
the cutoff frequencyqc and the solvent reorganization energy lwere assumed to be 40 and

35 cm21, respectively. To calculate the rate constants we used modified Förster/Redfield

theory26,27. The rate constants are fully determined by the spectral density defined above

and the electronic coupling constants. Here, the cutoff frequency dividing Förster and

Redfield regimes was assumed to be 30 cm21 so that if a given pair of pigments were

coupled to each other weakly (less than 30 cm21) the excitation transfer process was

treated as a Förster process. Denoting the exciton transport rate constant from the jth one-

exciton state to the ith one-exciton state by k ij, we found that k21 ¼ 0.12, k21 ¼ 2.97,

k13 ¼ 0.12, k23 ¼ 0.28, k24 ¼ 5.38, k25 ¼ 1.6, k26 ¼ 0.22, k35 ¼ 0.17, k37 ¼ 1.6,

k42 ¼ 0.48, k45 ¼ 2.0, k46 ¼ 2.46, k54 ¼ 0.91, k56 ¼ 5.73, k57 ¼ 0.16, k64 ¼ 0.18,

k65 ¼ 0.92, k67 ¼ 0.68 and k76 ¼ 0.22 (all in ps21). All other rate constants are smaller

than 0.1 ps21. The initial populations of the seven exciton states were determined by using

the experimental laser spectrum (Fig. 1d, red).
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Reorganizations of the Atlantic meridional overturning circula-
tion were associated with large and abrupt climatic changes in the
North Atlantic region during the last glacial period1–4. Projec-
tions with climate models suggest that similar reorganizations
may also occur in response to anthropogenic global warming5–7.
Here I use ensemble simulations with a coupled climate–
ecosytem model of intermediate complexity to investigate the
possible consequences of such disturbances to the marine
ecosystem. In the simulations, a disruption of the Atlantic
meridional overturning circulation leads to a collapse of the
North Atlantic plankton stocks to less than half of their initial
biomass, owing to rapid shoaling of winter mixed layers and their
associated separation from the deep ocean nutrient reservoir.
Globally integrated export production declines by more
than 20 per cent owing to reduced upwelling of nutrient-rich
deep water and gradual depletion of upper ocean nutrient
concentrations. These model results are consistent with the
available high-resolution palaeorecord, and suggest that global
ocean productivity is sensitive to changes in the Atlantic
meridional overturning circulation.

The climatic consequences of Atlantic meridional overturning
(AMO) reorganizations have been intensely documented in recent
decades1–4. Temperature oscillations in Greenland, recorded in the
isotopic composition of the ice, show rapid warmings of about
10 8C, known as Dansgaard–Oeschger events, coincident with
abrupt increases of sea surface temperature (SST) and sea surface
salinity (SSS) in the North Atlantic. During the cold (stadial) phases
of the oscillations, deep water formation in the North Atlantic was
partially or entirely stopped3, leading to reduced northward heat
transport by the ocean. Observed spatial patterns, amplitudes
and phasing of temperature changes associated with Dansgaard–
Oeschger oscillations can be successfully reproduced with coupled
climate models forced with disturbances of the Atlantic freshwater
budget4. However, the consequences of AMO changes for the
marine ecosystem have not yet been quantified on a global scale.
This will be particularly important, as projections of future climate
change indicate that the AMO could weaken or even disappear in
the coming centuries owing to anthropogenic greenhouse gas
emissions5–7. Here I examine the impact of changes in ocean
circulation on the marine ecosystem.

A climate model of intermediate complexity is used, including
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four different formulations of simple upper ocean ecosystem
components (see Methods section for a more detailed description
and references). In order to trigger transitions between different
states of the AMO, a slowly varying freshwater perturbation to the
North Atlantic (Fig. 1a) is applied, following ref. 4. This leads to a
gradual spindown of the circulation from about 16 Sv at year 0 to
less than 3 Sv at year 500. Associated with this spindown is a
reduction of convection and deep water formation and strong
cooling (not shown here; see, for example, ref. 4) in the North
Atlantic. This represents the transition from an interstadial (warm)
to a stadial (cold) phase of the Dansgaard–Oeschger oscillations.
The climate system remains in the stadial mode formore than 800 yr
until around year 1,340 when a rapid return to interstadial
conditions occurs.

After the AMO spindown, global export production (through
the sinking of particulate organic matter), as well as primary
production and biomass, slowly decrease by up to 10–20% around
year 1,200 (Fig. 1b–d). The decrease in productivity is caused by a
reduction of the upper ocean nutrient concentrations (Fig. 1e).
Export production in the Atlantic rapidly reduces by 40% until year
500 (Fig. 1f). In the Indian and Pacific oceans, productivity decline
is slower and reaches one-third around years 1,000 and 1,200,
respectively. In the Southern Ocean, relative changes are smaller
(10%) than in the other basins.

The response is most dramatic in the North Atlantic. Integrated
plankton stocks north of 358N plunge by 51 ^ 8% from year 0 to
year 500 (Fig. 1g). Annual net primary productivity in most of the

North Atlantic collapses (Fig. 2d). Nutrient concentrations in
today’s North Atlantic are relatively small (Fig. 3a, c). However,
winter mixed layers are deep, allowing replenishment of surface
nutrient levels from quite large depths. Shoaling of mixed layers
(Figs 1i, 3e) as a consequence of the AMO reduction and the
associated development of a strong halocline decreases nutrient
supply to the photic zone, leading to rapid plankton demise.
After deep water formation has ceased, nutrient levels slowly

increase in the North Atlantic (Fig. 1h) owing to horizontal
advection and diffusion along isopycnals, and a shallow nutricline
develops (Fig. 3e), similar to the present situation in the North
Pacific (Fig. 3b, d). This is in good agreement with glacial recon-
structions suggesting higher nutrient levels in the deep and inter-
mediate North Atlantic during cold phases2,8. (Note that carbon
isotope ratios used as nutrient proxies in refs 2 and 8 might also be
influenced by air–sea gas exchange.) In the top 1 km of the Pacific,
Indian and South Atlantic oceans, nutrient levels decrease while
deep sea nutrient concentrations increase owing to missing injec-
tion of low-nutrient North Atlantic Deep Water (Fig. 3). Deep
upwelling in the Indo-Pacific is reduced by 50% (4 Sv), contributing
directly to lesser nutrients there. Upwelling across 1,000m into the
Southern Ocean (south of 358 S) diminishes by 10 Sv, causing lower
nutrient concentrations in the formation areas of Subantarctic
Mode Water (SAMW). Large regions of the world’s upper oceans
are currently supplied with nutrients by SAMW9. Thus, lower
nutrient levels of SAMW reduce nutrient supply to these regions,
as analysis of the individual term balances of the upper ocean

Figure 1 Time series from the model simulations. Left panels show freshwater forcing in

the North Atlantic (dashed line, right scale) and AMO circulation (solid line, left scale) (a),

globally integrated export production, EP (b), net primary production, NPP (c), plankton

(phytoplankton plus zooplankton) stocks (d) and nutrient concentrations in the top 1 km

(e). Right panels show changes in integrated export production (f) in the individual ocean

basins (Atlantic, solid; Pacific, dashed; Indian, dotted; Southern Ocean, dash-dotted) as

well as integrated biomass (g), average nitrate concentrations (h) and average mixed layer

depth (calculated as depth of Dj v ¼ 0.25 using annual mean densities) in the North

Atlantic from 358 N to 708 N (i; rectangle in Fig. 2). Panels b–g give percentage changes

with respect to year 0. The grey bars enclosing the ensemble mean (solid lines) denote the

standard deviation of the different ecosystem models used and represent the

uncertainties associated with the formulation and parameterizations of the ecosystem

models. The evolution of the physical variables does not vary between the different

experiments, hence panels a and i do not contain shadings.
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nutrient budget confirmed (not shown). In the North Atlantic,
increasing subsurface nutrient levels lead to a gradual recovery of
plankton stocks after year 500 (Fig. 1g). Around year 1,200, that is,
700 yr after the collapse, North Atlantic plankton stocks re-attain
their initial size. Note that this occurs before the resumption of the
circulation around year 1,340.
The simulated evolution of productivity in the North Atlantic

(Fig. 4a) is consistent with recent reconstructions10–12. A qualitative
productivity record of high temporal resolution from the Reykjanes
ridge (608N, 308W), based on planktonic and benthic foraminifera
species composition and accumulation rates, indicates low pro-
ductivity during stadials and high productivity during intersta-
dials11. This is in agreement with the simulations, which show
stadial productivity reduced by about 40%. Consistently, a record of
benthic species composition from the northeast Atlantic (508N,
208W) also indicates low productivity during Heinrich events12. A
quantitative reconstruction of productivity from the northeast
Atlantic10 (538N, 198W) shows about 50% decrease during cold
and fresh episodes with respect to warm and saline periods,
consistent with the simulations.
A fast reduction of productivity and planktonic biomass is also

simulated in the equatorial and South Atlantic (Figs 2d, 4a). In the
western equatorial Atlantic (618W, 128N), productivity decreases

by 25–50%, consistent with a high-resolution record of dinoflagel-
late cyst and organic carbon accumulation at this site. The reduced
productivity during the stadial Dansgaard–Oeschger phases13 has
been attributed to variations in the Orinoco River nutrient dis-
charge and coastal upwelling strength. These processes are not
included in the simulation, which shows a decrease in response to
thermohaline driven changes in ocean circulation only. In the
eastern South Atlantic, productivity drops dramatically during
the first 500 yr of the simulations and remains low throughout the
stadial. Reversal of the upper ocean flow direction (Fig. 3c, e) from
mainly northward at year 0 to southward after year 500 cuts off the
South Atlantic from a supply of high-nutrient waters of southern
origin. Additionally, reduced upwelling decreases nutrients in the
southeast Atlantic.

Productivity also declines in the Arabian Sea and the eastern
tropical Indian Ocean, as well as in the Southern Ocean. In the
Arabian Sea at 668E, 238N, for example, productivity decreases by
about 40% until year 1,200 (Fig. 4b). This is consistent with recent
alkenone-based reconstructions from this site14 suggesting higher
productivity during interstadials and lower productivity during
stadials. However, in the simulation this is caused by purely
thermohaline-driven changes in upwelling and not through wind-
driven upwelling as suggested previously14.

Figure 2 Annual net primary productivity from observations and the ensemble mean of

the simulations. Differences between the two estimates based on satellite

observations25,26 (a, b) represent mainly uncertainties associated with algorithms used to

infer vertically integrated productivity from ocean colour (chlorophyll) observations. The

ensemble mean during the initial state of an operating AMO at year 0 (c) is compared with

the satellite estimates in the Methods section. Snapshots during the simulations show the

collapsed AMO at year 500 at minimum productivity in the North Atlantic (d), the state at

year 1,000 during minimum global productivity (e) and the situation during the rapid

recovery at year 1,340 (f). The squares denote the area in the North Atlantic for which

averaged time series are shown in Fig. 1.
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After entering the stadial state at year 500, the ecosystem also
declines in the North Pacific, the eastern tropical Pacific and in the
Southern Ocean owing to gradual depletion of surface nutrients
there (Figs 3, 4). High-resolution records from the northeast Pacific
demonstrate anoxic conditions during interstadials and better
oxygenation during stadials15,16. This has been explained by changes
in intermediate water mass ventilation15 and/or surface water
productivity16. In the simulation, productivity at 1208W, 348N
decreases by up to 50% from interstadial to stadial levels. Lower
productivity leads to slower rates of remineralization of organic
matter, and therefore to reduced consumption of oxygen at depth.
Thus, the simulation is consistent with the record, and supports the
hypothesis that reduced productivity was at least partly responsible
for the higher oxygen concentrations during the cold events.
However, contrary to speculations that changes in ENSO (El
Niño/Southern Oscillation) were responsible for the stadial pro-
ductivity minimum16, in the simulation it is solely caused by
thermohaline-driven reduction in upwelling.

The AMO spindown does not decrease productivity everywhere.

Along the eastern boundary current of the North Atlantic sub-
tropical gyre, for example, productivity increases during the first
750 yr of the simulation (Figs 2, 4). At 208W, 268N (the location of
sediment core 15637) and at 208W, 408N (along the Iberian
margin), productivity increases by up to a factor of five during
the stadial. Palaeoproductivity records from these sites17,18 indicate
increased productivity by a factor of two or more during cold
events, consistent with the model results. Analysis of the simulation
indicates that increasing subsurface nutrient concentrations and
stronger upwelling fertilize the ocean along the Iberian and North
African coasts during the stadials.
Taken together (Fig. 4), the available proxy record corroborates

the model results. However, a more stringent and quantitative test is
at present hampered by the low temporal and spatial resolution of
existing productivity records. Particularly desirable would be
additional records from the South(east) Atlantic, the Southern
Ocean and from the tropical, south and northwest Pacific.
This Letter has examined the influence of circulation changes on

the marine ecosystem. In the case of enhanced future global

Figure 3 Latitude-depth sections of zonally averaged nitrate concentrations in

mmol m23. Modern observations28 (a, b) and model results from year 0 (c, d), at year

1,000 (e, f) and the difference between year 1,000 and year 0 (g, h) in the Atlantic (left)

and Indo-Pacific (right). Black contour lines give the zonally integrated eulerian circulation

in sverdrups (1 Sv ¼ 106 m3 s21), and red lines denote the zonal and annual maximum

monthly mixed layer depth (calculated as depth of Dj v ¼ 0.1 kg m23). In the case of an

active overturning (a, c), the North Atlantic is nutrient depleted owing to extraction of

nutrients along the northward path of the upper branch of the circulation. Low-nutrient

North Atlantic Deep Water (NADW) then flows southward at around 2,000m depth. After

the AMO stops, nutrient levels increase in the North Atlantic (e, g) and a subsurface

nutrient maximum develops much like in today’s North Pacific (b, d), while concentrations

decrease in the top 1 km of the South Atlantic, Southern and Indo-Pacific oceans (e–h).
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warming, additional effects such as increased stratification due to
upper ocean warming will affect marine productivity19. Moreover,
in the simulations presented above, the AMO spindown is relatively
slow (about 500 yr, see Fig. 1). More rapid reductions as projected
by some models5–7 would presumably lead to an even stronger
decline in biomass, particularly in the North Atlantic. From Fig. 1 it
appears that even a partial weakening of the overturning causes a
substantial reduction of productivity. The results presented above
have important implications for the assessment of future green-
house gas emission scenarios. A massive decline of plankton stocks
could have catastrophic effects on fisheries and human food supply
in the affected regions. Hence, emission pathways that lead to fast
and large increases of future CO2 including the risk of a collapse or
substantial reduction of the AMO6 should be avoided through early
measures for emission reductions. A

Methods
Climate model
For the simulations presented in this Letter, I use the University of Victoria Earth System
Climate Model20. This is a global model consisting of a fully nonlinear primitive equations

three-dimensional ocean circulation model using a scheme of tidal mixing21 (which leads
to low values of vertical diffusion of 0.2–0.3 cm2 s21 within the pycnocline), a dynamic
thermodynamic state-of-the-art sea ice component and a single level energy moisture
balance model of the atmosphere. A prescribed seasonal cycle of present-day near surface
atmospheric wind velocities is used in the advection of specific humidity, for the
momentum transfer to the surface ocean and sea ice and in the calculation of surface
sensible and latent heat fluxes. As such, the atmospheric hydrological cycle is interactive
and considers thermodynamic effects (Clausius–Clapeyron) but neglects dynamic effects
(for example, changes in the Hadley circulation). The model response might therefore be
different from a model with a more complete, dynamical atmospheric component. The
simulations presented above use a preindustrial (interglacial) background climate (for
example, present-day sea level, atmospheric CO2 concentration of 280 p.p.m.v.). However,
an equivalent simulation under glacial conditions confirmed the results presented.

Ecosystem models and simulations
Themodels of themarine ecosystem dynamics, solving prognostic equations for nutrients,
phytoplankton, zooplankton, detritus and dissolved organic matter, based on nitrate as
the limiting nutrient, have been interactively coupled to the ocean circulation component
of the model22. In order to consider uncertainties in the formulation of the ecosystem
models, identical (ensemble) simulations have been performed with four differentmodels.
The four ensemble members represent two versions from ref. 22 (termed ‘REF’ and ‘tidal
Kb ¼ 0.2, jDOM ¼ 0.15 mDOM ¼ 0.17’ in Table 1 of ref. 22), the formulation of ref. 23 and
the model of ref. 24. The difference between the first two is the inclusion of dissolved
organic matter cycling, and the last two models use fundamentally different formulations
and parameterizations. All four models produce similarly good agreement with global
nutrient (Fig. 3) and chlorophyll (phytoplankton) observations. The model of ref. 24 uses
a parameterization of fast microbial nutrient recycling through ammonium which
increases productivity mainly at low latitudes. This leads to global primary productivity of
48.6 Gt Cyr21, which is in better agreement with observations (36–50Gt Cyr21)25,26 than
the values of 20–30 Gt Cyr21 of the other models. The ensemble mean primary
productivity for modern conditions (Fig. 2c) is broadly consistent with satellite estimates
within their uncertainties (Fig. 2a, b). Areas of high productivity are the mid-latitudes of
the Northern Hemisphere, the equatorial upwelling areas, the Southern Ocean and the
zonal boundary currents.

Systematic biases occur in the centres of the subtropical gyres, where most models are
too oligotrophic. The Southern Ocean is too eutrophic in most models, and the belt of
maximum productivity is located too far south. Despite the large differences between the
individual models, certain aspects (such as nitrogen fixation and denitrification, as well as
limitation by nutrients other than nitrate) are not taken into account in either model. It is
therefore possible, that for example, the neglect of iron limitation biases the results in iron-
limited regions. But because the vertical profile of iron in the ocean is similar to that of the
other nutrients (low values in the euphotic zone and high concentrations at depths), and
because it has been estimated that only 25%of the iron supply to the phytoplankton comes
from atmospheric deposition whereas 75% is supplied through upwelling27, it can be
assumed that reduced upwelling also leads to a reduced iron supply. This suggests that
missing iron limitation does not qualitatively affect the results. Generally, the reliability of
the results presented above will be better in nitrate-limited regions, such as the North
Atlantic, and probably less in regions that are thought to be limited by other nutrients (like
the iron-limited Southern Ocean and the equatorial Pacific). Note also that the sensitivity
of the AMO to perturbationsmight be strongly model dependent, as indicated by the large
scatter in future projections7.
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Reversals of the Earth’s magnetic field reflect changes in the
geodynamo—flow within the outer core—that generates the field.
Constraining core processes or mantle properties that induce
or modulate reversals requires knowing the timing and mor-
phology of field changes that precede and accompany these
reversals1–4. But the short duration of transitional field states

and fragmentary nature of even the best palaeomagnetic records
make it difficult to provide a timeline for the reversal process1,5.
40Ar/39Ar dating of lavas on Tahiti, long thought to record the
primary part of the most recent ‘Matuyama–Brunhes’ reversal,
gives an age of 795 6 7 kyr, indistinguishable from that of lavas
in Chile and La Palma that record a transition in the Earth’s
magnetic field, but older than the accepted age for the reversal.
Only the ‘transitional’ lavas on Maui and one from La Palma
(dated at 776 6 2 kyr), agree with the astronomical age for the
reversal. Here we propose that the older lavas record the onset of
a geodynamo process, which only on occasion would result in
polarity change. This initial instability, associated with the first of
two decreases in field intensity, began ,18 kyr before the actual
polarity switch. These data support the claim6 that
complete reversals require a significant period for magnetic
flux to escape from the solid inner core and sufficiently weaken
its stabilizing effect7.
Most reversal records come from quasi-continuously deposited

sediments1,8–9 and many indicate that reversals occur when field
intensity has diminished (see, for example, refs 10, 11). Establishing
the rate of sediment accumulation may reveal a duration for the
reversal process, but accumulation rates are difficult to quantify1.
One approach is to tune oxygen isotope variations orbitally down
the section, estimate the astronomical ages of successive magnetic
reversals12 and interpolate the accumulation rate. With the use of

Figure 1 40Ar/ 39Ar age spectra and isochrons from lavas TT, RIT and RIV in Punaruu

Valley, Tahiti. The largely concordant spectra (left) and well-defined isochrons (right)

indicate that extraneous argon is not a problem. Isochrons of several experiments on each

lava were normalized to a common neutron fluence parameter J for illustrative purposes

only. The weighted mean of the individual isochrons from several subsamples gives the

best age (^2j) for each lava. a, TT groundmass. The plateau is at 789.7 ^ 5.2 kyr; the

results are from five separate experiments. The isochron age is 798.0 ^ 11.0 kyr,
40Ar/ 36Ari ¼ 293.9 ^ 3.6, MSWD ¼ 0.15 and n ¼ 32 of 39. b, R1V groundmass. The

plateau is at 789.4 ^ 6.5 kyr; the results are from two separate experiments. The

isochron age is 791.9 ^ 9.3 kyr, 40Ar/ 36Ari ¼ 294.8 ^ 1.9, MSWD ¼ 0.04 and

n ¼ 13 of 13. c, R1T groundmass. The plateau is at 792.1 ^ 7.6 kyr; the results are

from three separate experiments. The isochron age is 798.0 ^ 23.0 kyr,
40Ar/ 36Ari ¼ 294.6 ^ 2.9, MSWD ¼ 0.70 and n ¼ 18 of 18.
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