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otic polyphosphate synthesis can only occur at
the elevated temperatures characteristic of such
extreme environments as hydrothermal vent sys-
tems (6). There is no evidence that the transfor-
mation of polyphosphate to apatite in marine
sediments is dependent on the specific source of
polyphosphate, however.

Enhanced phosphorus sequestration in ma-
rine sediments resulting from the conversion of
diatom-derived polyphosphates to apatite may be
manifested in the geologic record. The mid-
Mesozoic rise of marine diatoms (28) coincides
with a trend toward lower organic carbon to total
phosphorus ratios in marine sediments (29).
Because oceanic phosphorus influences atmo-
spheric carbon dioxide levels over geologic time
through regulation of marine primary productiv-
ity (2), geologic fluctuations in phosphorus burial
efficiency brought on by changes in diatom abun-
dance may have also exerted substantial paleo-
climatic influences.
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Expanding Oxygen-Minimum
Zones in the Tropical Oceans

Lothar Stramma,* Gregory C. Johnson,? Janet Sprintall,® Volker Mohrholz*

Oxygen-poor waters occupy large volumes of the intermediate-depth eastern tropical

oceans. Oxygen-poor conditions have far-reaching impacts on ecosystems because important
mobile macroorganisms avoid or cannot survive in hypoxic zones. Climate models predict
declines in oceanic dissolved oxygen produced by global warming. We constructed 50-year time
series of dissolved-oxygen concentration for select tropical oceanic regions by augmenting a
historical database with recent measurements. These time series reveal vertical expansion

of the intermediate-depth low-oxygen zones in the eastern tropical Atlantic and the equatorial
Pacific during the past 50 years. The oxygen decrease in the 300- to 700-m layer is 0.09 to
0.34 micromoles per kilogram per year. Reduced oxygen levels may have dramatic consequences

for ecosystems and coastal economies.

ceanic dissolved-oxygen concentrations
affect marine biogeochemical processes
and have major impacts on the global
carbon and nitrogen cycles (/). These concentra-
tions are very sensitive to changes in air-sea fluxes
and interior ocean advection, hence dissolved
oxygen is an important parameter for under-
standing the ocean’s role in climate (2). Impor-
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tant mobile macroorganisms are stressed or die
under hypoxic conditions; that is, when oxygen
concentrations drop below ~60 to 120 pmol kg
(3). Hypoxia occurs at different oxygen concen-
trations among various species of macroorga-
nisms, so the threshold is not precise. Regions with
oxygen concentrations below about 10 umol kg ™'
are termed suboxic. In suboxic regions, nitrate
(if present) becomes involved in respiration (7).
Anoxic regions have no dissolved oxygen. At
present, the intermediate-depth low-oxygen layers,
here called the oxygen-minimum zone (OMZ),
are suboxic in the eastern tropical Pacific Ocean
and the northern reaches of the tropical Indian
Ocean and are hypoxic in the tropical Atlantic
Ocean (Fig. 1).

Oceanic dissolved oxygen concentrations have
varied widely in the geologic past. For instance,

paleoclimate records from the Cretaceous reveal
profoundly altered biogeochemical cycles and dra-
matic consequences for ecosystems associated with
reductions of ocean oxygen (4). The anoxic ocean
at the end of the Permian (251 million years ago)
is perhaps the most striking example, being
associated with elevated atmospheric CO, and
massive terrestrial and oceanic extinctions (5, 6).

Climate models predict an overall decline in
oceanic dissolved oxygen concentration and a
consequent expansion of the OMZ under global
warming conditions (7), with the largest declines
occurring in extratropical regions. In the tropical
regions, the models predict either zonal mean
oxygen increases at depths of about 200 to
1000 m in the Atlantic and Pacific Oceans (7) or
moderate zonal mean oxygen decreases (§). Pre-
dicted oxygen changes in the thermocline waters
result largely from solubility changes in the up-
stream source waters, whereas changes in the
deeper waters result mainly from decreased in-
terior advection and ongoing oxygen consump-
tion by remineralization of sinking particulate
organic matter (7).

The global ocean has warmed substan-
tially over the past 50 years (9), and strong
interannual-to-decadal variations of oxygen
have been observed in the upper 100 m (0).
Long-term oxygen changes have been observed
and reported in the subpolar and subtropical
regions (11, 12). For instance, in the subarctic
Pacific at Ocean Station Papa (50°N, 145°W),
declining oxygen concentrations have been re-
ported from depths of 100 to 400 m between
1956 and 2006 (11). Ocean oxygen data from the
most oxygen-poor tropical regions of the OMZ
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are limited, but some regions exist for which his-
torical data can be augmented with data from
recent survey programs to construct relatively
long, quasi-continuous oxygen time series.

We constructed and analyzed oxygen time
series in some select areas of the tropical oceans
(Fig. 1), using quality-controlled historical data
from the HydroBase 2 database (/3) and more
recently measured oxygen profiles. Only oxy-
gen data collected since 1960 were used because
older oxygen data are rare and the net effect of
changes in the observation system on our ability
to document real ocean variability is not well
understood. Unfortunately, even after 1960 oxy-
gen data in most tropical regions are too sparse
to construct useful time series, because in the
past most oxygen profiles were collected almost
exclusively from ships dedicated to oceanograph-
ic research. Recently, a small fraction of the 3000
Argo freely drifting floats that report vertical
profiles of temperature and salinity over the up-
per 2000 m of the ocean via satellite at 10-day
intervals (14) have been equipped with oxygen
sensors. These floats provide valuable oxygen
profiles (15) that were used to expand our time
series through 2007 in the tropical Atlantic.

Reductions in observed minimum oxygen
concentrations and vertical expansion of the OMZ
since 1960 are apparent in three areas of the
tropical Atlantic Ocean (Fig. 2). In the oxygen-
poor region of the tropical North Atlantic (Fig. 1;
10° to 14°N, 20° to 30°W), a time series of his-
torical data was augmented with data from me-
ridional hydrographic sections nominally along
29°W in July 2003 and 23°W in July 2006 (Fig.
2A). No seasonal signal is present in this area

150°E

120°E 180°E

150°W

(16). In the OMZ, core oxygen values decline
and the OMZ expands vertically with time. The
vertical extent of the layer with oxygen con-
centrations of <90 umol kg ' increased 85%,
from a thickness of 370 m in 1960 to 690 m in
2006. In the near-equatorial Atlantic Ocean,
oxygen values are higher to both the north and
south (Fig. 1) because of the eastward trans-
port of relatively oxygen-rich water within the
complicated tropical current system (/7). The
relatively oxygen-rich water in the Atlantic
Central Water originates from the poleward side
of the subtropical gyre. Historical data, hydro-
casts from three repeat sections along 23°W since
2000, and two recent profiles from an Argo float
allowed construction of a time series (Fig. 2B) in
the central equatorial Atlantic (Fig. 1; 3°S to 3°N,
18° to 28°W). This time series also shows some
indication of a reduced concentration at the
vertical oxygen minimum over time and a
vertical expansion of the oxygen-poor OMZ.
Similarly, a tropical South Atlantic (Fig. 1; 14°
to 8°S, 4° to 12°E) time series (Fig. 2C) also
shows a vertical expansion of the OMZ;
although there are long gaps after the late
1980s, and no data between 2001 and 2007, a
recent preliminary calibrated oxygen profile taken
at 9°S, 8°E in March 2008 is consistent with the
trend of an oxygen decline.

The OMZ in the tropical North and South
Pacific Oceans reaches suboxic (and, in the
most oxygen-poor regions, nearly anoxic) levels
(Fig. 1), so detecting changes in minimum val-
ues there is difficult. Furthermore, data in the
most oxygen-poor regions are too sparse to al-
low the construction of quasi-continuous time

250
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Fig. 1. Climatological mean (18) dissolved oxygen concentrations (umol kg™ shown in color) at 400 m
depth contoured at 20-umol-kg™* intervals from 10 to 230 umol kg™ (black lines) using Ocean Data
View (19) software. Analyzed areas (A to F, Table 1, and Fig. 2) are enclosed by black boxes.

series. However, as in the Atlantic Ocean, Pacific
equatorial currents carry relatively oxygen-rich
water eastward toward the most oxygen-poor
regions of the OMZ in both hemispheres. His-
torical hydrographic data in the eastern equato-
rial Pacific Ocean (Fig. 1; 5°S to 5°N, 105° to
115°W), augmented with data collected during
some recent Tropical Atmosphere Ocean project
mooring maintenance cruises along 110°W,
constitute a time series (Fig. 2D) that reveals a
vertical expansion of the OMZ. However, a
depth-integrated oxygen trend there is not
statistically significantly different from zero
when a stringent 95% confidence criterion is
used (Table 1). Slightly higher values from 1980
to 1990 may be caused by sample locations
biased toward the equator, where more oxygen-
rich waters are advected eastward from the
west. In the central equatorial Pacific (Fig. 1;
5°S to 5°N, 165° to 175°W), oxygen concen-
trations within the OMZ are more variable (Fig.
2E). Nevertheless, the OMZ thickness expands
over the duration of the time series. This vertical
expansion with time is not closely related to a
temperature increase; in both areas of the
equatorial Pacific, the temperature in the 300-
to 700-m layer slightly decreases, as does the
oxygen content (Table 1).

In the Indian Ocean, the lowest oxygen val-
ues in the OMZ are not located in the eastern
tropics as they are in the Atlantic and Pacific
Oceans, but to the north in the Arabian Sea and
the Bay of Bengal (Fig. 1). In addition, minimum
oxygen concentrations within the Indian Ocean
OMZ are generally deeper (near 800 m) than in
the other two oceans. In the northern Indian
Ocean OMZ, sources and sinks of oxygen are
nearly in apparent balance; circulation there
appears relatively stagnant, with detritus falling
from the highly productive waters above and
rapidly depleting oxygen below. As in the east-
ern tropical Pacific Ocean, oxygen values in the
northern Indian Ocean OMZ are suboxic, and
the sparse data distributions in the most oxygen-
poor regions preclude the construction of long
quasi-continuous time series there. However, the
recent occupation of a meridional section nomi-
nally along 95°E made possible the construction
of an eastern equatorial Indian Ocean time series
(Fig. 1; 5°S to 0°, 90° to 98°E), despite gaps in
data since the mid-1980s (Fig. 2F). Unlike the
other time series presented here, there is neither
an obvious increase of the vertical extent of the
OMZ nor a visible decrease in oxygen mini-
mum values. Statistics of the layer at a depth of
300 to 700 m reveal a weak oxygen decrease
not different from zero at 95% confidence
(Table 1). Time series from the early 1960s to
the late 1990s (not shown) in the western equa-
torial Indian Ocean, the Arabian Sea, and the
Bay of Bengal show similar constancy in the
tropical Indian Ocean OMZ. Collectively, these
results suggest that over the past few decades
there has been no substantial change in the trop-
ical Indian Ocean OMZ.
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As an auxiliary benefit, the constancy of
OMZ characteristics in the Indian Ocean time
series suggests that the changes observed in the
tropical Atlantic and Pacific Ocean OMZ char-
acteristics are not based on changes in observa-

1000 == ==t
1960 g 1980 2000

0 “mm Wm 200

FIPEY 2
(dbar}
i g O -
500 el TG
100
50
0 200
p 9
(dbar 150
500 100
50
1000 He k2§ | kw QU
1960 1980 2000

Fig. 2. Dissolved oxygen concentration (umol kg™

tion techniques. This concern was also tested in
the oxygen-rich deep-water formation region of
the Labrador Sea, for which a very well-sampled
time series can be constructed from 1960 to the
present. There, no trend toward lower oxygen val-

P
(dbar)
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P
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1 shown in color) maps (20, 21) versus time (1960—

2008) and pressure (1 dbar ~ 1 m) with sample locations (white dots). (A) The eastern tropical North
Atlantic (10° to 14°N, 20° to 30°W), contoured at 90 umol kg™ (thick white line). (B) The central
equatorial Atlantic (3°S to 3°N, 28° to 18°W), contoured at 120 pumol kg™ (thick white line). (C) The
eastern tropical South Atlantic at (14° to 8°S, 4° to 12°F), contoured at 60 umol kg~ (thick white line).
(D) The eastern equatorial Pacific Ocean (5°S to 5°N, 105° to 115°W), contoured at 60 umol kg™ (thick
white line). (E) The central equatorial Pacific Ocean (5°S to 5°N 165° to 175°W), contoured at 90 and
120 pmol kg™ (thick white lines). (F) The eastern equatorial Indian Ocean (5°5 to 0, 90° to 98°F),

contoured at 60 umol kg™ (thick white line).

Table 1. Linear trends of temperature and oxygen with 95% confidence intervals (22) since 1960
in a 300- to 700-m layer for select ocean areas, and integrated oxygen loss, assuming a nominal

density of 1027.2 kg m~3.

Temperature trend

Ocean areas (Fig. 1) °C year?)

Oxygen trend
(umol kg™* year™)

Integrated oxygen loss
(mmol m? year™)

Area A +0.009 + 0.008
Area B +0.005 + 0.008
Area C +0.002 = 0.011
Area D —0.001 + 0.009
Area E —0.010 + 0.008
Area F +0.005 + 0.007

N. Pacific, 100
to 400 m depth (11)

+0.005 to +0.012

—-0.34 = 0.13 136
-0.19 + 0.12 74
-0.17 £ 0.11 74
—0.13 = 0.32 49
—0.19 + 0.20 74
—-0.09 = 0.21 37
—0.39 to -0.70 165

REPORTS

ues is apparent, supporting the claim that oceanic
oxygen measurements taken over the past 50 years
are not subject to large observational biases that
may produce spurious temporal trends.

The tropical ocean OMZs in the central and
eastern tropical Atlantic and equatorial Pacific
Oceans appear to have expanded and intensified
during the past 50 years. Despite the sparseness of
observations, the time series used show that the
decline in oxygen content has been most intense in
the tropical Atlantic, where at present hypoxic
regions are small as compared with the Pacific and
Indian Oceans. For these reasons, the Atlantic may
also have the most potential for large increases in
the area of hypoxic regions.

The observational analysis presented here sup-
ports climate model predictions of dissolved
oxygen declines in the tropical ocean (7, 8) and
an expansion of the tropical OMZs due to a con-
tribution of thermal, dynamical, and biogeochem-
ical factors (8). The observed oxygen declines
reported here of 0.09 to 0.34 umol kg 'year ' for
300- to 700-m depths (Table 1) are somewhat
smaller than those reported in the North Pacific
(11) at 100 to 400 m. Together, these trends affect
carbon and nitrogen cycles, with fundamental
implications for marine ecosystems and thereby
fisheries resource management issues. Given
climate model projections, and the geological
record that indicates times of widely distributed
suboxic regions, sustained global ocean measure-
ments of dissolved oxygen concentrations are
needed (for instance, by equipping more Argo
floats with well-calibrated dissolved oxygen
sensors) to more closely monitor variations in
the strength and extent of the OMZ.
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A General Model for Food

Web Structure

Stefano Allesina,*>* David Alonso,”> Mercedes Pascua

l1,4

A central problem in ecology is determining the processes that shape the complex networks
known as food webs formed by species and their feeding relationships. The topology of these
networks is a major determinant of ecosystems' dynamics and is ultimately responsible for their
responses to human impacts. Several simple models have been proposed for the intricate food
webs observed in nature. We show that the three main models proposed so far fail to fully replicate
the empirical data, and we develop a likelihood-based approach for the direct comparison of
alternative models based on the full structure of the network. Results drive a new model that

is able to generate all the empirical data sets and to do so with the highest likelihood.

of complex systems in nature (4). Despite

the challenge posed by the intricacy of
these trophic networks, simple models have been
proposed for their topology that successfully
capture a number of structural properties (5—7).
These models have been influential in showing
that the topology of food webs in nature is non-
random and have provided a basis for inves-
tigating the consequences of their structure for
dynamics (8, 6, 9), for an ecosystem's robustness
to extinctions (/0), and for the quantity and qual-
ity of services they provide (17, 12).

The simplest mathematical framework for
food web structure dates back to the influential
argument on stability and complexity, and it re-
lied on the representation of connections between
species based on random graphs (/3). This model
took into account only the species richness S and
connectance C (fraction of realized feeding con-
nections) of the web. The first nonrandom rep-
resentation was given by the cascade model (9),
which ordered species along a single dimension.

F ood webs (/-3) are paradigmatic examples
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The biological basis for this ordering remains an
open problem, but possibilities include body mass,
trophic level, and metabolic rates (74, 9). Each
species has a position in this hierarchy that de-
termines its feeding relations, with prey chosen
randomly only from the species whose ranking is
lower than that of the predator. This rule makes
all networks generated by this model acyclic,
limiting its application to empirical food webs
without cannibalism or feeding cycles. The niche
model was proposed next (6, 15), in part to over-
come this limitation. It retains the ordering of
species in one dimension but adds the notion of a
niche range, an interval that contains all the prey
of a given predator. Although feeding cycles can
now be generated, the resulting networks are, by
construction, also interval, a property that is not

fully compatible with patterns in empirical food
webs (7, 16).

Intervality has played an important role in the
literature of food web models, because it is closely
related to the number of dimensions needed to
represent niches in a community (/7, 7, 16). Tech-
nically, this property means that there exists a
suitable ordering of the species for which all the
prey of each predator are consecutive, with no gaps.
In Fig. 1, matrix N, this property is apparent when
the network is translated into a matrix representa-
tion; consecutive prey form an uninterrupted se-
quence of entries in each column. Although, for
interval graphs, a single dimension should be suf-
ficient, recent analyses indicate that food webs are
only close to interval (/6). As we show here, close
to interval does not mean that a model assuming
perfect intervality on a single axis can generate all
the links in empirical food webs. A third and more
recent model, the “nested hierarchy” (7), does not
rely on niches in a one-dimensional space, but
focuses instead on groups of species and considers
implicitly phylogenetic constraints and adaptation
(7). Closely related predators tend to share their
prey with occasional departures from this phylo-
genetic constraint, as the result of adaptation to new
environments and new prey (7). We focus here on
these three static models of food web structure as
the simplest and most used formulations; other
models have been proposed that include more
sophisticated construction rules, including dynam-
ics and diet optimization, speciation, extinction,
evolution (/8-20), and adaptation (21).

N + K

Fig. 1. Decomposition of a food web into two subwebs. For a given food web, we can write an adjacency
matrix A. In this matrix, each coefficient represents the presence (1, black) or lack (0, white) of interaction
between predator species (columns) and prey species (rows). We seek an ordering of the species that
minimizes the number of irreproducible connections, the links that are incompatible with the assumptions
of a given model, in this case, the niche model. This yields the adjacency matrix A*. The compatible
connections of each predator i do fall into a segment (intervality) such that the segment starts either
before or on the ith species (hierarchy). The matrix N is formed by all the connections compatible with the
niche model, and the matrix K contains all the irreproducible connections.
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