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Sea surface reservoir ages must be known t o  establish a common chronological 
framework for marine, continental, and cryospheric paleoproxies, and are cru- 
cial for understanding ocean-continent climatic relationships and the paleo- 
ventilation of the ocean. Radiocarbon dates of planktonic foraminifera and 
tephra contemporaneously deposited over Mediterranean marine and terres- 
tr ial  regions reveal that the reservoir ages were similar t o  the modern one 
(-400 years) during most of the past 18,000 carbon-14 years. However, 
reservoir ages increased by a factor of 2 at the beginning of the last deglaciation. 
This is attributed t o  changes of the North Atlantic thermohaline circulation 
during the massive ice discharge event Heinrich 1. 

The reservoir age R,, of surface ocean water 
(the difference between the I4C age of the sea 
surface and that of the atmosphere) reflects the 
balance among 14C production, CO, exchange 
between the atmosphere and ocean, and mixing 
with I4C-depleted intermediate waters (I).The 

distribution of modem (before 1950) marine 
reservoir ages correlates closely with the main 
features of global thermohaline circulation. Sur-
face ages vary from -400 years in the well- 
ventilated gyres of the central North and South 
Pacific and Atlantic Ocean up to -1200 years 
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in the higher southem latitudes of these oceans 
(2). During the last deglaciation, oceanic circu- 
lation varied greatly, as did CO, fluxes and 
air-sea exchange; consequently, so did reservoir 
ages (I). Past reservoir ages are sparsely docu- 
mented (3-5) but may vary by a factor of 2 in 
the North Atlantic Ocean (3) and by a factor of 
5 in the deep Southwest Pacific Ocean (5). 
These changes are not taken into account when 
evaluating the oceanic paleoventilation by using 
14C age differences between paired benthic- 
planktonic foraminifera in deep-sea cores (6) or 
14C "projection" ages (7). Better reservoir age 
estimates would allow more precise constraints 
to be placed on the radiocarbon age calibration 
record below 12,000 calendar years before the 
present (cal yr B.P.) (8). 

We have determined past R,,values for the 
Mediterranean Sea by comparing the accelerator 
mass spectrometry (AMS) 14C ages of mono- 
specific planktonic foraminifera and the tephra 
within which they were found, in a high-sedi- 
mentation rate deep-sea core (MD 90-917) col- 
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lected in the south Adriatic Sea downwind from 
the South Italian volcanoes (Fig. 1). Identifica- 
tion of the terrestrial volcanic source of the 
marine tephra is described in (9). 14C ages of 
charcoals beneath volcanic deposits constrain 
the "atmospheric" ages of the tephra (10). Ad- 
ditional dates were measured on.the peaks of 
abundance of planktonic foraminifera (9, 11). 
Aging of marine tephra by bioturbation (3) is 
not taken into account because of the high sed- 
imentation rate in the core (-35 cm per 1000 
years, except at -8500 years B.P.) (12). To 
relate R,, changes to climatic conditions, we 
used oxygen isotope (6180) values of planktonic 
foraminifera, together with sea surface ternper- 
atures (SSTs) determined with the modem ana- 
log technique (13) (Fig. 2). 

In the Mediterranean Sea, the modem R,, is 
390 + 80 years (14), similar to that of the North 
Atlantic Ocean (2). This similarity is due to 
modem oceanic circulation patterns: Atlantic 
surface waters from the westem middle latitudes 
enter through the Gibraltar strait into the Medi- 
terranean Sea, from where the surface waters 
rapidly overturn to the North Atlantic interme- 
diate waters with a residence time of -100 
years (15). In the open Adriatic Sea, the present 
site of Mediterranean deep water form?ion, 
modem values of R,, are similar to those of the 
Mediterranean (14). The anti-estuarine circula- 
tion pattern of the Mediterranean Sea did not 
change in the past 18,000 years, except during 
the Mediterranean sapropel event at -8500 
years B.P. (9, 13, 16, 17). This is demonstrated 
by unchanged surface salinity gradients between 

Fig. 1. Locations of core MD 90-917 and of the sites cited in the text. squares from (3), diamond 
from (7), circle from (26), Cariaco Basin in (29), GlSPZ in (30). Position of the polar front is shown 
for the LGM and the YD (78). 

the Atlantic and the Mediterranean Sea during 
that time (9, 13) and by the continued presence 
of Mediterranean outflow water (MOW) far into 
the North Atlantic (16.17). Consequently, Med- 
iterranean Sea surface waters have recorded 
North Atlantic oceanic circulation changes at 
middle latitudes since the Last Glacial Maxi- 
mum (LGM). 

We determined R,, at seven points during 
the past 16,000 14C,, years (Fig. 2) (10). Five 
had values similar to the modem one during 
the Holocene, the Younger Dryas (YD), 
and the LGM. The Mediterranean R,,, val- 
ue during YD would indicate that the young 
subtropical Atlantic waters enter into the 
Mediterranean Sea. However, their reduced 
advection to the northern North Atlantic 
north of the polar front (PF) (18) (Fig. 1) 
and the reduction of atmosphere-ocean CO, 
exchange because of the presence of sea ice 
could account for the increase of R,,, up to 
-700 to 800 years (3). Thus, values of R,, 
during YD on both sides of the PF reflect a 
strong latitudinal 14C gradient in the North 
Atlantic, as observed today in the North and 
South Pacific (2). 

Two R,, values at the beginning of the 
deglaciation were larger than the modern values 
by a factor of about 2 (Fig. 2) (10). They are 
estimated as 820 + 120 years at -17,000 cal yr 
B.P. and 810 + 130 ye,ars at -15,700 cal yr 
B.P. Such changes were not due to enhanced 
discharge of 14Cdepleted water from the Po 
river, as shown by the lack of evidence for input 
of freshwater plants like those that appeared 
during the following warm climatic interval of 
the BolliiAlleriid @/A) (19) and by SST es- 
timates and analyses of the pollen in this core, 
which show that the period between 17,000 and 
15,000 cal yr B.P. [referred to the Oldest Dryas 
(OD)] (Fig. 2) (19) was cold and dry. 

The two high values of R,, occurred during 
the massive North Atlantic ice discharge event 
Heinrich 1 (HI) (20). This event did not m d f i  
surface water exchange between the Atlantic 
and the Mediterranean (13.21) or the formation 
of MOW (16, 17). Therefore, these high R,, 
values cannot be related to a modification of 
Atlantic-Mediterranean circulation. Further- 
more, Adkins et al. (7) determined fiom benthic 
corals a rapid 14C aging of 670 years of western 
North Atlantic intermediate water at 15,410 cal 
yr B.P. (Fig. 1). Taking into account dating 
uncertainties, we suggest that the two observed 
increases of the Mediterranean surface and 
North Atlantic intermediate waters are contem- 
poraneous at around 15,400 to 15,700 cal yr 
B.P., and are thereby linked. 

Possible causes of 14C aging of surface wa- 
ters are atmospheric 14C fluctuations (related 
either to production changes such as solar mod- 
ulation of cosmic rays or to variation of the 
geomagnetic field) and redistribution within 
carbon reservoirs (I). No large production 
changes are observed during the interval 17,000 
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to 15,000 cal yr B.P. (1, 8). Moreover, modem 
ocean-atmosphere carbon exchange patterns 
show that transient reequilibration lasts only a 
few decades (2), so rapid production changes 
are not expected to account for such a large 
R,,,, increase. Greater sea-ice coverage during 
cord climatic periods would have decreased 
atmosphere-ocean CO, exchange, permitting a 
local R,, increase of -200 to 300 years (22), 
but south of the PF (Fig. 1 )  (18) it cannot 
explain the increase of R,,. 

Older surface water reservoir ages may 
also result from changes in atmospheric CO, 
partial pressure or in wind strength, or from 
variations of CO, exchange between surface 
water and underliing intermediate water. But 
none of these fluctuations would have 
changed reservoir ages by more than 100 
years (2, 3, 23); only a lowering of the l4CI 
12C in the intermediate water would substan- 
tially increase the R,, of the North Atlantic. 
As derived from the equilibrium equation for 
a surface water mass (23), R,,, could then 
increase up to -800 years with an age of 
-141 0 years for intermediate water. 

Assuming that both Atlantic intermediate 
water (7) and Mediterranean surface water aged 
contemporaneously at -15,700 to 15,400 cal yr 
B.P., we estimated the intermediate water reser- 
voir age (R,,,) or the apparent ventilation age 
by subtracting the atmospheric 14C age of the 
Lagno Amendolare tephra [13,070 years (lo)] 
from the marine I4C age of the benthic coral 
[14,520 years; JFA24.8 in (7)]. R,, is 1450 2 
100 years, in contrast to the modem value of 
-650 years (24). The amplitude of this increase 
(800 + 100 years) is similar to the increase of 
670 2 60 years measured for North Atlantic 
intermediate water (7), supporting our conten- 
tion that the R,, change of -800 years at 
-15,400 to 15,700 cal yr B.P. may be explained 
by the R,,, increase. 

During H1, the presence of fresh water at 
high latitudes led to a reduction or a cessation of 
the Glacial North Atlantic Intermediate Water 
(GNAIW) formation (1 7, 25). In the North At- 
lantic at -2000 m, this event is marked by a 
rapid and large decrease of benthic 613C values 
(1 7, 25) and high CdKa in benthic corals (7), 
atbibuted to an input of nutrient-rich and 14C- 
depleted Antarctic water (7, 17, 25). Depleted 
613C values also have been observed at -1000 
m both off the Portugal margin (26) and in the 
Caribbean (Fig. 1). The presence of old Antarc- 
tic water in upper intermediate waters at low to 
middle latitudes would cause an increase in 
R,,. The -1450-year-old R,,, would then 
result either from an older age of the Southern 
component near the source, which has a modem 
age of -800 to 1000 years (27), andor from 
agmg during northward transport from the 
Southern Ocean to the Northern Atlantic (7). 
This cannot yet be resolved, but aging of the 
Southern component source is not unrealistic, 
because the glacial oceanic circulation pattern 

differed greatly from the modem one (28). 
Moreover, Sikes et al. (5) measured large I4C 
changes in the southwest Pacific in the glacial 
period. 

Beyond -13,000 cal yr B.P., the radiocar- 
bon age calibration (8) is mainly based on the 
U-Th and 14C dates of Atlantic and Pacific 
low-latitude surface corals and on the Cariaco 
marine varved sediments (29), and does not take 
into account past R,, changes. However, an 
increase of R,, would lead to an underestima- 
tion of the absolute 14C age difference between 
17,000 and 15,000 cal yr B.P. Because the 
Cariaco record is limited to the past -15,000 cal 
yr B.P. (29), we checked this possibility by 
comparing the Greenland Ice Sheet Project 

GISP2 (30) and Adriatic Sea climatic records 
(Fig. 3). Except for a cold signal at -6300 cal yr 
B.P., the first-order and most of the second- 
order changes, particularly the short cold signal 
at 8200 cal yr B.P. (30, 31), occurred contem- 
poraneously. The good match of the YD age 
boundaries M e r  argues for the absence of 
R,, aging of Atlantic surface water at rnid- 
latitudes. A chronology derived from the mea- 
sured R,, (10) also permits us to date the 
OD-to-B/A transition at 14,560 + 190 cal yr 
B.P., in close agreement with the age deter- 
mined from GISP2 (30). Similarly, although 
dating uncertainties of the GISP2 [+-520 years 
in (30)] and Mediterranean [+300 years (lo)] 
records are large relative to the observed age 
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Fig. 2. (A) Variations in 6180 (per mil versus Pee Dee belemnite standard) of Globigerina bulloides versus  
depth. Thick black lines mark the tephra layers (10). (Band C) R,,, [(B), right axis] in the South Adriatic  
Sea (black squares) and from paired marine shells and charcoals in caves (squares) (4,9) and SST [(C), left  
axis] versus conventional uncorrected 14C ages. The calendar ages are given in Web table 1 (10). Sla and  
Slb refer to  the two-step sapropel deposition (9). Climatic transitions are defined by pollen changes (79)  
(YD, Younger Dryas; BIA, BoUing/Allerod; OD, Oldest Dryas; LGM, Last Glacial Maximum).  
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Fig. 3. Comparison of paleocli- 
matic records from ClSP2 (30) 
(blue line) and from MD 90- 
917 versus cal yr B.P. Chronol- 
ogy of the SST record is ob- 
tained by linear fits between 
two successive AMS 14C ages 
on tephra (red arrows) and 
within peaks of abundance of 
planktonic foraminifera (black 
arrows) (9, 77). The 14C ages 
were corrected from the vary- 
ing measured R,,,, (red line) 
(70) and using a constant RSurf 
of 390 years (74) (green line), 
then converted to calendar 
ages (8). The use of the -520- 
year RSud estimate at -8200 
years (4), slightly older than the 
modern one during the sapropel 
event, permits a better correla- 
tion between the two records. 

shifts (Fig. 3), a better correlation, particularly in 
the steepness o f  the cold-to-warm transition at 
-15,600 cal yr B.P., is obtained by using a R ,  
of -800 years between 15,000 and 17,000 cal 
yr B.P. The large Rs, values at 17,000 and 
15,700 cal yr B.P. could correspond either to a 
pervasive feature of H1 or to separate short 
events. Adkins et al. (7) pointed out that Rinterm 
would have changed rapidly in - 160 years from 
the estimate of the lifetime of modern benthic 
corals. Hence, the H1 event may have constitut- 
ed a succession of short surges and therefore a 
balance of rapid invasion and retreat between 
the Southern intermediate waters and the 
GNAIW. Atlantic R ,  changes would then be 
attributable to the rapid resumption and cessa- 
tion o f  thermohaline convection (23). 
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Effects of Marine Reserves on 
Adjacent Fisheries 

Callum M. Roberts,'.'* James A. ~ohnsack,~ Fiona Gell? 
Julie P. ~awkins? Renata Goodridge4 

Marine reserves have been widely promoted as conservation and fishery man- 
agement tools. There are robust demonstrations of conservation benefits, but 
fishery benefits remain controversial. We show that marine reserves in  Florida 
(United States) and St. Lucia have enhanced adjacent fisheries. Within 5 years 
of creation, a network of five small reserves in St. Lucia increased adjacent 
catches of artisanal fishers by between 46 and 90%, depending on the type of 
gear the fishers used. In Florida, reserve zones in the Merritt Island National 
Wildlife Refuge have supplied increasing numbers of world record-sized fish t o  
adjacent recreational fisheries since the 1970s. Our study confirms theoretical 
predictions that marine reserves can play a key role in  supporting fisheries. 

Marine reserves, areas that are closed to all that protection from fishing leads to rapid in- 
fishing, have been attracting much attention for creases in biomass, abundance, and average 
their dual potential as conservation and fishery size o f  exploited organisms and to increased 
management tools (1-5). A synthesis o f  more species diversity (6). Such effects are o f  great 
than 100 studies o f  reserves worldwide shows interest to fishery managers, because rebuilding 
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