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MBCDH1 and MBCDH2 lack the CCD and the
M. brevicollis genome lacks a b-catenin ortholog.

Metazoan E-cadherins and flamingo cadherins
are bound by pathogenic bacteria which exploit
them as extracellular tethers during host cell in-
vasion (31–33). It is possible that choanoflagellate
cadherins fill an equivalent role in binding bacte-
rial prey for recognition or capture, functions con-
sistent with the enrichment of MBCDH1 and
MBCDH2 on the feeding collar (Fig. 2). If an-
cient cadherins bound bacteria in the unicellular
progenitor of choanoflagellates and metazoans,
cadherin-mediated cell adhesion in metazoans
may reflect the co-option of a class of proteins
whose earliest function was to interpret and re-
spond to cues from the extracellular milieu. In-
deed, the transition tomulticellularity likely rested
on the co-option of diverse transmembrane and
secreted proteins to new functions in intercellular
signaling and adhesion.
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A Global Map of Human Impact on
Marine Ecosystems
Benjamin S. Halpern,1‡ Shaun Walbridge,1* Kimberly A. Selkoe,1,2*‡ Carrie V. Kappel,1

Fiorenza Micheli,3 Caterina D’Agrosa,4† John F. Bruno,5 Kenneth S. Casey,6 Colin Ebert,1

Helen E. Fox,7 Rod Fujita,8 Dennis Heinemann,9 Hunter S. Lenihan,10 Elizabeth M. P. Madin,11

Matthew T. Perry,1 Elizabeth R. Selig,6,12 Mark Spalding,13 Robert Steneck,14 Reg Watson15

The management and conservation of the world’s oceans require synthesis of spatial data on the
distribution and intensity of human activities and the overlap of their impacts on marine
ecosystems. We developed an ecosystem-specific, multiscale spatial model to synthesize 17 global
data sets of anthropogenic drivers of ecological change for 20 marine ecosystems. Our analysis
indicates that no area is unaffected by human influence and that a large fraction (41%) is strongly
affected by multiple drivers. However, large areas of relatively little human impact remain,
particularly near the poles. The analytical process and resulting maps provide flexible tools for
regional and global efforts to allocate conservation resources; to implement ecosystem-based
management; and to inform marine spatial planning, education, and basic research.

Humans depend on ocean ecosystems for
important and valuable goods and ser-
vices, but human use has also altered

the oceans through direct and indirect means
(1–5). Land-based activities affect the runoff of
pollutants and nutrients into coastal waters (6, 7)
and remove, alter, or destroy natural habitat.
Ocean-based activities extract resources, add
pollution, and change species composition (8).
These human activities vary in their intensity of
impact on the ecological condition of commu-
nities (9) and in their spatial distribution across
the seascape. Understanding and quantifying,
i.e., mapping, the spatial distribution of human
impacts is needed for the evaluation of trade-
offs (or compatibility) between human uses of
the oceans and protection of ecosystems and the

services they provide (1, 2, 10). Such mapping
will help improve and rationalize spatial man-
agement of human activities (11).

Determining the ecological impact of hu-
man activities on the oceans requires a method
for translating human activities into ecosystem-
specific impacts and spatial data for the activi-
ties and ecosystems. Past efforts to map human
impacts on terrestrial ecosystems (12), coral reefs
(13), and coastal regions (14–16) used either
coarse categorical or ad hoc methods to translate
human activities into impacts. We developed a
standardized, quantitative method, on the basis of
expert judgment, to estimate ecosystem-specific
differences in impact of 17 anthropogenic drivers
of ecological change (table S1) (9). The results
provided impact weights (table S2) used to

Fig. 2. Subcellular local-
ization of MBCDH1 and
MBCDH2 (A and F),
compared with polymer-
ized actin stained with
rhodamine-phalloidin (B
and G), or antibodies
against b-tubulin (C and
H). Cells were exposed
to antibodies against
MBCDH1 after (A to E)
or before (F to J) perme-
abilization. Overlay of
MBCDH1 and MBCDH2
(green), actin (red), and b-tubulin (blue) reveals colocalization of MBCDH1 and MBCDH2 with actin
(yellow) on the collar and at the basal pole (D and I). Differential interference contrast microscopy shows
cell morphology (E and J). Brackets, collar of microvilli; arrow, apical organelle; arrowhead, basal pole;
asterisk, cluster of autofluorescent bacterial detritus.
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combine multiple drivers into a single compara-
ble estimate of cumulative human impact on 20
ecosystem types (17). We focused on the current
estimated impact of humans on marine ecosys-

tems (within the last decade), as past impacts and
future scenarios of human impacts are less
tractable, though also important (17).

Predicted cumulative impact scores (IC)
were calculated for each 1 km2 cell of ocean

as follows: IC ¼ ∑
n

i¼1
∑
m

j¼1
Di∗Ej∗ m i; j whereDi is

the log-transformed and normalized value [scaled
between 0 and 1 (17)] of an anthropogenic driver
at location i, Ej is the presence or absence of
ecosystem j (either 1 or 0, respectively), and mi, j is
the impact weight for the anthropogenic driver
i and ecosystem j [range 0 to 4 (table S2)], given
n = 17 drivers and m = 20 ecosystems (fig. S1).
We modeled the distribution of several inter-
tidal and shallow coastal ecosystems lacking
global data (17). Weighting anthropogenic
drivers by their estimated ecological impact in
this way resulted in a different picture of ocean
condition compared with simply mapping the
footprints of human activities or drivers (fig.
S1). Summing across ecosystems allows cells
withmultiple ecosystems to have higher potential
scores than areas with fewer ecosystems; sensi-
tivity analyses showed that summing or averag-
ing across ecosystems within cells resulted in
similar global pictures of human impacts on
marine ecosystems (17). The global impact of a

particular driver (ID) is ID ¼ ∑
n

i¼1
Di∗Ej∗ m i; j and

of all drivers on a particular ecosystem type (IE)

is IE ¼ ∑
m

j¼1
Di∗Ej∗ m i; j. This method produced

IC scores ranging from 0.01 to 90.1. The IC
scores were significantly correlated with inde-
pendent estimates of ecological condition in 16
mixed-ecosystem regions containing coral reefs
(17, 18). The linear equation relating the two
scores [R2 = 0.63, P = 0.001 (fig. S5)] was then
used to divide IC scores into six categories of
human impact ranging from very low impact
(IC < 1.4) to very high impact (IC > 15.5) (17).

Predicted human impact on the oceans shows
strong spatial heterogeneity (Fig. 1) with a
roughly bimodal distribution of per-cell IC scores
(Fig. 2), but with every square kilometer affected
by some anthropogenic driver of ecological
change. Over a third (41%) of the world’s oceans
have medium high to very high IC scores [>8.5
(17)], with a small fraction (0.5%) but relatively
large area (~2.2 million km2) experiencing very
high impact (IC > 15.5). Most of the highest
predicted cumulative impact is in areas of con-
tinental shelf and slope, which are subject to both
land- and ocean-based anthropogenic drivers.
Large areas of high predicted impact occur in the
North andNorwegian seas, South and East China
seas, Eastern Caribbean, North American eastern
seaboard, Mediterranean, Persian Gulf, Bering
Sea, and the waters around Sri Lanka (Fig. 1).
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Fig. 1. Global map (A)
of cumulative human
impact across 20 ocean
ecosystem types. (Insets)
Highly impacted regions
in the Eastern Caribbean
(B), the North Sea (C),
and the Japanese waters
(D) and one of the least
impacted regions, in
northern Australia and
the Torres Strait (E).
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