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Biological productivity in most of the world’s oceans is con-
trolled by the supply of nutrients to surface waters. The relative
balance between supply and removal of nutrients—including
nitrogen, iron and phosphorus—determines which nutrient
limits phytoplankton growth. Although nitrogen limits prod-
uctivity in much of the ocean"?, large portions of the tropics and
subtropics are defined by extreme nitrogen depletion. In these
regions, microbial denitrification removes biologically available
forms of nitrogen from the water column, producing substantial
deficits relative to other nutrients®>. Here we demonstrate that
nitrogen-deficient areas of the tropical and subtropical oceans
are acutely vulnerable to nitrogen pollution. Despite naturally
high nutrient concentrations and productivity®®, nitrogen-rich
agricultural runoff fuels large (54-577km®) phytoplankton
blooms in the Gulf of California. Runoff exerts a strong and
consistent influence on biological processes, in 80% of cases
stimulating blooms within days of fertilization and irrigation of
agricultural fields. We project that by the year 2050, 27-59% of all
nitrogen fertilizer will be applied in developing regions located
upstream of nitrogen-deficient marine ecosystems. Our findings
highlight the present and future vulnerability of these ecosystems
to agricultural runoff.

Throughout large areas of the ocean, nitrogen (N) deficits
characterize regions of active marine microbial denitrification®.
In these areas, biological productivity generates large amounts of
organic material, the decomposition of which depletes water
column oxygen concentrations, resulting in a low-oxygen environ-
ment that is favourable to denitrification. The Gulf of California
(GOG, Fig. 1) contains some of the highest nutrient concentrations
in the oceans’ and sustains highly elevated rates of biological
productivity®. Supplied by wind-driven upwelling® and inflow of
nutrient-rich waters at depth’, concentrations of nitrogen and
phosphorus (P) are well-correlated, and found in proportions
corresponding to the Redfield N:P ratio of 16:1 (ref. 7). As
phytoplankton growth reduces available N concentrations to near
zero, an excess of nearly 1 pM P remains, suggesting a deficit of
16 uM N relative to P (ref. 7).

Although N deficits may increase vulnerability to exogenous
sources of N, how the GOC and other N-deficient areas of the
ocean respond to anthropogenic nitrogen pollution is largely
unknown. In marine ecosystems, N pollution is associated with
increased phytoplankton biomass and rates of primary production,
the formation of harmful (often toxic) algal blooms, and low-
oxygen conditions'. Inarguably, the effects of marine N pollution
are becoming increasingly widespread and severe as a consequence
of the global expansion of industrialized agriculture and the
intensification of current practices. N-based agricultural fertilizers
are the primary source of N pollution, and their use is predicted to
double or triple over the next 50 years''.

Fertilizer application rates are extremely high (250kg Nha™",
ref. 12) in the Yaqui Valley, a 2.25 X 10° ha agricultural system
located along the east coast of the GOC (Fig. 1). Surface water runoff
from the Yaqui Valley is determined almost entirely by irrigation of
agricultural fields, and results in the loss of large pulses of N to the
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atmosphere, ground water and surface waters of the valley during
irrigation events'>™'°. Nearly 66% of the N applied in fertilizer is lost
from the Yaqui Valley, 20-40% of which is lost in surface waters'*'c.
Irrigation events are synchronized throughout the valley, typically
occurring in late November, late January, early March and early
April of each year. Allocation of water over a period of days results in
a distinct irrigation peak for each event (Fig. 2a). Following each
irrigation event, runoff flows through a network of natural and
artificial drainage canals to coastal waters. Although the rate of
drainage from the Yaqui Valley can be influenced by both watershed
characteristics and management practice, runoff flows into the
GOC within a few days of peak irrigation. In a few cases, when
sufficient irrigation occurs in the days before the irrigation peak,
runoff into the GOC precedes the peak; for the most part, however,
irrigation waters arrive in the GOC on the day of peak irrigation or
slightly after. For example, data from a conductivity—temperature—
depth (CTD) recorder moored in the mouth of Bahia del Tébari, an
estuary located along the south coast of the Yaqui Valley, show a
large drop in salinity and a smaller drop in temperature coincident
with the peak irrigation date for January 2000 (E. Cruz-Colin,
unpublished data).

To determine changes in phytoplankton biomass in the GOC
driven by introduction of N in these pulses of runoff, chlorophyll a
(Chl) data from the Sea-viewing Wide Field-of-view Sensor
(SeaWiFS) were evaluated over a 5-year period. Arid conditions
over the GOC allow generation of a remarkably complete time series
of SeaWiFs data, with relatively few data gaps caused by cloud cover.
Data extracted from a transect extending 100 km from Bahia del
Tobari across the GOC (Fig. 1), showed a strong annual cycle in
phytoplankton biomass, typical of that seen throughout the GOC".
Chl concentrations were consistently highest in winter and spring,
and lower in the summer months (Fig. 2b). These seasonal shifts
were mirrored by changes in sea surface temperature (SST),
measured using the Advanced Very High Resolution Radiometer
(AVHRR); cooler SSTs in winter are associated with higher Chl
levels, and vice versa (Fig. 2¢).
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Figure 1 SeaWiFS image of chlorophyll a in the GOC from 6 April 1998, one day after
peak irrigation. Location of remote sensing transect is shown crossing an intense
phytoplankton bloom. As indicated by the colour scale, Chl concentrations in the bloom
are significantly higher than elsewhere in the GOC. On land, the productive agricultural
fields of the Yaqui Valley are clearly visible in a MODIS-Aqua vegetation image (NDVI) from

4 April 2003, overlaid on ocean colour data.
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Superimposed on this annual cycle were rapid increases in algal
biomass—discrete phytoplankton blooms—clearly identifiable
throughout the 5-year Chl record. These blooms were often intense,
with Chl concentrations of >10 mg m° (Figs 1 and 2b), and also
quite extensive, reaching nearly 100 km across the GOC (Sup-
plementary Video 1). Upwelling was a strong driver of many of
these blooms, represented in the SSTrecord by rapid drops in SST, as
colder, nutrient-rich, deep waters were brought to the surface
(Fig. 2¢). Many other phytoplankton blooms, however, were associ-
ated with irrigation events in the Yaqui Valley (Fig. 2a, b). In fact,
using Spearman’s ranked correlation we find that periods of greater
irrigation are significantly correlated with high Chllevels (r; = 0.47,
P < 0.001), despite hydrological and biogeochemical variability in
the Yaqui Valley system that might mask this correlation. On the
basis of this relationship, we suggest that up to 22% of the annual
Chl variability in the GOC is related to N runoff from the Yaqui
Valley.

Because remotely sensed SSTs are well correlated with nutrient
concentrations over time, and inferred nutrient distributions are
related to Chl concentrations'®, a generalized linear model (GLM"?)
based on the relationship between SST and Chl was used to model
natural Chl variability over time. Although the predictive ability of
the model is limited by the strength of the SST—Chl relationship
(r*> = 0.45, P < 0.01), the model successfully removes seasonal Chl
variability and winter and summer upwelling events (Fig. 2d), such
as those observed in January 1998, January 1999 and August 2000.
Residual Chl peaks (where Chl concentrations are greater than those
predicted by the GLM) are persistent in autumn 1999 and in late
spring and early summer 2001 and 2002. A similar decoupling
between SST and Chl has been noted during summer in the
GOC?, and was attributed to rapid heating of surface waters after
upwelling, leaving a remnant Chl signal of upwelling but no SST
signal.

In addition, there is a strong association between residual Chl
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Figure 2 Five-year time series. a, Irrigation allotment data. b, SeaWiFS chlorophyll a
data. ¢, AVHRR SST data. d, Residual Chl values from best-fit GLM. Horizontal axis
represents time from 1998-2002; calculated peak irrigation periods are denoted by
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dotted lines and tick marks along the horizontal axis. Vertical axis in b and ¢ represents
distance across transect, colour bar on right shows corresponding Chl concentrations and
SSTs.
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Table 1 N-deficient marine regions and fertilizer use in adjacent developing agricultural regions

N-deficient marine region Maximum N deficit Adjacent developing N fertilizer use (10° megatonnes)
(ref. no.) agricultural region
Value in 2000 Forecast 2020 Forecast 2050

Gulf of California 16pmol =" (7) Tropical Americas 2.44 3.66 5.34
Eastern tropical Pacific 12umolkg™" (4,5)
Benguela upwelling system 40pmolkg ™" (23) Western Africa 0.246 0.469 0.711
Arabian Sea 12pmolkg ™" (24) South Asia 14.4 21.9 33.9
Bay of Bengal 81 umoll~' (25)
South China Sea 1.2 pmol 1" (26) Southeast Asia 27.4 45.6 69.9

(Excluding China) 5.22 7.52 1.7
World total 80.9 129 187

peaks in winter and early spring and irrigation events in the Yaqui
Valley (Fig. 2d). Of the 20 irrigation events in the Yaqui Valley from
1998-2002, peaks in both the unfiltered Chl record and the residual
Chl record are directly associated with ten of them (Supplementary
Fig. S1). Peaks lag the November 2000, April and November 2001,
and April 2002 irrigation events by 3-5 days, bracket the March
1999 event (occurring 3—5 days before and after) and precede the
November 1998 event by about 3 days. This correspondence
between Yaqui Valley irrigation events and both unfiltered and
residual Chl peaks strongly suggests that phytoplankton blooms in
the GOC are stimulated by agricultural runoff from the Yaqui Valley.
This association is particularly strong at the beginning and end of
the crop cycle in November and April, when blooms consistently
follow peak irrigation in the Yaqui Valley. It is less consistent in
January (blooms in 2001 and 2002 were associated with runoff but
those in 1998-2000 were not), perhaps because less N was lost from
the valley during these irrigation events.

In general, the amount of N lost from the Yaqui Valley during
irrigation events is sufficient to balance the N requirements of
associated phytoplankton blooms. Associated blooms range in size
from the 54 km” bloom in November 2002 to the 577 km? bloom in
March 2000 (determined using SeaWiFS data), and estimates of
annual N loss from the Yaqui Valley range from 147 X 10° moles of
N (based on a limited number of measurements in drainage
canals™) to 804 X 10° moles of N (based on N application rates of
250kg Nha™ ' to 2.25 X 10> ha of fields, with 20% N loss in surface
waters'®). If these losses are distributed equally over the four
irrigation events every year, 36.8 X 10° to 201 X 10°moles of N
are lost per irrigation event. Dividing these losses by a N deficit of
16 pM, and assuming a mixed layer depth of 16-46 m (ref. 21),
Yaqui Valley N losses during irrigation can support phytoplankton
blooms in the GOC of 50-785 km?; this is in close agreement with
bloom areas determined using SeaWiFS data. Although the supply
of other nutrients such as P or iron (Fe) in runoff could potentially
drive phytoplankton blooms in the GOC, particularly by increasing
N-fixation rates™, we consider it unlikely. Phosphorus is found in
excess throughout the GOC water column, with surface water
concentrations >1pM (ref. 7), and Fe concentrations in Yaqui
Valley drainage canals are low'’. Because N losses occur in large
pulses and in large part as ammonium", we suspect that they
effectively overwhelm the N-removal capacity of coastal systems?,
flow into the strongly N-limited GOC and fuel the phytoplankton
blooms observed in ocean colour imagery (Fig. 1 and Supplemen-
tary Video 1).

Large portions of the tropics and subtropics may be similarly
vulnerable to N in agricultural runoff, as significant N depletion (via
denitrification) occurs throughout the tropical and subtropical
oceans, including the eastern tropical Pacific>”, the Benguela
upwelling system?, the Arabian Sea’ and the Bay of Bengal®
(Table 1). Nitrogen deficits are lower in the South China Sea, but
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nutrient concentrations are low and N is strongly limiting during
parts of the year®. These marine regions are located adjacent to
rapidly developing agricultural areas in the tropical Americas, West
Africa, South Asia, and Southeast Asia that will experience large
increases in fertilizer use over the next few decades (Table 1). These
increases outpace global trends (ref. 11, Table 1) and reflect a shift
towards greater fertilizer consumption at low latitudes. In 2050, at
least 27% of N fertilizer will be applied in regions adjacent to N-
vulnerable marine ecosystems. Including China, this number more
than doubles to 59% (Table 1). This represents a quantity greater
than all N fertilizer currently applied worldwide.

Although only some portion of this applied N will reach the
ocean, intensive agricultural systems like that in the Yaqui Valley are
expected to develop in these regions over time”, and are likely to
lead to similarly high N losses. In areas where runoff from these
systems reaches N-vulnerable regions, as it does in the GOGC, it
represents a significant new source of N and strongly influences
marine ecosystem processes. The downstream effects of runoff-
driven phytoplankton blooms in the GOC are not yet known, but
combined with fishing pressures®, carbon and energy become
concentrated at lower trophic levels, with potentially significant
effects for ecosystem structure and function.

Methods

Irrigation data and timing

To determine peak irrigation dates, we fitted second-degree polynomials using least
squares to irrigation allotment data from the Yaqui Valley Irrigation district. For these fits,
7 values were between 0.74 (January 2000) and 0.91 (April 2001). We calculated the peak
irrigation date as the zero value of the first derivative of the polynomial. As data from early
1998 were not available, we instead used the best available estimate of peak irrigation from
the Centro Internacional de Mejormiento de Maiz y Trigo (CIMMYT, the International
Wheat and Corn Improvement Center): days 31, 66 and 95 of 1998 (I. Ortiz-Monasterio,
personal communication).

Remote sensing data
Information regarding procurement and processing of SeaWiFS ocean colour data and
AVHRR SST data can be found in the Supplementary Information.

Generalized linear models

Time series data for use in the generalized linear model" were taken from imagery of the
GOC off the coast of the Yaqui Valley. In order to capture the full spatial variability in
bloom activity, we averaged values over a 30-km transect located 10 km off the coast of the
Yaqui Valley. This transect is nearly perpendicular to the previous transect, allowing for
coverage of all areas of input to the GOC from the southern half of the Yaqui Valley. We
report the results of our ‘best-fit’ model, defined as that model which was most successful
in reproducing Chl variability based on variability in SST, thereby minimizing residual Chl
values. The best-fit model used a log-link function, and assumes the variables are gamma-
distributed. The model takes the form In(Chl) = 3, + 3,(SST), where 8, = 3.41 and
B1 = —0.0608. Model fitting was performed in glmlab (MATLAB). Pearson residual
values were calculated by subtracting modelled values from remotely sensed Chl data and
scaling by the estimated standard deviation.

Irrigation-bloom lead-lag analysis
To calculate the lead and lag times between irrigation peaks and Chl peaks, we fitted a
series of smoothing splines to both unfiltered Chl data and residual Chl data. Smoothing

213

© 2005 Nature Publishing Group




letters to nature

parameters of 0.25, 0.5 and 0.75 were used for each record, generating a total of 6 curve
fits. We evaluated the first derivative of these fits at an interval of 3.125 days, the mean
interval between satellite images. For each of the 6 derivatives, we defined two levels of
sensitivity and identified peaks that exceeded these thresholds. For the 3 unfiltered Chl
curves, sensitivities of 1 and 2mgChlm ™ per 3.125-day interval were used; for the
GLM residual Chl curves, sensitivities of 0.1 and 0.2 were used for all but the least
smooth (parameter = 0.75) record, where sensitivities were 0.15 and 0.25. The zero
value following each threshold-exceeding peak in the derivative was defined as a bloom
event. Each of these 12 models identified between 20 and 92 bloom events, with
significant overlap resulting in identification of 121 total bloom events (Supplementary
Fig. S1). Identified blooms that occurred within a sampling interval of 3.125 days
centred on irrigation peaks were considered to occur concurrently with irrigation; lead
and lag timing was calculated relative to this. All statistical analyses were performed in
MATLAB.

Nitrogen deficit calculations

Nitrogen deficits were reported in the literature for the Eastern Tropical Pacific*?, the
Benguela upwelling system® and the Arabian Sea*. For the GOC, Bay of Bengal and
South China Sea, deficits were calculated using the AN formulation discussed
previously” and based on data reported in the literature (GOC’, Bay of Bengal®® and
South China Sea®).

Fertilizer data and projections

Data on use of N-based fertilizers was obtained from the United Nations Food and
Agriculture Organization (FAO) Statistical Databases (http://apps.fao.org). World data
includes all countries reporting to the FAO, and developing agricultural regions were
defined as follows. Tropical Americas: Chile, Colombia, Costa Rica, Ecuador, El Salvador,
Guatemala, Mexico, Nicaragua, Panama and Peru; Western Africa: Angola, Benin, Burkina
Faso, Cameroon, Cape Verde, Cote d’Ivoire, Democratic Republic of Congo, Gabon,
Gambia, Ghana, Guinea, Guinea-Bissau, Liberia, Mali, Mauritania, Namibia, Niger,
Nigeria, Republic of Congo, Senegal, Sierra Leone and Togo; South Asia: Bangladesh,
Bhutan, India, Nepal, Pakistan and Sri Lanka; Southeast Asia: Brunei Darussalam,
Cambodia, China, Indonesia, Laos, Malaysia, Myanmar, Philippines, Singapore, Thailand
and Vietnam. Using a previously described approach'', we found strong linear increases in
fertilizer use over time in all regions, with r? values between 0.90 (Western Africa) and 0.97
(Southeast Asia). We projected these relationships forward to 2020 and 2050 to calculate
fertilizer use.
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Interest in mapping the global distribution of malaria is motiv-
ated by a need to define populations at risk for appropriate
resource allocation™? and to provide a robust framework for
evaluating its global economic impact™. Comparison of older>”
and more recent"* malaria maps shows how the disease has been
geographically restricted, but it remains entrenched in poor
areas of the world with climates suitable for transmission. Here
we provide an empirical approach to estimating the number of
clinical events caused by Plasmodium falciparum worldwide, by
using a combination of epidemiological, geographical and demo-
graphic data. We estimate that there were 515 (range 300—660)
million episodes of clinical P. falciparum malaria in 2002. These
global estimates are up to 50% higher than those reported by the
World Health Organization (WHO) and 200% higher for areas
outside Africa, reflecting the WHO?’s reliance upon passive
national reporting for these countries. Without an informed
understanding of the cartography of malaria risk, the global
extent of clinical disease caused by P. falciparum will continue to
be underestimated.

The Global Burden of Diseases programme of the WHO has
attempted to enumerate the health consequences of malaria infec-
tion®’. Because the African region has a notoriously weak system of
reporting infectious diseases, epidemiological evidence from care-
fully conducted prospective, ‘active’ case-detection studies of
malaria morbidity, disability and mortality in populations living
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