07
0.62
80.20
12.19
34.82
0.250
0.72
1.41
1.54
1.76
4.681
6.952
0.80
0.134
0.194
0.980
1.328

053
1044
184.6
386.9
16.53
18.15
167.6
639.3
531.6
32.75
25.6
331.0
29.5
68.85
818.4
27.1
60.58
0.624
2.58
9.97
6.75

049

Max

683
135.4
158.4
21.1
11.57
315.8
108.1
248.5
1.918
4.20
49.9
26.9
39.0
390.6
1077
39.91
1.18
1.701
12.38
5.859

053
5.4
0
0.65
0
0.011
9.37
0.366
0.655
0
0
0
0.07
0
0.082
1.153
0.018
0.036
0
0
0.14

049

Min

9.05
0
1.51
0.10
0.052
21.11
0.100
0.197
0
0
0
0.11
0
0.223
0.443
0.014
0.001
0.003
0
0.776

053

053

1069
674
184.6 135.4
386.3
156.9
16.53
21.03
18.14
11.52
158.2
294.7
638.9
108.02
531.0
248.3
32.75
1.918
25.6
4.20
331.0
49.9
29.46
26.8
68.85
39.0
818.3
390.4
25.93
1075.4
60.56
39.90
0.588
1.18
2.58
1.698
9.97
12.38
6.60
5.083

049

Range

163
22.9
44.28
2.14
2.98
33.32
53.73
52.38
2.865
2.90
34.93
4.23
6.65
79.27
5.082
8.720
0.155
0.393
1.737
1.441

049
133
19.1
21.9
2.03
1.96
45.75
18.49
31.37
0.304
0.72
5.81
3.74
4.00
37.76
83.29
3.79
0.144
0.254
1.88
0.916

053

Std. Dev.

233
234
233
303
238
262
286
285
268
285
252
77
268
269
256
70
70
269
56
56

049

N

184
184
177
299
183
179
247
246
214
212
177
179
179
206
176
167
175
206
60
62

053
!
"
#
$
$
$
"
%
#
$
$
%
#
%
"
"
$
%
%
%

Prob

Table 1
Statistics of properties measured at discrete depths during cruises TN049 and TN053 to the Arabian Sea. Probabilities of type 1 error (rejection of null hypothesis
} no di!erence between TN049 and TN053 means } when it is true) given in last column
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049

1.04
8.06
22.39
134.1
1.388
3780
1485
55.57
56.77
2.424
17.40
3.23
4.36
7.62
2.82
3.47
0.328
0.436
1.27
1.518

R/V ¹hompson Cruise

Coccoliths (]1010 m~2)
Plted Cells (]108 m~2)
Int Coccoliths/Int cells
PIC (mg C m~2)
PIC (pmol/detach lith)
POC (mg C m~2)
P (mg C m~2 d~1)
Pb (gC gChl a~1 d~1)
C (mg C m~2 d~1)
C (gC gChl a~1 d~1)
"
C (pmol C cell~1 d~1)
1PIC : POC (%)
C/P (%)
q (d)
PIC
q
(d)
POC
q /q
PIC POC
k
(d~1)
POC
k (d~1)
PIC
C /C
4*4 *4
P /P
4*4 *4

!P'0.05.
"P(0.05.
#P(0.01.
$P(1E-3.
%P(1E-5.

Average

Property

1.22
10.18
14.91
119.6
0.821
4972
983.8
46.77
21.27
0.965
2.507
2.63
2.46
19.07
5.52
3.16
0.182
0.228
1.383
1.573

053
0.717
4.31
18.57
113.5
1.140
3821
1232
51.35
36.62
1.453
6.343
2.74
2.98
2.98
2.98
1.95
0.290
0.291
0.603
1.486

049

Median

1.101
6.92
13.52
97.62
0.723
4544
936.4
41.07
20.96
0.985
2.101
1.90
2.27
4.09
5.33
0.75
0.172
0.219
1.189
1.518

053
3.31
84.87
111.3
324.4
5.20
6594
3850
173.1
209.4
13.75
197.7
6.63
19.4
72.66
5.06
9.15
0.513
2.076
3.558
2.311

049

Max

2.606
35.28
36.4
320.1
2.236
7779
1741
120.0
47.70
2.20
6.893
9.34
8.64
288.8
10.21
41.24
0.343
0.641
4.042
2.114

053
0.174
0.744
3.05
18.3
0.15
2500
638.8
25.04
3.41
0.130
0.274
0.38
0.43
0.14
1.49
0.14
0.180
0.137
0.277
0.339

049

Min

0.465
2.176
6.37
23.62
0.206
3426
464.8
20.87
1.11
0.087
0.067
0.38
0.23
1.11
2.44
0.25
0.093
0.003
0.104
1.142

053
3.137
84.12
108.21
306.1
5.05
4094
3211
148.1
205.9
13.62
197.5
6.24
19.01
72.52
3.57
9.01
0.333
2.062
3.281
1.972

049

Range

2.141
33.10
29.99
296.5
2.030
4353
1276
99.15
46.60
2.113
6.826
8.96
8.41
287.7
7.76
40.99
0.249
0.638
3.938
0.972

053
0.770
15.02
19.67
85.55
1.048
1259
785.6
27.59
58.24
3.044
38.21
1.88
4.68
14.20
0.98
3.49
0.100
0.480
1.327
0.701

049
0.542
7.80
7.10
84.11
0.520
1148
350
21.80
11.13
0.512
1.817
2.21
1.85
59.66
1.75
8.63
0.059
0.141
1.173
0.329

053

Std. Dev.

230
30
30
31
30
11
28
28
28
28
28
11
29
28
10
10
10
28
7
7

049

N

23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
8
8

053
!
!
!
!
"
"
#
!
#
"
"
!
!
!
%
!
$
"
!
!

Prob

Table 2
Statistics of integrated properties measured during cruises TN049 and TN053 to the Arabian Sea. Probabilities of type 1 error (rejection of null hypothesis } no
di!erence between TN049 and TN053 means } when it is true) given in last column
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Table 3
Notation used in this work
C
C/P
C
"
C
*4
C
1C
4*4
k
PIC
k
POC
P
Pb
P
$*4
P
*/5
PIC
POC
PIC : POC
P
*4
P
4*4
q
PIC
q
POC

Calci"cation rate (mg C m~3 d~1)
Ratio of calci"cation to photosynthesis
Calci"cation normalized to total phytoplankton chlorophyll a (gC gChl~1 d~1)
Calci"cation measured in situ (mg C m~3 d~1)
Calci"cation normalized to the concentration of plated coccolithophore cells (pmol
C cell~1 d~1)
Calci"cation measured using simulated in situ incubations (mg C m~3 d~1)
PIC-speci"c intrinsic rate of growth (d~1)
POC-speci"c intrinsic rate of growth (d~1)
Photosynthesis (mg C m~3 d~1)
Photosynthesis per unit chlorophyll a biomass (gC gChl~1 d~1)
Probability for rejecting the null hypothesis based on discrete data
Probability for rejecting the null hypothesis based on integrated data
Particulate inorganic carbon concentration
Particulate organic carbon concentration
Rain ratio
Phytosynthesis measured in situ (mg C m~3 d~1)
Phytosynthesis measured using simulated in situ incubations (mg C m~3 d~1)
Turnover time of particulate inorganic carbon (d)
Turnover time of particulate organic carbon (d)

(Tables 1 and 2). There were no signi"cant di!erences in these ratios between cruises,
nor were the ratios signi"cantly di!erent from 1 for calci"cation results (integrated
and discrete) or integrated productivity results. Only discrete productivity data
showed ratios of P /P signi"cantly '1 (P (0.05). While all stations had
4*4 *4
$*4
simulated in situ measurements of carbon "xation, only &1 of the stations had in situ
4
measurements (7}8 stations per cruise).
One of our goals was to estimate areal carbon "xation rates in the Arabian Sea, thus
we relied on the more numerous simulated in situ results to make our maps. We
performed a comparison between our microdi!usion estimates of primary production
and the primary production estimates of Barber and Marra using the standard
14C method (JGOFS, 1996). The results demonstrated that microdi!usion SIS primary production estimates exceeded the standard US JGOFS IS productivities (US
JGOFS Data Base, 1998; Fig. 1) in oligotrophic waters, and were less in eutrophic
waters. Moreover, the standard errors of the least square "t predictions for TN049
and TN053 were &0.15}0.23 log units, or $140}170% (Fig. 1). This made statistical
discrimination of the data from a 1 : 1 line di$cult. Given the inability to assign
absolute accuracy to either technique for lack of a productivity standard (Balch, 1997),
we therefore used our SIS production data, as is, for estimating areal primary
production and calci"cation.
At one station during TN053, we ran parallel incubations using the microdi!usion
technique with our polycarbonate bottles, or the standard JGOFS production technique with JGOFS bottles. We observed 8% higher counts with the microdi!usion
technique (mean count using our bottles"9262$354 dpm; mean count using
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Fig. 1. Simulated in situ productivity measured with microdi!usion technique (Prod ; which uses 0.4 lm
MD
poresize polycarbonate "lters) versus in situ productivity results using the same water, but with the
standard JGOFS productivity method (Prod
; data from Barber/Marra group; 24 h incubations;
JGOFS
US JGOFS Arabian Sea data base, 1998). Units for Prod and Prod
are mg C m~3 d~1 (divide by
MD
JGOFS
12,000 to convert to moles C m~3 d~1). For cruise TN049 [e], the best "t to the data was Log Prod
MD
[0.234]"log Prod
0.45[0.054]#0.649[0.076]; r2"0.56; n"55. For cruise TN053 [m], the best "t
JGOFS
to the data was Log Prod
[0.154]"log Prod
0.700[0.037]#0.210[0.042]; r2"858; n"61.
MD
JGOFS
Standard errors of the slope, intercept, and ordinate value are given in square brackets.

standard JGOFS bottles"8541 dpm$259). Any di!erences must have been related
to the "lter types (we used 0.4 lm pore-size polycarbonate "lters, and the standard
JGOFS method used GFF glass "ber "lters) or method (microdi!usion versus
standard "ltration method). Note that all of our incubations (SIS and IS) were
performed in the exact same light and temperature conditions as the standard US
JGOFS productivity samples, and there were no di!erences in the equations to solve
for 14C uptake.
Turnover of the particulate pool was estimated by dividing standing stock by the
simulated in situ production rate (assuming steady-state conditions). Turnover time of
PIC (q ) was not statistically di!erent between the two cruises. The turnover time of
PIC
POC (q ) increased signi"cantly between TN049 and TN053 (6}19 d for discrete
POC
data, P (0.05; &3}6 d for integrated data, P (0.00001). Speci"c growth rates,
$*4
*/5
based on changes in POC or PIC were estimated as:
k "1/t ln [(P#POC )/POC ],
POC
0
0
k "1/t ln [(C#PIC )/PIC ],
PIC
0
0

1312

W.M. Balch et al. / Deep-Sea Research II 47 (2000) 1301}1337

where t was the incubation period (1 d), POC or PIC was the initial concentration
0
0
of POC and PIC, respectively, and P and C was the change in POC or PIC
as measured with simulated in situ 14C. Speci"c growth rate of POC decreased
&38% from TN049 to TN053 (0.26}0.16 d~1; P (1E-5; P (0.001), mean
$*4
*/5
values for l
decreased only slightly between TN049 and TN053 (P p'0.05;
PIC
$*4
P (0.05).
*/5
3.2. Spatial/temporal variability in properties
Spatially, it is clear that coccoliths were patchy at the scale of sampling
(Figs. 2 and 3). Typical concentrations of coccoliths were &200 coccoliths ml~1
during both cruises, with o!shore peaks exceeding 400}500 ml~1, usually at depth.
Higher concentrations of plated cells were observed along both the N- and S-line,

Fig. 2. Vertical sections from the SW Monsoon cruise along the standard northern and southern lines for
detached coccolith concentration (A&B; ml~1), plated coccolithophores (C&D; ml~1), and the ratio of
detached coccoliths:plated coccolithophores (E&F).
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Fig. 3. Vertical sections from the early NE Monsoon cruise, same panels and units as described in Fig. 2.

1100 km o!shore during TN049 and 400}800 km o!shore during TN053. The number of detached coccoliths per plated cell peaked between 60 and 100 km o!shore,
midway along the N-line during TN049 and TN053. The S-line of TN049 contained
small patches with a high ratio of coccoliths per cell, the TN053 S-line showed high
ratios furthest o!shore. Coccolith concentration integrated over the euphotic zone
was generally (but not exclusively) (1]1010 coccoliths m~2 nearshore and double
this concentration o!shore during TN049 (Fig. 4). Integrated concentrations of
coccoliths during TN053 were more uniformily high over the Arabian Sea (between
&1}2]1010 coccoliths m~2). There was a strikingly signi"cant increase in the
integrated coccolithophore counts during TN053 (Table 1), but with no real onshoreo!shore trend. The ratio of integrated detached coccoliths/integrated plated
coccolithophores had highest values nearshore during both cruises. When the concentration of coccoliths was contoured in temperature}salinity space, no signi"cant trend
was noted. However, plated coccolithophore concentrations were generally higher in
warmer and higher salinity water during TN053 (data not shown).
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Fig. 4. (A}D) Concentrations of detached coccoliths and plated coccolithophores, integrated to the base of
the euphotic zone during TN049 and TN053, respectively. (E and F) Integrated ratio of detached coccoliths
to plated coccolithophores. Cruise track shown as dashed line. Di!erent perspective given to TN049 and
TN053 plots allows better discrimination of cruise track.
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3.3. Carbon standing stocks and xxation rates
3.3.1. Vertical sections
Calci"cation was generally highest within 200}300 km of shore (and in the Gulf of
Oman during TN053). Rates were also usually highest in the top 40 m of the water
column (Figs. 5 and 6, panels A and B). The decrease in calci"cation between TN049
and TN053, noted in Table 1, is also clear in the section data. Without wind-driven
upwelling (TN053), calci"cation rates were lower, and more uniform along the S-line
(Fig. 6B). Photosynthesis during TN049 was highest nearshore on the N-line, and on
the S-line, peaked between 500 and 1000 km o!shore (Figs. 5 and 6, panels C and D).
A roughly similar pattern was observed on the N- and S-lines during TN053 (with
lower levels of photosynthesis). The ratio of calci"cation to photosynthesis showed
considerable patchiness during upwelling (TN049). While there was no pattern for the
N-line, the S-line showed highest C/P ratios deep in the water column. During TN053,
C/P ratios were uniformily low ((5%) except for a few isolated patches of 15%.
Sectional PIC data illustrated that for both cruises, concentrations generally remained (3 mg m~3. The N-line for both cruises had highest PIC concentrations, up
to 15 mg C as calcite m~3, nearshore (Figs. 5 and 6, panels G and H), which was in the
vicinity of the Ras al Hadd front. During the SW Monsoon along the S-line, there was
a strong peak in PIC, 650 and 1200 km o!shore, while during the early NE Monsoon,
the PIC peak was shifted onshore (Fig. 6H). Peaks in the PIC:POC ratio (also known
as the `rain ratioa) were usually observed deeper in the water column, between
200}700 km o!shore.
3.3.2. Integrated standing stock and production
Maps of integrated calci"cation (Fig. 7A and B) showed high nearshore rates, but
also con"rmed that during the SW Monsoon, moderately high rates could be found
throughout the study area, unlike the early NE Monsoon when high rates were found
mostly near the coast. The same trend was apparent for integrated photosynthesis
(Fig. 7C and D). The ratio of integrated calci"cation/integrated photosynthesis
showed a striking decrease between the SW and NE Monsoons (Fig. 7E and F).
Integrated PIC clearly was high over most of the survey area during TN049, and
distributions shifted onshore during TN053 (Fig. 8). Integrated POC was signi"cantly
higher during TN053, which is particularly interesting given that there was higher
primary production during TN049 (Fig. 7C and D; Table 2). Just as integrated PIC
and POC were higher nearshore during TN053, the ratio of PIC:POC showed the
same trend (Fig. 8E and F).
3.3.3. Turnover, specixc rates of calcixcation and growth
Standing stocks of PIC and POC were divided by their respective synthesis rates to
estimate the turnover times (q and q , respectively). Sections of turnover for both
PIC
POC
carbon fractions generally showed slower turnover at depth, particularly from
0}400 km o!shore (Figs. 9 and 10; panels A}D). Integrated q was rapid nearshore
PIC
((2 d) during TN049, and 5}8 d during TN053 (Fig. 11A and B). O!shore values
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Fig. 5. Vertical sections from TN049 along the standard northern and southern lines for A and B)
calci"cation (mg C m~3 d~1; divide by 12,000 to convert to moles C m~3 d~1), (C and D) photosynthesis
(mg C m~3 d~1; divide by 12,000 to convert to moles C m~3 d~1), (E and F) calci"cation/photosynthesis
ratio, G and H) PIC (mg C m~3; divide by 12,000 to convert to moles C m~3), and (I and J) PIC/POC ratio.
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Fig. 6. Vertical sections from TN053, same panels as described in Fig. 5.
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Fig. 7. (A and B) Calci"cation, integrated to the base of the euphotic zone during TN049 and TN053,
respectively (mg C m~2 d~1; divide by 12,000 to convert to moles C m~2 d~1), (C and D) integrated
photosynthesis (mg C m~2 d~1; divide by 12,000 to convert to moles C m~2 d~1), (E and F) integrated
ratio of calci"cation/photosynthesis. Cruise track shown as dashed line.

were 6}15 d for both cruises. Integrated q
was almost constant during
POC
TN049(4}6 d) nearshore and o!shore. Values of q
for TN053 showed little onPOC
shore/o!shore pattern and hovered at &6}8 d.
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Fig. 8. (A and B) Integrated PIC concentrations (mg C m~2; divide by 12,000 to convert to moles C m~2),
(C and D) integrated POC concentrations(mg C m~2; divide by 12,000 to convert to moles C m~2),
integrated PIC/POC ratio. Cruise track shown as dashed line.

The PIC- and POC-speci"c growth (k
and k ; d~1; Eppley, 1972) was calPIC
POC
culated at discrete depths or over the entire water column as described above. Growth
of PIC was highest (0.5}1.5 d~1) in surface waters within 600 km of shore (Figs. 9 and
10, panels E and F). This horizontal pattern was even more pronounced for integrated
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Fig. 9. Vertical sections from north and south lines of TN049 for: (A and B) PIC turnover time (d), (C and
D) POC turnover time (d), (E and F), PIC speci"c growth (d~1), (G and H) POC speci"c growth (d~1).

k , which was highest nearshore for both cruises with TN049 values of 1.5 d~1,
PIC
considerably higher than during TN053 (Fig. 11E and F). Integrated k
was 0.3 d~1
POC
over the entire study region during TN049, and values decreased to 0.2 d~1 in TN053,
with highest integral k
nearshore (Fig. 11G and H). Coccolithophore-speci"c
POC
calci"cation rates, integrated over the water column, were &4X higher during the
SW Monsoon than the early NE Monsoon with higher values near shore (Fig. 12A

W.M. Balch et al. / Deep-Sea Research II 47 (2000) 1301}1337
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Fig. 10. Vertical sections from TN053 for same properties outlined in Fig. 9.

and B). Chlorophyll a-speci"c calci"cation rates during TN049 were about double
those observed during TN053, with the same trend of higher values nearshore
(Fig. 12C and D).
3.3.4. Property-property plots
Integrated calci"cation showed no relation with integrated photosynthesis, yet the
discrete data showed that coccolithophore calci"cation was usually about 1}5% of
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Fig. 11. Aerially integrated estimates of (A and B) turnover of integrated PIC (d), (C and D) turnover of
integrated POC (d), (E and F) PIC-speci"c growth (d~1), and (G and H) POC-speci"c growth (d~1).
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Fig. 12. Integrated estimates of (A and B) cellular calci"cation (pmol cell~1 d~1), (C and D) calci"cation per
total phytoplankton chlorophyll a (mgC mg chl a~1 d~1; divide by 12,000 to convert to moles
C mg chl a~1 d~1).

community phytosynthesis (Fig. 13). It was evident that data from TN053 showed
lower photosynthesis and calci"cation rates than during TN049. Due to the variance
of the data, we could detect no statistical di!erence between the data distributions.
The ratio of calci"cation to photosynthesis spanned almost 2 orders of magnitude,
and was not signi"cantly di!erent from the PIC : POC ratio (Tables 1 and 2). The
concentration of PIC was not signi"cantly correlated to coccolith concentration
(Fig. 14). Note that total coccolith concentration was calculated as the concentration
of detached coccoliths plus the number of attached coccoliths ("concentration of
plated cells]20). Isopleths of PIC/particle showed values from &0.3}60 pg particle~1. Normalizing to just the detached coccolith concentration gave average values
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Fig. 13. Scatter plot of calci"cation versus photosynthesis (v"TN049; n"TN053).

of 0.6}2 pmol particle~1 with a range of 0.01}18 pmol particle~1 ("0.1}216 pg
particle~1; Tables 1 and 2). Plots of suspended PIC versus calci"cation or POC versus
photosynthesis did not show any trends in the data. Median turnover time for POC
increased signi"cantly from 4 to 7 d during TN049 and TN053, respectively (Fig. 15;
see also Table 1). There was no signi"cant change in the turnover time for PIC
(median times of &4.5 d). Plot of q
vs. q
showed much of the data not
PIC
POC
signi"cantly di!erent from the 1 : 1 line, but the data distribution spanned 2 orders of
magnitude for both cruises (Fig. 15).

4. Discussion
4.1. mProductivity methods
Primary productivity, measured with the microdi!usion technique, gave higher
values when water was incubated in SIS rather than IS conditions. There should be no
bottle-related di!erences since bottles were identical for both incubations. The question is whether this di!erence was due to light, temperature or pressure. Pressure was
probably not important, since the absolute di!erences between the two techniques
actually decreased with increasing depth (data not shown). Temperature was maintained in the incubators using surface ambient seawater. During the SW Monsoon
cruise, temperature di!erences between SIS and IS incubation bottles were less, since
surface mixed layers extended deeper, and the vertical temperature gradient during
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Fig. 14. PIC concentration (mg C m~3; divide by 12,000 to convert to moles C m~3) versus total coccolith
concentration (ml~1; attached and detached coccoliths). Isopleths of pg PIC per coccolith shown
(v"TN049; n"TN053). Calculations assumed that plated cells had 20 coccoliths per plated cell.

TN049 was less than half the average vertical temperature gradient observed during
TN053. In fact, SIS productivity /IS productivity was greatest during the SW Monsoon cruise (TN049; Table 1). It is also worthy of note that the IS bottles were usually
recovered after sunset and incubated for the remainder of the dark cycle in the same
on-deck incubators as the SIS bottles (at the same temperature). Thus, with minimal
di!erences due to pressure or temperature, incorrect matching of light quality in the
SIS incubators remains the probable factor responsible for SIS versus IS productivity
di!erences.
Fortuitously, the JGOFS standard IS primary productivity method and the SIS
microdi!usion productivity method gave similar rates, even with the methodological
di!erences. Indeed, a direct comparison of all the in situ samples using both techniques demonstrated that the microdi!usion technique averaged &6% higher than
the standard JGOFS core technique. This might have been due to the di!erent pore
sizes; the microdi!usion technique used 0.4 lm pore-size polycarbonate "lters, while
the standard JGOFS-GF/F glass "ber "lters had nominal pore-size of 0.7 lm.
Other factors than pore-size could have a!ected 14C retention, however. Maske and
Garcia-Mendoza (1994; their Fig. 1) showed that 14C primary-productivity measurements with glass "ber "lters had 6% higher uptake than the same technique using HA
membrane "lters. They attributed this to preferential adsorption of labelled dissolved
organic matter (DOM) onto GFF "lters. Data for DOM adsorption by all "lter types
(their Table 1) would suggest that polycarbonate "lters (used in our microdi!usion
technique) should have even lower 14C adsorption than HA membrane "lters. This
e!ect should have lowered 14C counts in our Arabian Sea samples relative to the
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Fig. 15. Turnover time of PIC (d) versus turnover time of POC (d). Upper panel } TN049 data. Lower panel
} TN053 data. Error bars represent 1 standard deviation for replicate samples. Reference lines also shown
(10 : 1, 1 : 1, and 1 : 10).

JGOFS standard incubations. Another aspect of the microdi!usion technique is that
several post-"ltration rinses are required to insure that all 14C}HCO~ activity is
3
removed. Again, this should have resulted in loss of 14C activity. Indeed, the reason
that polycarbonate "lters were used in the microdi!usion technique is that so much of
the un"xed 14C}HCO and 14C-DOM can be rinsed o!. Regardless, results for SIS
3
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microdi!usion primary productivity and IS standard JGOFS primary productivity
were not signi"cantly di!erent, which allowed us to map primary production and
calci"cation with the more abundant SIS data.
4.2. Climatological changes between SW Monsoon and early NE Monsoon and the
biological impact
For 1995, the wind record of Weller et al. (1998) during the SW Monsoon showed
average winds for July/August of &11 m s~1 from the WSW. Winds during US
JGOFS cruise TN053 (October/November) averaged &3.9 m s~1 from the WNW, in
contrast to the previous October/November period when the wind direction was from
the ENE at an average of 5.8 m s~1 (note, the Weller et al. (1998) data only go to the
end of October 1995, and do not include November 1995) Thus, while cruise TN049
was during a SW Monsoon, cruise TN053 was more typical of the early NE Monsoon,
and the biological consequences will likely re#ect this. The average mixed layer depth
in the study area also re#ected this change in windstress; during cruise TN049, the
average mixed-layer depth was 52.8 m (based on the depth where sigma-theta is 0.125
larger than the surface sigma theta; std dev"29.7 m; n"34 stns) while during cruise
TN053, the mixed layer had shoaled to 42.5 m (std dev"13.4 m; n"28 stns). Indeed,
since water temperatures during TN049 were close to atmospheric temperatures, and
relative humidities high, thermohaline-related overturn was probably less important
during the SW Monsoon than wind-driven mixing for establishing the depth of the
mixed layer, as suggested by Banse and McClain (1986). This was not the case during
TN053, when water temperatures exceeded air temperatures by &13C and the
sensible heat #ux showed ocean cooling (Weller et al., 1998). Dickey et al. (1998) used
temperature criteria for de"ning the mixed layer depth, but observed similar mixedlayer shallowing from the SW Monsoon to the early NE Monsoon as we did. They
also observed that the euphotic zone (based on 1% PAR) was generally shallower
than the mixed-layer depths except for a period in the beginning of August, 1995.
Without information about the compensation light intensity, it is not possible to
calculate the critical depth, but qualitatively the phytoplankton should not have been
growing optimally under this mixing regime. During the SW Monsoon period, Marra
et al. (1998) showed that at station S07, low areal chlorophyll a concentrations were
observed when the mixed layer was deeper than the euphotic zone (e.g. July 1995),
consistant with the Sverdrup (1953) critical depth-mixing model. During the early NE
Monsoon, the mixed-layer depth was clearly shallower than the euphotic zone, and
higher areal chlorophyll a concentrations and primary production resulted.
Relating changes in standing stock and production of phytoplankton to hydrographic changes has been di$cult in the Arabian Sea (Banse, 1987). Banse surmised
that a lack of data on growth and grazing rates in earlier Indian Ocean studies limited
the conclusions that could be made. In the US JGOFS studies, however, such data do
exist, at least for generic grazing and growth rates. These data undoubtedly will help
us understand the variability of the coccolithophores, which a!ect the underlying
sediments so strongly. It should be noted, however, that Yentsch (1988) successfully
related the distribution of chlorophyll a in the Western Indian Ocean to the slope of
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isopycnals (or baroclinicity), and it is highly likely that both gradients in
standing stock and productivity can be related to isopycnal slope as well (Balch et al.,
1997).
In the well-known Margalef Mandala (Margalef, 1978; his Fig. 2), coccolithophores
assume a niche intermediate between diatoms and dino#agellates with respect to their
nutrient and turbulence preferences. This has been supported by many observations,
including our own, of coccolithophore blooms which follow spring diatom blooms in
the Gulf of Maine (Balch et al., 1991,1992) and precede the summer dino#agellate red
tides. Moreover, higher calci"cation rates have been associated with phosphorous
limitation (Paasche and Brubak, 1994). It should be noted that while temporal
succession of species is implied in the Margalef Mandala, there is no implicit relationship between the time and magnitude of one species bloom and that of another; that is,
the size of a diatom bloom is not necessarily correlated to subsequent coccolithophore
growth.
Interestingly, there is some evidence that in non-bloom situations, coccolithophores
covary with other phytoplankton species. Coccolith abundance in sediments has been
used for years to infer paleoproductivity by all phytoplankton (e.g., Berger, 1976), not
just productivity of coccolithophores. This interpretation is obviously at a vastly
larger time-scale than represented in the Margalef Mandala, but it highlights two
di!erent schools of thought concerning the abundance of calcifying algae: (1) the
`biological schoola hypothesizes that coccolithophores "ll an intermediate niche
within the phytoplankton in regard to turbulence and nutrients, but that they are not
necessarily covarying, in time or space,with other algal taxa, and (2) the `geological
schoola hypothesizes that coccolithophore production is representative of overall
algal production. The nature of the seasonality in algal abundance, as well as the
relationship between coccolithophore production/calci"cation and total algal production, has profound implications on interpretations of paleoproduction, alkalinity
balances, and carbon sediment #uxes.
4.3. Temporal changes in coccolithophore abundance and biomass
Increases in coccolithophore and coccolith abundance during TN053 were associated with decreases in mixing, as expected from the Margalef Mandala (Margalef,
1978). PIC per coccolith decreased by a factor of 2 during TN053, such that more
abundant coccoliths were indeed smaller. Provided coccolith shape was not di!erent
between the two cruises, then PIC per coccolith should have been less during TN053,
with slower sinking rates of solitary coccoliths. This, in turn, would have made for
slower turnover times. Obviously, this interpretation would not have applied for
coccoliths packed within zooplankton fecal pellets.
Patterns of coccolith abundance in the Arabian Sea were in agreement with the
Margalef Mandala (Margalef, 1978); the physiological data on photosynthesis and
calci"cation were not, however. Both primary production and calci"cation were
greater during the SW Monsoon, where the water was clearly more mixed than during
the post SW Monsoon period. Taken together with the abundance data, we can only
deduce that during TN049, fewer coccolithophores were producing more calcite in
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larger coccoliths. One problematic aspect of this interpretation was that the PIC per
coccolith values were 20}100X greater than ordinarily observed for common coccolithophores such as Emiliania huxleyi or Gephyrocapsa oceanica (0.017}0.04 pmol
C per coccolith (Holligan et al., 1983; Balch et al., 1991; Fernandez et al., 1993) as
compared to 1}2 pmol C per coccolith calculated here. This was likely due to
conservative assumptions about the numbers of coccoliths per cell, clearly possible
given that E. huxleyi was not an abundant member of the phytoplankton assemblage.
This also could have resulted from foraminifera contamination of the PIC samples,
although this is unlikely since suspended calcite samples were made from only 100 ml
volumes and the probability of the samples containing formainifera would have been
low. If one divides the PIC per particle by the cellular calci"cation rate, the rate of
production of calcite particles would have been produced at &0.25 h~1 during
TN049 and 0.1 h~1 during TN053. Such rates are lower than the 0.5 coccoliths
h~1 "rst measured by Paasche (1962) using E. huxleyi (see also Balch et al., 1993).
4.4. Carbon xxation rates
The calci"cation rates measured during US JGOFS were considerably lower than
we predicted using the two radically di!erent methods, based on broad assumptions
and historical 14C data (see Introduction). The value 4.5 mol of organic carbon "xed
per mole of CaCO , estimated by Broecker and Peng (1982), was about an order of
3
magnitude too low. There are insu$cient data to estimate the annual calci"cation rate
in the Arabian Sea. Calci"cation rates, normalized to total phytoplankton chlorophyll
a, were higher during the SW Monsoon, probably due to higher relative coccolithophore abundance within the total phytoplankton, rather than higher light
levels and longer day length. This is because calci"cation is not as strongly lightdependent as photosynthesis (Paasche, 1969; Balch et al., 1992). However, equally
noteworthy, photosynthesis rates normalized to chlorophyll a, showed no signi"cant
change between TN049 and TN053; this is surprising since the sun was higher and day
length was longer in July/August than October/November. Sky conditions were
mostly overcast in the coastal upwelling region during the SW Monsoon, which
would have countered the e!ects of increased light and longer daylength. Not only
was productivity per unit biomass (P ) invariant between the two cruises, but the
"
PIC : POC rain ratio remained &2}3%, not statistically di!erent from the P/C ratio
(Table 2). If ratios of the PIC : POC standing stocks are the same as the photosynthesis : calci"cation ratios, then the system could be considered to have been in
quasi-steady state in terms of the sources and sinks. This was further evidenced by
estimates of turnover time (q) for both carbon fractions. Turnover of PIC (q ) did not
PIC
change between the two cruises, and moreover, was remarkably short (&4d) for
calcite particles having zero nutritive value. Fast turnover times of calcite particles
also were observed in the Equatorial Paci"c Ocean by Balch and Kilpatrick (1996)
and Gulf of Maine (Graziano et al., 2000). While the turnover time of POC averaged
a bit longer during TN053 than TN049 (5}6 d vs. 3}4 d, respecively), the values were
not signi"cantly di!erent from q values, suggesting that the processes responsible
PIC
for POC and PIC production (via growth) and loss (via grazing) were similar.
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This data set allows us to comment on coccolithophore growth relative to the other
phytoplankton. Signi"cantly higher k
during TN049 probably can be attributed to
POC
faster bulk phytoplankton growth. Macrozooplankton grazing within the bottles
would have been expected to be low, due to the small incubation volume (250 ml), and
low probability of capturing such grazers given their signi"cantly lower numerical
abundance in nature. The increase in k
during TN049 was likely due to increased
POC
nutrients associated with the wind-driven mixing. Obviously, this assumes that the
depth of mixing was not below the critical depth as de"ned by Sverdrup (1953). In fact,
there were periods during TN049 when the average mixed layer was only a few meters
deeper than the euphotic zone, while during TN053 the mixed-layer depth was
shallower than the euphotic zone by 10}20 m (Marra et al., 1998; see also data of
Morrison, US JGOFS Arabian Sea data base).
While organic growth showed a clear decrease from TN049 to TN053, there was no
signi"cant di!erence in k , suggesting that coccolithophore calci"cation rates were
PIC
not responding in the same fashion as bulk phytoplankton growth. Fritz and Balch
(1996) demonstrated that coccolith detachment by Emiliania huxleyi was at the same
rate as their growth rate. Assuming that coccoliths detached at the same rate that they
were being precipitated (otherwise, coccolithophores would accumulate plates, which
was not observed in preserved samples), then constant l during TN049 and TN053
PIC
suggested that coccolithophore growth rates were also constant from the SW
Monsoon to the early NE Monsoon.
4.5. Spatial variability of coccolithophores, PIC and calcixcation
Concentrations of detached coccoliths and plated coccolithophores usually were
highest o!shore (throughout the water column), for both the north and south lines,
and for both cruises (Fig. 4A and B). Subsurface maxima were common, if not the rule.
This trend also was observed by Reid (1980) who described depth-dependent communities of coccolithophore species of the North Paci"c Central Gyre. Coccolith concentrations were generally about 2X higher in the Arabian Sea than in the Equatorial
Paci"c Ocean (Balch and Kilpatrick, 1996) but much lower than in previously
observed blooms in temperate waters (Holligan et al., 1983; Balch et al., 1991;
Fernandez et al., 1993). During TN049, there was a 400 km wide patch of water,
600 km o!shore, which contained ratios of detached coccoliths to plated cells as high
as 100. This was potentially due to massive deplating, perhaps representative of cells
following rapid growth, as they entered stationary phase (Balch et al., 1992,1993).
Optical data on the distribution of calcite-dependent light scattering suggested that
coccolithophores were patchy over scales &100 km (data to be published separately).
Cell count, PIC, and calci"cation data showed equally high patchiness (Figs. 2, 3,
5 and 6). It is clear from the N- and S-lines that during the SW Monsoon, calci"cation
was highest in the coastal upwelling portions of the north and south lines, with
remarkably high ratios of calci"cation:photosynthesis deep in the euphotic zone
('15%). This is in agreement with the model of calci"cation:photosynthesis given by
Balch et al. (1992) in which the combination of calci"cation (with low light dependence), combined with photosynthesis (with high light-dependence), produced a high
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ratio of calci"cation to photosynthesis at the base of the euphotic zone. High PIC
concentrations at depth near the coast may have represented sinking calcite from the
preceeding SW Monsoon period. Despite the high density of calcium carbonate,
sinking rates of detached coccoliths are only &0.1 m d~1 (Honjo, 1976; Balch et al.,
1996), and it can take several months for them to sink 10 m, only if turnover was low.
In our case, with median turnover times of 2}5 d, CaCO would have been scavenged
3
at a rate of 20}50% d~1. Coastal enhancement of calci"cation during TN053 along
the northern line was probably maintained by the Ras al Hadd frontal mixing since
wind-driven upwelling would have been negligible at this time.
4.6. Fate of sinking coccoliths } grazing and dissolution
It is generally accepted that biogenic particles make up the majority of the mass #ux
to the bathypelagic depths in subtropical and temperate regions (Honjo et al., 1982).
Moreover, with the advent of the grazing/dilution technique (Landry and Hassett,
1982; Landry, 1993; Landry et al., 1995), it has been observed that zooplankton
grazing keeps most primary production in check (see also Banse, 1988). Consequently,
phytoplankton biomass is more stable through time than one would expect if grazers
were excluded (which often is done in 14C incubations). If zooplankton are not
selecting between PIC and POC, then it seems reasonable to expect that CaCO
3
particles are being consumed and `turned overa as rapidly as organic particles, on
time-scales of days. Our Arabian Sea turnover data support this contention, and
suggest that POC turnover times were not signi"cantly di!erent from PIC turnover
(Fig. 15). Of course, this explanation implies CaCO was being grazed and defecated
3
as fecal pellets, which would have sunk much more rapidly than detached coccoliths
into the deep sea. If this were true, then shallow calci"cation rates should equal
shallow sedimentation #uxes into sediment traps.
Besides grazing, the only other way that CaCO could be `turned overa in surface
3
waters is by dissolution. Such an interpretation is problematic, since euphotic zone
waters of the Arabian Sea (and most ocean waters) are thought to be supersaturated
for CaCO . Nevertheless, data from the US JGOFS Arabian Sea cruises suggest that
3
upper water-column dissolution was occurring. A comparison of integral calci"cation
rates with sediment trap data of Honjo and Dymond (US JGOFS data base, 1998)
revealed that, as we previously observed in the Equatorial Paci"c Ocean (Balch and
Kilpatrick, 1996; their Fig. 1A), &75% of the average calcite #ux disappeared by the
time it reached the 900 m sediment traps (Table 4).
Shallow dissolution is not unreasonable, however. Laboratory experiments by
Harris (1994) provide perhaps the most convincing evidence that coccolith dissolution
can be associated with grazing by macrozooplankton on coccolithophores. A quantitative budget of the CaCO present in suspension, zooplankton guts, and fecal pellets,
3
demonstrated a loss of 50}73% of the CaCO within the zooplankton gut. Previous
3
observations of coccolith-packed fecal pellets have been construed to indicate absence
of calcite dissolution in the zooplankton gut, and moderate gut pH (Lohmann, 1902;
Murray and Hjort, 1912). Roth et al. (1975) and Honjo (1976) suggested little
modi"cation of coccoliths as they passed through a zooplankton gut, but such
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Table 4
Fraction of surface produced calcite and organic carbon collected in top sediment trap of US JGOFS
arrays (usually &800 m depth). Time-resolved carbon #ux data from sediment trap collections of S. Honjo,
(WHOI) and J. Dymond (OSU) (US JGOFS, 1998). The average sediment trap #ux (mg C m~2 d~1) was
used from the time period covering the ship station, as well as the following sample period (when available).
This average was then divided by the integral carbon "xation rate (same units) measured from an 8-bottle
GO FLO cast, sampled throughout the euphotic zone, in waters adjacent to the trap. One must interpret
these data cautiously due to the di!erent time-scales of the measurements. Our surface calci"cation rates
were measured over 1 d, while the sediment trap averages represented time scales of 9}34 d. Any material
produced the day of the ship measurement would have required a few days to sink to the trap, assuming an
average 50 m/d sinking rate for most particles (Honjo and Manganini, 1993). Thus, these data assume that
the surface C "xation rates are representative of the time period of the sediment trap collection, and that
lateral motion did not bias the trap collections. Note, in one of the 10 samplings (J4; 8/3/95), e!ectively
100% of the PIC #ux was collected at 800 m. In the other stations, 72}98% of the surface calcite #ux
disappeared and 98% of the organic carbon #ux disappeared before it reached the 800 m sediment trap.
Sed
trap
ID

Date surf
C Fixation
Meas('95)

Lat
(3N)

Lon
(3E)

Trap
depth
(m)

Time sed
trap open
(d)

%PIC
sed #ux
remain

809
999
849
924
792
888
807
800
809
849
792
807
800

17
9
17
9
No data
12.75
12.75
No data
34
34
34
No data
No data

14.88
16.36
16.92
26.65

4.80
3.61
2.70
3.89

28.17
105.85

1.07
0.79

5.95
2.16
13.43

0.45
0.31
0.50

25.60

2.02

J1

8/9

18.08

58.00

J2

8/9

17.83

58.50

J3

8/6

17.2

59.77

J4
J5
J1
J2
J3
J4
J5

8/3
7/30
11/17
11/21
11/15
11/14
11/9

16.03
10
18.08
17.83
17.2
16.03
10

62.0
64.9
58.00
58.5
59.77
62.0
64.9

Average

%
POC
sed #ux
remain

conclusions were in contrast with the observations of Marshall and Orr (1955) of an
acidic zooplankton gut. Indeed, for lack of a better title, we refer to the hypothesis of
grazing-related CaCO dissolution as the `Tumsa hypothesis, which is well supported
3
by Harris (1994). Rapid turnover could be due to rapid dissolution; this mechanism is
a strong candidate for explaining calcite dissolution in surface waters of the Arabian
Sea, well above the lysocline.
How could this e!ect have been overlooked? Some of the "rst, most cited, evidence
was by Peterson (1966), based on dissolution of large pre-weighed spheres of CaCO
3
at the CCD of the Paci"c Ocean. It was convincing because of the simplicity of the
experimental design (hanging large calcite spheres in cages at di!erent depths). But the
simplicity of the experiment eliminated any biologically-mediated dissolution. That is,
the calcite balls were too large to be consumed by zooplankton. In fact, anything
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capable of consuming them had to "rst contend with their holding cage! Dissolution
measured in the Peterson experiment therefore did not have a direct biological
connection and could be modeled by standard carbonate chemical dissolution equations. While Peterson's work on the dissolving calcite spheres is mostly cited for the
observation of increased dissolution below 3700 m, his acknowledgment of shallower
dissolution was clear.
Throughout the water column, from several hundred meters down to 3700 m, the
spheres showed a consistent small loss of weight. This can be attributed only to dissolution
and shows that most of the column of sea water is undersaturated with respect to
calcite2. Evidence for undersaturation at relatively shallow depths is corroborated by
the fact that foraminifera collected on this same cruise, from the top of Horizon Guyot
(1600 m water depth), just 30 km north of the mooring, show clear evidence of dissolution2 (Peterson, 1966; p. 1543).
Thus, slow dissolution above 3500 m noted by Peterson (1966) may have been
microbially mediated (i.e. attached bacteria that produced microzones of intense
decomposition, and elevated CO , see Emerson and Bender, 1981), but such dissolu2
tion was much slower than is being described here. For a more detailed discussion of
biomediated calcite dissolution, the reader is referred to Milliman et al. (1999).
4.7. Geochemical ramixcations of shallow biologically mediated calcite dissolution
All theories of carbonate dissolution involve biogenic control, directly or indirectly.
The picture that is emerging, well con"rmed in the sediments and less so in the water
column, is that there are two sources of calcite dissolution in the sea, one associated
with direct contact of organisms with sinking calcite particles (e.g., Hammond, 1981),
and the other being more indirect, with fertility supplying reducing power (as organic
matter) to the deep sea, the remineralization of which increases CO concentration
2
and enhances calcite dissolution (Hales et al., 1994). Data presented above suggest
dissolution of 1/2}3/4 of the sedimenting CaCO in the top km of the sea via organism
3
contact, while the fertility mechanism impacts the remainder, below the lysocline. If
the `Tums hypothesisa were true, it brings a new angle to the fertility/dissolution
relationship, because increased fertility means increased grazing activity and increased
upper water-column dissolution.
The process of surface calci"cation and deep dissolution essentially moves bicarbonate from the surface to deep waters (Westbroek et al., 1993). If the globe were in
steady state in terms of bicarbonate, CaCO that arrives at the sea #oor must be
3
balanced by the upward di!usion of bicarbonate into surface waters. Fiadeiro (1980)
used a CO /alkalinity model to predict that the average alkalinity increase in deep
2
and intermediate waters of the Paci"c Ocean could be explained by a carbonate
dissolution #ux of 35 mg m~2 d~1. As already noted, Equatorial Paci"c Ocean
calci"cation rates are &36 mg PIC m~2 d~1 and &80% disappears above 800 m
(Balch and Kilpatrick, 1996), resulting in a dissolution #ux of &29 mg m~2 d~1
('3/4 of the required dissolution #ux of Fiadeiro's model). In the Arabian Sea, our
data suggest the same trend. Similar arguments were made by Betzer et al. (1984) for
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pteropod aragonite #uxes, but the swimming behavior of these mollusks may have
biased their sediment trap data (Harbison and Gilmer, 1986). Fabry (1990) indicated
that a CaCO source other than pteropods and heteropods is needed to provide
3
60}97% of the water column dissolution, and she suggested biological transformations of CaCO . We believe that this other source of CaCO is sinking coccoliths.
3
3
5. Summary
These data suggest that one of the more important sources of carbon to the
sediments, coccolithophore calci"cation, shows strong covariation with bulk algal
photosynthesis (usually calci"cation is &5% of total photosynthesis). Note, the ratio
of photosynthesis to calci"cation was not 4.5 as we expected from previous calculations based on broad assumptions, but closer to 50. For the two time periods
examined, the SW Monsoon clearly had more calci"cation, yet it was the more mixed
period. This was supportive of the `geological viewa that coccolith formation is
a good indicator of overall primary productivity. However, when one looks at
coccolithophore abundance, the Margalef Mandela (`biological viewa) has utility in
predicting coccolithophore patterns, in that plated cell abundance was clearly higher
during the more strati"ed early NE Monsoon period (Fig. 4). Even during the SW
Monsoon, coccolithophore abundance was highest o!shore, away from the coastal
upwelling. The implication of these observations is that the dynamic range in calci"cation per coccolithophore is much larger in nature than previously thought, with
dramatically high values near the coast during the SW Monsoon, and low values over
the entire Arabian Sea at other times. Finally, shallow-water dissolution of sinking
coccoliths appears to be occuring, and is probably connected to grazing activity. The
geological and chemical rami"cations of this are profound, since surface dissolution of
calcite essentially slows the downward #ux of bicarbonate and calcium to the sediments. More grazing means greater calcite packaging into fecal pellets, but also more
biologically mediated dissolution.
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