
Insolation Cycles as a Major Control of 1) at a water depth of 2446 m, consists 
primarily of carbonate ooze. Oxygen isotope 

Equatorial Indian Ocean Primary Production measurements on planktonic foraminifera 
provide a detailed stratigraphic framework. 

Luc Beaufort,* Yves Lancelot, Pierre Camberlin, Olivia Cayre, TO develop an astronomical age model for 

Edith Vincent, Franck Bassinot, Laurent Labeyrie core MD900963, Bassinot et d. (10) tuned 
(adjusted in frequency) this 6'80 record (1 1) 
on the Imbrie and Imbrie ice volume model 

Analysis of a continuous sedimentary record taken in the Maldives indicates that strong (12). The resulting chronology is in good 
primary production fluctuations (70 to 390 grams of carbon per square meter per year) accordance with the ice volume model used 
have occurred in the equatorial lndian Ocean during the past 91 0,000 years. The record as a tuning target, but the ages appear to be 
of primary production is coherent and in phase with the February equatorial insolation, consistently slightly younger (900 years) 
whereas it shows diverse phase behavior with 6180, depending on the orbital frequency than the ages obtained by correlating the 
(eccentricity, obliquity, or precession) examined. These observations imply a direct 6180 record to the SPECMAP stack (13). 
control of productivity in the equatorial oceanic system by insolation. In the equatorial This small shift mainly results from slight, 
lndian Ocean, productivity is driven by the wind intensity of westerlies, which is related initial phase differences in the Milankovitch 
to the Southern Oscillation; therefore, it is suggested that a precession forcing on the bands between the SPECMAP record (21 
Southern Oscillation is responsible for the observed paleoproductivity dynamics. June) and the ice volume model (mid July) 

(13). With the 10-cm sampling interval the 
record has a time resolution of about 2000 
years. 

Reconstructing past variations of primary monsoon winds, such as the Somalian mar- Here we analyze the coccolithophore as- 
production during Pleistocene climatic cy- gin (6), the Arabian Sea (7, a), and the Bay semblages. Coccolithophores, a major phy- 
cles is an important requirement for esti- of Bengal (9). In contrast, core MD900963 toplanktonic group, are reliable recorders of 
mating the effects of the ocean's biological was recovered beneath the narrow equato- oceanic productivity (14). At low latitudes, 
pump on the atmospheric C02  concentra- rial track (7ON to 7's) along which the the coccolithophore communities of the 
tion through time (1 ). Because primary pro- IEW prevail, providing a continuous record lower photic zone (-60 to - 180 m) are 
duction in many oceanic areas is closely for investigating the dynamics of primary dominated by Fkx-isphaprofunda. Most of 
related to wind stress, paleoproductivity re- production associated with the IEW for the the other species live in the upper part of 
constructions should also provide informa- last 910,000 years (ky). the photic zone (0 to -60 m) (15). This 
tion about climate dynamics. Here we ma- The 54-m-long piston core MD900963, vertical zonation has been used successfully 
lyzed variations in primary production retrieved during the SEYMAMA expedition for paleoproductivity studies (14, 16), 
through time in the equatorial Indian of the research vessel Marion Dufiesne east of where the abundance of F. profunda in fossil 
Ocean, as recorded in sediments from a the Maldives (5003.301N, 73053.601E; Fig. assemblages was used to monitor the depth 
giant piston core (MD900963) taken in the 
Maldives area (Fig. 1). The equatorial Indi- 
an Ocean is particularly interesting because Latitude 

IEW IEW 
winds are strongest during spring and fall 
(2), in contrast with the rest of the Indian 
Ocean where winds reach their maximum 
during summer (southwest monsoon) and 10. 

winter (northeast monsoon). These inter- 
monsoon winds, called the Indian Ocean 
equatorial westerlies (IEW) (3), result from 
the zonal (Walker) circulation along the 
equator (4). The IEW are positively corre- 
lated to ,the Southern Oscillation (SO) in- e 

dex (3), which is a measure of the intensity 
of the Walker circulation (5). 

Although the IEW are climatically im- 
portant, their interrnillenium variability is 
not yet known because most of the previous 
paleoclimatic records in the Indian Ocean 
were established in areas dominated by -3c 
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Fig. 1. (A) Location of core MD900963 and core tops (squares) used for calibration (1 0 core tops located 
out of the mapped area are not shown). (B) Comparison of the monthly PP estimates (solid line) (16), 
based on satellite information obtained from the open ocean east of the Maldives (0" to 5"N and 74" to 
75"E), with monthly variability of zonal wind at 5"N, 73"E from the COADS Atlas (34). Squares represent 
averaged monthly wind speed (1 947 to 1992) with interannual variability (20 error bars), and the dashed 
line corresponds to the intramonth standard deviation averaged from 1947 to 1992. (C) Calibration of 
the percentage of F. profunda to modem PP. The yearly PP estimates (16) are based on satellite 
information. The solid line corresponds to the best regression equation {y  = 61 7 - [279 X log@ + 311, 
r = 0.94). The mean absolute value of the residuals is 226 gC m-2 year-'. 
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of the nutricline. The relative abundance of 
F. profun& increases when the upper pllotic 
zone is i~npoverished in nutrients and the 
nutricline is deep. Conversely, F. profunda 
decreases in relative abundance when wind 
stress induces a rise of the nutricline and an 
increase of primary production in the upper 
photic zone. 

To calibrate this marker to primary pro- 
duction we counted -400 coccoliths to 
estiinate the relative abundance of F. bro- 
funda (Fp) in 96 superficial sediment sam- 
ples taken from a large variety of environ- 
ments in the Indian Ocean (Fig. 1A). We 
found that Fp is highly correlated with pri- 
mary production (hereafter referred to as 
PP) estimated from satellite information 
(17) (Fig. 1C). Using the least squares 
method we tested different types of eyua- 

tions to determine the best fit for the dis- 
tribution of Fp versus PP. The best correla- 
tion (r = 0.94) was with the equation 

PP = 617 - [279 X log(Fp + 3)] (1) 

In core bID900963, there are large variations 
of Fp ranging froin 5 to 85%. On the basis of 
Ey. 1, these variations indicate PP variations 
ranging frotn 70 to 390 grains of carbon (gC) 
tnP2 (Fig. 2).  The average PP in the 
core record is 180 gC ~n- '  which is 
close to the modern value of 163 gC ~n- '  
yearp1 at this location (1 7). These variations 
of PP span almost the entire range of values 
of the modern Indian Ocean. Paleoproduc- 
tivity estimated from independent iildicators 
for the last 160 ky in core bID900963 [or- 
ganic carbon abundance, concentration of 
alkenones (18), and absolute abuniiailce of 
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Fig. 2. Record of PP (A) and of the ZiaO measured from the planktonic foraminifera Globigerinoides 
ruber (6). Gaussian band-pass filters applied to PP (solid line) and to SieO (dotted line) centered at 100 
ky (C) and 20 ky (D), G and I refer to glacial and interglacial. 

Fig. 3. Comparison of 400 
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coccoliths (19)] is in very good agreement 
with the productivity deduced from the 
abundance of F. profu.&. Planktonic fora- 
minifera also provide iniiependent paleopro- 
ductivity estimates in core MD900963. Fo- 
rarninifera snecies were counted in 136 sam- 
ples correspoilding to the last 270 ky, and 
the assemblages were analyzed by principal 
component analysis (PCA) (20). Assem- 
blages of North Indian Ocean core tops 
stored in the world data base 121) were , , 

introduced as additional sa~nples in the 
PCA. The resulting first factorial coordi- 
nates were calibrated with the PP data from 
satellite information (1 7). The linear regres- 
sion calculated between the PCA coordi- 
nates and PP (r = 0.73) was used as a 
transfer function to estiinate PP in core 
MD900963. The PP estirnations derived 
from foraminifera are sinlilar to those ob- 
tained from F. profundo (Fig. 3) .  The simi- 
larity of these independent estimations vali- 
dates the PP record in terms of both relative 
variations and absolute values of PP. 

We computed time series analyses of the 
F. profunda productivity record using max- 
ilnuin entropy, Blackman-Tukey, and 
multi-Taper (22) methods. All three re- 
vealed sigilificant periods of 350, 120, 88, 
42, 23.8, 22.5, and 19 ky, which correspond 
closely to Earth's orbital periods of eccen- 
tricity (404, 123.8, and 94.8 ky), obliquity 
(41.1 ky), and precession (23.7, 22.4, and 
19.0 ky) (23) (Fig. 4A). The significance of 
these frequencies was tested by performing a 
cross-spectral analysis between pp and a 
stack of the norlnalized orbital forcing func- 
tions (eccentricity, tilt, and precession) 
( 1  3). The two signals are highly coherent in 
the eccentricity band (122 ky) and at the 
three precession periods (23.8, 22.32, and 
19.2 ky) (Fig. 4B). 

Cross-spectral analysis reveals that pro- 
ductivity and ice volume (6180) are anti- 
correlated in the eccentricity band (Fig. 
4C), whereas they are almost in phase in 
the precession band. The filtered data show 
clearly this phase behavior (Fig. 2, C and 
D). Furthermore, phase analysis indicates 
that productivity maxima lead ice volume 
maxima (high values of the 6180 record) by 
-2800 years in the precession band. The 
PP record is highly coherent and in phase 
with variations of the late winter equatorial 
insolation, and it is also in phase with the 
eccentricity. 

Classically, the spectral signature of 
most paleoceanographic proxies during the 
Pleistocene exhibits the loo-, 41-, and 23- 
'to 19-ky periods in decreasing order of tnag- 
nitude. This is attributed to a major influ- 
ence of continental ice sheets in the north- 
ern latitudes on internal dynamics after the 
100-ky cycle and to the effect of these ice 
sheets on global climate (24). As for some 
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other tropical paleoclimatic records (1 4, 
25), the Maldives PP record is dominated 
by precession cycles. However, the PP 
record is also characterized by significant 
phase variations with respect to 6180, 
from one orbital frequency to the other, 
which has not been observed in these 
other paleoclimatic proxies. Both the 
dominance of the 23- to 19-ky periods in 
the PP variability and its phase behavior 
relative to the 100-ky period strongly sug- 
gest that the main climatic factor driving 
the PP variations is directly controlled by 
the insolation. The 100-ky component of 
the PP record may result in part from the 
smaller influence of ice sheets at the equa- 
tor. It may also reflect a nonlinear re- 
sponse of PP to low-latitude insolation 
forcing inducing a transfer of power from 
the envelope of precession (23 to 19 ky), 
which is amplitude-modulated by changes 
in Earth's eccentricity (24). The PP record 
has a lower asymptote around 70 gC m-2 
year-', which may correspond to a mini- 
mum level of PP in that area. As a conse- 
quence, the response of PP is truncated 
below a given insolation threshold. Such a 
truncated response produces energy at the 
frequencies corresponding to the modula- 
tion of precession. The presence of a 400- 
ky cycle in the PP record, which is indi- 
cated both in the frequency domain (Fig. 
4) and in the time domain by the decrease 
in the amplitude of the 100-ky cycle 
around 400,000 and 800,000 years B.P. 
(Fig. 2C), supports that interpretation be- 
cause that feature does not appear in 6180 
records. 

At the location of core MD900963, 
wind atlases indicate that the westerlies 
blow significantly from May through No- 
vember (Fig. 1B). Intramonth variability 
increases strongly during the IEW season 
(May to June and October and November). 
This variability results from a succession of 
strong bursts capable of generating greater 
mixing of the surface water in the photic 
zone and may explain why modem PP 
reaches its highest levels during the IEW 
seasons, particularly in the fall (Fig. 1B). 
The zonal winds in October and November 
accounted for 41% of the mean annual 
variability between 1946 and 1992 and are 
significantly correlated to major climatic 
anomalies, and in particular to the SO (r = 
+0.44 between the SO index and October- 
November zonal winds at 5"N, 73"W, be- 
coming r = +0.67 nearer the equator). In 
contrast, the smaller Maldives summer wind 
variability (24% for July and August) is not 
significantly correlated to any meteorologi- 
cal factor (the best correlation is with the 
intensity of the Indian monsoon with r = 
-0.24). The interannual variability of PP 
should follow that of the IEW and the SO. 

In any case, the 23- to 19-ky cycles ob- 
sewed in the wind-driven PP fluctuations 
cannot correspond to past monsoon dynarn- 
ics because the summer monsoon paleo- 
records have negative phases ranging from 
- 100" to - 150" with the summer solstice 
(8), whereas the PP record has a positive 
phase of 1 18". 

If the IEW interannual variability is 
linked to the SO, then a correlation 
should exist between the Maldives and the 
eastern equatorial Pacific PP records, be- 
cause the interannual variability of up- 
welling in the eastern equatorial Pacific is 
controlled by the intensity of the trade 
winds, which are in turn linked to the SO. 
The Maldives PP-insolation phase is sim- 
ilar to that of the eastern equatorial Pacif- 
ic PP records, which lead precession by 
about 102" to 126" and 6180 by about 24" 
to 48" (26). Those synchronous records in 
the precession band are indicative of an 

. influence of the SO on both regions on a 
millennium time scale. In the eccentricity 
band, however, the Pacific and Maldives 
records are opposite in phase. In the east- 
ern equatorial Pacific, the oceanographic 
variability is driven by variation of the 
strength of local trade winds in the pre- 
cession bands, and by global climatic fac- 
tors in the eccentricity band (27). There- 
fore, comparisons of SO records in the 

Maldives and eastern equatorial Pacific 
are significant only in the precession fre- 
quency band. 

The Maldives PP record belongs to a 
group of paleoceanographic markers that 
respond to precession in advance relative to 
global ice volume variations. This group 
includes proxies from the equatorial Pacific 
and southern oceans. whereas the Milanko- 
vitch theory implies 'a lead of the Northern 
Hemis~here (28). Our studv shows that 
equato>al climatic and hydrbgraphic con- 
ditions may have varied independently 
from global ice volume and, therefore, 
could explain the original response of 
equatorial conditions to insolation forc- 
ing. If insolation acts directly on the SO, 
it would be possible to determine during 
which season insolation drives the highest 
SO response because this phenomenon oc- 
curs on time scales much shorter than a 
thousand years. The 118" lead of PP over 
the 21 June insolation indicates that PP 
maxima are in phase with solar radiation 
maxima in February [centered on 26 Feb- 
ruary or on 6 February when the chronol- 
ogies from Bassinot et al. (10) and SPEC- 
MAP (13) are used]. The importance of 
the past February insolation may tenta- 
tively be compared with observations 
showing that boreal winter (and particu- 
larly February) is a key season in SO mod- 
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Fig. 4. Time seties analysis. (A) Coherency (Cross-Blackman-Tukey) between PP and a normalized, 
summed time series of Earth's eccentricity, obliquity (tilt), and precessional parameters (EIP). The 
horizontal line denotes the 96% confidence level. (B) Multi-Taper analysis (22) of PP (solid line) and ETP 
(dashed line). Vertical gray lines in (A) and (B) indicate orbital frequencies (period in thousand years on top 
of (A)]. (C) Phase diagram of PP and 6'80 for eccentricity (dashed areas correspond to band pass). (D) 
Phase diagram of PP and 6'80 for precession (dashed areas indicate band pass). The origin is chosen 
for a summer solstice insolation maximum. Other seasonal maxima are also reported on the diagram 
scale. PP maxima are in phase with insolation maxima in February. 
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ulation: Yanusari found that February 
characterizes the beginning of the El Niao 
cycle (29), and that in Fehruary ( i)  the 
amplitude and variability of the principal 
lnterannual atmospheric mode associated 
with the SO are highest (30) and (ii) the 
tropical convection that may lead to the 
onset of El Nifio-Southern Oscillation 
(31 ) is strongest (3 1 .  32). 

In conclusion, we have shown that an 
equatorial climatic mechanism produces 
strong variations of PP in the Indian Ocean. 
This mechanism is directlv related to inso- 
lation and independent frck global ice vol- 
ume variations. It may be linked to past 
dynamics of the SO. If this mechanism 
acted over most of the euuatorial ocean, the 
related PP variations could have produced a 
significant effect on global climates. 
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Connectivity and Management of 
Caribbean Coral Reefs 

Callum M. Roberts 

Surface current patterns were used to map dispersal routes of pelagic larvae from 18 
coral reef sites in the Caribbean. The sites varied, both as sources and recipients of 
larvae, by an order of magnitude. It is likely that sites supplied copiously from "upstream" 
reef areas will be more resilient to recruitment overfishing, less susceptible to species 
loss, and less reliant on local management than places with little upstream reef. The 
mapping of connectivity patterns will enable the identification of beneficial management 
partnerships among nations and the design of networks of interdependent reserves. 

Populations of marine organisms are typi- 
cally much more open than terrestrial pop- 
ulations. The great majority of species have 
a dispersive pelagic larval stage, and many 
also disperse as eggs. Currents transport eggs 
and larvae, sometimes for long distances, 
generating interconnections among areas 
( 1 ) .  Strong connectivity among areas im- 
plies that local populations may depend on 
processes occurring elsewhere. Consequent- 
ly, local management initiatives may be 
ineffective in providing local benefits (al- 
though they may benefit other areas), and 
thus an increase in the scale of manaeement 
may be necessary. Large-scale connectivity 
means that populations will often straddle 
political boundaries, sometimes several, and 
identifying which nations need to collabo- , L' 

rate may seem to he a daunting task. 
If a simplifying assumption is made- 

namely, that larvae are dispersed passively 
hy currents-then surface current patterns 
should reveal routes of larval transport and 
patterns of connectivity (Fig. 1A). Poten- 
tial connections among areas of the Carib- 
bean (2)  were mapped for dispersal periods 
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of 1 and 2 months, wh~ch encomnasses 
larval duration for the majority of reef spe- 
cies (3). For 18 locations with coral reefs, 
"transport envelopes" were mapped from 
which larvae spawned elsewhere could po- 
tentially arrive and to which larvae 
spawned locally could potentially be trans- 
ported (Fig. 1, B and C). Measures of reef 
area within these envelopes reveal that 
from place to place in the Caribbean, there 
is an order of magnitude variation in both 
upstream and downstream reef area (Fig. 2) .  

Upstream reef area provides an indica- 
tion of potential larval supply. At the low 
end of the scale, Barhados is almost entirely 
dependent on local larval production to 
replenish populations. By contrast, Andros 
Island. in the Bahamas. and reefs in the 
middle Florida Keys can draw larvae from 
very large catchments. Places with large 
upstream reef areas should he more resilient 
to recruitment overfishing (that is, fishing 
at intensities high enough that populations 
are limited by insufficient reproduction), 
because depletion of local populations may 
he offset by inputs of offspring spawned 
elsewhere. For example, Jamaica's reefs 
have been intensively fished since the end 
of the last century (4). Populations of many 
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