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The Benguela, California, and Humboldt represent three of the major eastern boundary upwelling ecosys-
tems in the world. Upwelling ecosystems are highly productive, and this productivity forms the base of
the food chain, potentially leading to ecosystems similar in trophic structure and diversity among
upwelling regions. Here we compare the biological and trophic structure of rocky intertidal communities
in each of these major upwelling regions. Our comparison includes a fourth region, New Zealand, which
spans a similar latitudinal range, and experiences intermittent upwelling. The influence of oceanographic
conditions on these communities was evaluated by using the long-term mean and standard deviation of
satellite-based sea surface temperature (SST). Large differences emerged in the taxonomic richness in
each of these systems, with California as the most and the Humboldt as the least taxonomically rich.
Across all regions, richness tended to decrease progressively from lower trophic levels (macrophytes)
to higher trophic levels (carnivores), and richness was inversely correlated with the proportion of vari-
ance in SST contained in the seasonal cycle, suggesting that strongly seasonal, predictable environments
are relatively low in diversity. The functional and trophic structures were remarkably similar across these
four regions of the world. Macrophytes were slightly dominant over filter-feeders in terms of space occu-
pancy in all regions except the Benguela. Densities of herbivorous grazers were greatest in California and
Benguela and far outnumbered carnivore densities in all regions. Despite some similarities, the overall
structure of the communities from these regions differed significantly supporting the hypothesis that
the biological and ecological consequences of similar physical forcing mechanisms (e.g. upwelling) are
likely to be context-dependent.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The regions associated with the Atlantic and Pacific equator-
ward-flowing eastern boundary currents (EBC) have long been
recognized for their physical vigor and high productivity (Barber
and Smith, 1981). Although their area makes up a small fraction
of the world ocean (<1%), they account for 5% of global marine pri-
mary production and 17% of global fish catch (Carr, 2002; Pauly
and Christensen, 1995). High biological productivity is fueled by
coastal wind-driven upwelling of cold, nutrient-rich subsurface
waters (Strub et al., 1998). Shared environmental dynamics across
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these systems have prompted comparative research aimed at
understanding the extent to which these systems are similar in
their ecological and functional structure and diversity. Compari-
sons of estimated productivity among the major EBC regions have
found a clear hierarchy, with maximum values in the Benguela,
followed by the Canary, the Humboldt (primarily due to high
productivity in northern Peru) and with lowest values in the
California Current (Carr, 2002; Cushing, 1969). The high produc-
tivity fueling extensive fisheries in all these systems has inspired
various research efforts to understand the trophic and functional
structure of these ecosystems. In all cases, the pelagic food webs
share similar characteristics. Most systems typically contain a
large number of species at the lower (e.g. planktonic) trophic lev-
els. They also contain a substantial number of predatory fish,
seabirds, or marine mammals that feed at the upper apex and
near-apex trophic levels. However, across all of these highly pro-
ductive ecosystems, there tends to be a crucial intermediate
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trophic level occupied by small, plankton-feeding pelagic fish that
is typically dominated by only one, or at most a few, species (Bak-
un, 1996). They are most abundant in upwelling areas and
exploited stocks of these species are prone to large interannual
and interdecadal variation of abundance as well as to collapse
(Freon et al., 2005). These trophic intermediates exert a major
control on the trophic dynamics of upwelling ecosystems
and the trophic diversity of these systems has been termed
“wasp-waist” due to the low diversity in these mid-trophic levels
(Cury et al., 2000). In addition to these broad similarities, compar-
isons of the four marine upwelling systems (the Benguela, Califor-
nia, Humboldt, and Canary) utilizing ecopath models have shown
that the models cluster together by system rather than by species
dominance (Jarre-Teichmann, 1998; Jarre-Teichmann et al., 1998),
suggesting that quantitative indicators for fisheries management
that aim to track fishing impacts might be confounded by inter-
system differences. This begs the question of whether or not there
are generalities in the processes influencing the ecological struc-
ture and function across these types of ecosystems that are
discernible beyond the level of individual taxa.

The shared characteristics and dynamics of coastal upwelling
interact strongly with numerous other physical forcing processes
that contribute to variability of the physical environment. Thus,
sensible among-system comparisons require quantification of var-
iability in environmental conditions. Recent efforts to describe and
compare the multi-variate temporal dynamic regimes of coastal
oceanographic variability along parts of the Benguela and Hum-
boldt revealed striking differences between systems, with the
Benguela characterized by an overall more variable nearshore
environment (Wieters et al., 2009). These changes in the pattern
of fluctuation may be critical to biological composition since in-
creased temporal and spatial variability in the environment is ex-
pected to promote coexistence of species and lead to increased
diversity (Chesson, 2000). Indeed, small-scale controlled experi-
ments have documented more species and even more communi-
ties when grown under pulsed regimes of limiting resources (e.g.
Sommer, 1984). Whether the complex, fluctuating oceanographic
conditions that occur over large, basin-wide scales are linked to
variation in diversity of natural, multi-species communities has
not been explored.

Here we take the first steps to describe and quantitatively
compare the biological and ecological structure of coastal rocky-
shore communities across three of the major EBC ecosystems
(Benguela, Humboldt and California). To provide further insight
into context-dependency and the degree to which interpretation
should be limited to EBC ecosystems, our comparison also in-
cludes a fourth region, New Zealand, which is not an EBC, but is
a temperate system spanning a similar latitudinal range that is af-
fected by intermittent upwelling along parts of the coastline. Our
focus on rocky intertidal ecosystems addresses the issue of
whether, or to what degree, the high productivity of offshore
waters is reflected in intertidal habitats. Rocky intertidal systems
are ideal for this type of comparison due to their high diversity
and the great depth of knowledge about their structure and func-
tion within each of these regions. Over the past several decades,
research in these systems has led to the recognition of these
coasts as among the best studied marine systems of the world
(Schiel, 2004), and recently available spatially-extensive informa-
tion make them ripe for comparison. Our focus is on broad-scale
patterns and comparisons among, rather than within, regions. Be-
cause global richness has been shown to be related to climate
(Francis and Currie, 2003; Sanders, 1968) we expected climatically
similar regions to have similar taxonomic richness. We also ex-
pected differences in productivity among regions to influence tro-
phic and functional structure and to scale with diversity (Connell
and Orias, 1964).

2. Study regions
2.1. Benguela

The Benguela Current forms the eastern boundary of the South
Atlantic subtropical gyre. Its sources include Indian and South
Atlantic subtropical thermocline water, saline, low-oxygen tropical
Atlantic water, and cooler, fresher deep water (Field and Shilling-
ton, 2006; Shannon, 1985; Shannon and Nelson, 1986). The Bengu-
ela ecosystem can be divided into Northern (Angola and Namibia)
and Southern sub-systems (South Africa), separated by the perma-
nent upwelling cell off Luderitz, which is the strongest in the
world. Here we focus on the Southern Benguela system along the
west coast of South Africa, from approximately 29-34° south lati-
tude (see Fig. 1a).

The intertidal flora and fauna of the west coast of South Africa
are biogeographically distinct from South Africa’s south and east
coast species (Bustamante and Branch, 1996; Sink et al., 2005).
Emanuel et al. (1992) divided the West Coast of southern Africa
into two separate cool-temperate provinces, the Namaqua and Na-
mib provinces, with a division near Luderitz. On the basis of sea-
weed flora, a third division is recognized on the southern portion
of the Western Cape which is also reflected in the invertebrate fau-
na (Emanuel et al., 1992). Recently, Wieters (2006) documented a
sharp discontinuity in patterns of intertidal functional group bio-
mass at about 31-32°S latitude. This break is consistent for
wave-exposed and sheltered environments and is not easily ex-
plained by changes in species composition. On local scales, the
main patterns of zonation and processes regulating community
structure are summarized in the review by Branch and Griffiths
(1988).

2.2. California

The California Current System (CCS) is the eastern boundary
current of the North Pacific. Its northern extent is marked by the
southward branch of the bifurcating North Pacific Current off
Washington, USA, and it extends south to Baja California, Mexico.
Detailed reviews of the circulation in the CCS can be found in Hick-
ey and Banas (2003) and Huyer (1983). Prevailing winds during
summer are equatorward throughout the region (Huyer, 1983),
resulting in offshore Ekman transport and upwelling along the
coast. During winter, the wind forcing is strongly downwelling-
favorable in the northern region (Bakun and Nelson, 1991; Huyer,
1983), particularly off Oregon and Washington, but as far south as
35°N during storms (Castelao et al., 2006). Here we focus on the
southern portion of the California current from approximately
29-42°N latitude (Fig. 1b) which is the region of most intense
upwelling activity.

The biogeographic patterns of intertidal species across this re-
gion have been recently well characterized (Blanchette et al.,
2008; Schoch et al., 2005) and highlight a major discontinuity in
community structure near Point Conception, CA (at approximately
34°N latitude). This biogeographic break is coincident with a major
oceanographic discontinuity across Point Conception, with strong
upwelling to the north, and weak, seasonal upwelling to the south.

2.3. Humboldt

The Humboldt Current flows along the west coast of South
America from northern Peru to the southern tip of Chile. The
waters of the Humboldt Current system can extend 1000 km off-
shore. A summary of the main oceanographic features has been
presented by Strub et al. (1998). The northern, equatorward
flowing branch of the West Wind Drift, which reaches the South



C.A. Blanchette et al./Progress in Oceanography 83 (2009) 107-116 109

]
e |
34+ .
: ]

N
-35- .

Benguela
s ‘ ‘ . . . ‘

15 16 17 18 19 20 21 22

-36 J}
-

;jl Humboldt

4% -76 -74 -72 -70 -68 -66

44 T T T T T
(b)

a2t

40+

38

36

34}

32+

301

California

25 . . : ‘ d

-126 -124 -122 -120 -118 -116 -114
-34 T T

(d)
_36— .
-38}+ i

~ f
—40+ -
f

—42 4
B LN _
L .

2;’*“ New Zealand

_4 ! L . L L .
?66 168 170 172 174 176 178 180

Fig. 1. Maps of each of the study sites (black dots) within each of the main study regions; (a) Benguela, along the coast of South Africa, (b) California along the coast of North
America, (c) Humboldt, along the coast of Chile, and (d) New Zealand. Detailed site names and locations are in Supplementary Table 1. Vertical axes show latitude (north

positive) and horizontal axes show longitude (east positive).

American continent around 40°S and a complex group of coastal
currents comprise what is called the Humboldt or Chile-Peru Cur-
rent system. To date, most studies of this system have emphasized
offshore oceanography. Because of the geomorphological charac-
teristics of the coastline and the scant attention that nearshore
oceanography has received, it is difficult to assess coastal circula-
tion patterns (i.e., from the coast to a few miles from shore). Here
we focus on the portion of the Humboldt region along the central
coast of Chile from approximately 29-36°S latitude (Fig. 1c).

Wave-exposed rocky intertidal areas are common habitats all
along the Chilean coastline. The central coast is characterized by
a narrow continental shelf and an almost linear coastline, most
of which is directly exposed to prevailing South Western weather
systems, with few protected bays or coves. Biogeographic prov-
inces based on compositional affinities appear to differ for benthic
invertebrates and macroalgae (Fernandez et al., 2000). The central
coast region is described as a diffuse ‘transition zone’ between the
major Peru-Chile and Magellanic zoogeographic provinces. An
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abrupt break in abundance and recruitment of competitively dom-
inant mussels occurs near 32-33°S latitude (Broitman et al., 2001;
Navarrete et al., 2005) which produces sharp, persistent variation
in the strength of species interactions that defines regions of con-
trasting benthic community dynamics (Navarrete et al., 2005).

2.4. New Zealand

New Zealand is surrounded by several distinct water masses,
and the major currents are the subtropical East Australian Current
in the north, the Westland Current in the southwest, and the
Southland Current that flows from the south-western end of the
South Island and northwards up the east coast (Chiswell and
Schiel, 2001; Heath, 1985; Vincent and Howard-Williams, 1991).
Around the middle of the South Island, a mixture of water from
the Southland Current is deflected eastwards along the continental
shelf, but some northward flow is evident intermittently through a
submarine saddle (Shaw and Vennell, 2000). Upwelling occurs
intermittently from at least the central west coast of the South Is-
land northwards to Cook Strait (separating the two main islands)
(Stanton, 1976; Vincent and Howard-Williams, 1991) and also
along the northeast coast of the North Island. There is some debate
about how frequently upwelling occurs along the west coast. There
is considerably higher rainfall on the west coast than the east coast
and there are two large rivers that may have caused the cold-water
plumes seen in some studies. Vincent and Howard-Williams
(1991) found cold-water plumes extending offshore from the coast
in the vicinity of river mouths but argued they were unlikely to be
a direct effect of cold riverine input because of dilution and be-
cause differences between seawater and river temperatures were
not large at the time of their study. Productivity along the west
coast of NZ, therefore, may not be due to upwelling alone but to
freshwater input of nutrient-rich water, a “benthic-terrestrial”
rather than a “benthic-pelagic” coupling (Schiel, 2004).

The sites in New Zealand spanned wave-exposed rocky habitats
along all shores (Fig. 1d). The nearshore environment around New
Zealand is complex, but most of the west coast is considered very
wave-exposed. However, the coastline is topographically complex
with numerous headlands, bays and inlets. The east coast is mostly
semi-protected north of East Cape but more exposed on outer
coasts sites to the south. Most east southern coast sites are com-
posed of softer sedimentary rocks, except for headlands such as
Banks Peninsula, which are harder volcanic or metamorphic rock,
while west coast reefs are composed mostly of hard metamorphic
rock. Sites north of East Cape (North Island) are mostly hard rock.
The broad relationship between rock types and exposure may af-
fect community structure; few mussels are found on the softer sed-
imentary rocks, mostly because they do not attach well. Reefs
composed of softer rocks rarely occur where wave-exposure is
great, and are usually dominated by fucoid seaweeds. Cook Strait
is considered to be a region of biogeographic discontinuity (Goldst-
ien et al., 2006).

3. Methods
3.1. Sea surface temperature (SST)

SST estimates were derived from 21 years (1985-2005) of 5-day
(pentad) composites of 4-km spatial resolution AVHRR satellite
data processed using the Pathfinder algorithm (version 5.0, avail-
able at: http://www.nodc.noaa.gov/sog/pathfinder4 km). A pentad
climatology was calculated for each sampling site as the 21-year
average of SST in the closest usable pixel to the site location for
each of the 73 pentads in a 365-day year (ignoring the extra day
in leap years). Residual SST was calculated by subtracting the cli-

matological pentad means from the observed value in each pentad.
The fraction of variance in the seasonal cycle was then calculated
for each site’s time series: Fraction of Variance in Seasonal
Cycle = 1 -[Variance(Residual SST) /[Variance(Raw SST)].

3.2. Field methods

We did intensive quantitative surveys of rocky intertidal com-
munity composition and structure across our four main study re-
gions (Benguela - 39 sites, Humboldt - 26 sites, California - 60
sites and New Zealand - 73 sites; see Supplementary Table 1 and
Fig. 1). In each of the regions, sites were sampled by teams of mar-
ine scientists with expertise in the taxonomy of the flora and fauna
of each region (team leaders: Benguela - E. Wieters, Humboldt - B.
Broitman, California - C. Blanchette, and New Zealand - D. Schiel).
Although not every organism could be identified to the species le-
vel in these surveys, we feel that the dataset compiled here repre-
sents the best available state of the knowledge of these systems
across this spatial scale and is unprecedented in quality and scope.

Sites were sampled across a ten-year period between 1995 and
2005. For sites that were sampled multiple times, we used a tem-
poral average of taxon abundance. Within each system, sites and
rocky benches sampled were selected to be representative of the
intertidal biota of that section of coast and were chosen to be as
similar as possible in terms of geomorphology, bench slope and
orientation, wave exposure, and habitat type, however access lim-
ited sampling of some sections of coast. In all cases, data from sites
considered not to be representative of at least a moderately ex-
posed shoreline within a given system were excluded from these
analyses.

To quantify broad compositional patterns of intertidal assem-
blages across the regions, we examined species’ abundances pooled
into functional groups, which is necessary and important because
almost no species, very few genera and few families are common
across all four regions. Functional groups or guilds have increas-
ingly been used as means of understanding the trophic structure
of marine communities (McQuaid and Branch, 1985; Menge and
Sutherland, 1987). Although members of a functional group can
vary considerably in localized ecological interactions (Schiel,
2004), the advantage of using such groups (sometimes called ‘eco-
logical equivalents’ (Schoener, 1988)) is that they provide a com-
mon ecological base for comparing sets of taxonomically
unrelated species (e.g. barnacles and mussels are both filter-feeders
and are both functionally similar in being sessile). Functional
groups that use resources in a similar way may respond similarly
to variation in the processes that control those resources (Under-
wood and Petraitis, 1993). The classification that we employed
assumes the resource use strategies of the taxonomic entities in
each functional group broadly captures (or serves as a proxy for)
the ecosystem function the groups perform (Padilla and Allen,
2000). To examine trophic structure of these systems we grouped
taxa into five main categories: carnivores (e.g. seastars and whelks),
herbivores (e.g. limpets, snails, chitons), filter-feeders (e.g. barna-
cles and mussels), macrophytes (all seaweeds and seagrasses) and
omnivores (a numerically scarce, but diverse group ranging from
crabs to worms). In this way, our functional classifications are an at-
tempt to synthesize the taxa that dominated the surveyed assem-
blages in terms of abundance and represent the central focus of
the analyses presented below.

To characterize patterns of rocky intertidal community struc-
ture, all surveys extended from the highest to lowest intertidal
zones, otherwise known as the supralittoral fringe to infralittoral
fringe in the universal zonation terminology of Stephenson and
Stephenson (1949).The abundance of sessile taxa (e.g. macroalgae,
barnacles, mussels) was quantified using both stratified point-
intercept sampling and standard transect-quadrat sampling
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methods (Blanchette et al., 2008; Broitman et al., 2001; Wieters,
2005). Although there were slight differences in sampling design
within and among the four systems, we feel that the results pre-
sented here are robust to differences in methodology as extensive
sampling effort was involved in data acquisition across all regions
and locations. For the purposes of our analyses, data are summa-
rized as the mean percentage cover of each functional group at
the level of “site”. Across all systems, percentage covers of species
inhabiting primary space (attached to the rock surface) and sec-
ondary space (atop other organisms) were estimated separately,
so total cover could exceed 100%. Mobile invertebrate taxa (e.g.
limpets, snails, whelks) were scored by direct counts within quad-
rats stratified by tidal zone at each site, so data are summarized as
the mean density (number of individuals per m?) at each site.

3.3. Data analysis

To facilitate comparisons of taxon richness among regions
containing different numbers of sites, we calculated jackknifed
estimates of richness (Magurran, 1988). To compare herbivore
densities and community patterns among regions we excluded
all snails in the genera Littorina and Nodlittorina from our analyses.
Most littorinid snails encountered in our surveys were much smal-
ler than most other herbivores (usually only several mm) and their
ecological importance in these systems is not well understood
(Norton et al., 1990). Snails of those taxa were common to all re-
gions and were the only taxa with extreme outliers in abundances
(commonly several thousand snails per m?), swamping abundance
estimates for all other taxa. To examine geographic patterns of
community similarity, we used the multivariate methods of Clarke
(1993) and the PRIMER 6.1.3 (Plymouth Routines in Multivariate
Ecological Research) software package. The data matrix of taxon
abundances was fourth root transformed to reduce the contribu-
tion of very abundant species and increase that of rare species. A
similarity matrix was constructed using the Bray-Curtis similarity
coefficient and we used 2-dimensional plots constructed by, non-
metric multidimensional scaling (nMDS) to examine regional seg-
regation among communities (Kruskal and Wish, 1978).

4. Results
4.1. SST patterns

There were strong spatial and temporal patterns of variability in
SST across the four main regions. Long-term mean SST was very
similar (approximately 15 °C) in both the Benguela and Humboldt
regions from approximately 29-32°S latitude, and diverged in
opposite directions (Benguela warmer and Humboldt colder) from
32°S latitude poleward (Fig. 2a). Both the California and New Zea-
land systems were typified by a decline of approximately 6 °C from
equatorward to poleward latitudes. In California the drop in SST
was particularly steep (approximately 5 °C) over a relatively short
range in latitude near 34°N. The percentage of variance in SST con-
tained in the seasonal cycle was relatively high and relatively con-
stant (approximately 70-80%) across all systems at latitudes
equatorward of 32-33¢ latitude (Fig. 2b). The California and Hum-
boldt regions displayed a decline in the proportion of seasonal cy-
cle variance of temperature at latitudes poleward of 32° latitude,
albeit more variable among sites in the Humboldt. The California
system displayed the broadest range of variation in seasonal cycle
variance across all systems. The New Zealand system was charac-
terized by a relatively constant and high (70-90%) proportion of
seasonal cycle variance across all latitudes.
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4.2. Species richness

Jackknifed estimates of taxon richness varied broadly across
systems with California as the most diverse, followed by NZ,
Benguela and the Humboldt as the least diverse (Fig. 3a). The
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proportional taxon richness across trophic groups was remarkably
similar among all four regions (Fig. 3b). Approximately 50% of the
total taxon richness in each region was composed of primary pro-
ducers. Top-level consumers were the least speciose in each region,
and middle-level trophic groups (herbivores and filter-feeders) ac-
counted for approximately 30% of the total taxon richness across
all four regions. Although the Humboldt region was characterized
by the lowest overall taxon richness, the proportion of local to re-
gional richness (site richness/regional richness) was significantly
higher than any of the other regions, indicating that most of the
taxa found at any one site are also found broadly across the region
(Fig. 4). The local/regional richness in the two highest diversity re-
gions (California and New Zealand) was relatively low, indicating
high species turnover throughout the region. Across all four re-
gions we found a significant negative relationship between local
taxon richness and percent of variation explained by the seasonal
cycle in temperature (R? = 0.46, p < 0.0001) (Fig. 5).

4.3. Functional composition

Across all regions, primary producers and filter-feeders (mainly
barnacles and mussels) occupied well over 60% of primary space. In
California and New Zealand, the two most taxon-rich regions, pri-

140

120

100

80

80

Richness

40|

20|

0 T T T
0.2 0.4 0.6 0.8 1

variance in seasonal cycle

Fig. 5. Local taxonomic richness as a function of the fraction of variance explained
by the seasonal SST cycle for all sites and regions.

(a) 125
[:| filter-feeders

100-|| ] macrophytes

&
>
3
© 75
c
o
o
[o}]
L 50
c
©
[}
S 25
0] T
BEN CAL HUM NZ
300

—_
O
~

B camivores

250 [ herbivores

200
150
100
l s
0 T T T
BEN CAL HUM NZ

Fig. 6. (a) Mean percentage cover of filter-feeders (gray) and macrophytes (black);
and (b) mean densities of herbivores (black) and carnivores (gray) across the four
main regions.

Mean Density (#/m2)

mary producers occupied most of the space (c. 70%) and were the
dominant taxa (Fig. 6a). Primary producers occupied nearly 50% of
the primary space in the Humboldt region and were slightly more
abundant than filter-feeders. The Benguela is the only system in
which filter-feeders occupied the largest proportion of space (c.
67%) and were more abundant than primary producers. The abun-
dance of consumers across all systems was greatly dominated by
herbivores (Fig. 6b). Herbivore densities were lowest in New Zea-
land and highest in California, approximately five times the densi-
ties of New Zealand herbivores. Although carnivore densities were
low in all regions, they were noticeably scarce in the Humboldt re-
gion and had greatest proportional abundance in the Benguela re-
gion. These differences in functional group composition are more
pronounced when examined by site within each region, and were
apparent in the nMDS plot (Fig. 7). The relative spatial separation
among sites coded by regions indicates high compositional similar-
ity within regions. The Benguela and New Zealand regions were
completely separated from other regions, while the Humboldt
and California regions displayed some overlap. Within regions,
sites generally cluster close together, although there is some scat-
ter, particularly in California and New Zealand, which are relatively
large regions geographically. An ANOSIM test between the four re-
gions detected significant differences in community structure be-
tween all regions (Global r = 0.656, p < 0.01).

5. Discussion

Our results highlight broad similarities in the structure of rocky
intertidal ecosystems of major upwelling regions worldwide. These
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Fig. 7. Non-metric multidimensional ordination plot (stress = 0.20) based on the
fourth root transformed taxon abundance data for each site within each of the four
main regions; Benguela (squares), California (circles) Humboldt (triangles) and New
Zealand (diamonds).

communities tend to be dominated by a mixture of sessile inverte-
brates and seaweeds of similar functional groups, but the combina-
tions of plants and animals found within each region are
distinctive, similar to the findings of Stephenson (1960) in his com-
parisons of the Pacific coast of North America, the European North
Atlantic and South Africa. Although the systems studied here share
broad similarities in functional group structure, they were found to
differ greatly in biodiversity, which is not surprising given their
different evolutionary histories, phylogeography, and heteroge-
neous coastlines. Interestingly, however, we found a significant
negative relationship between taxon richness and the percentage
of environmental variability explained by predictable seasonal pat-
terns as captured by the 21-year climatological pentad SST mean.
This suggests that differences in species richness across systems
may be linked to temporal environmental variability. Many
hypotheses have been proposed to account for diversity, several
of which incorporate some aspect of stability or variation in the
availability or provision of resources. Along topographically com-
plex coastlines bathed in generally nutrient-rich waters, broad-
scale diversity patterns may reflect a complex interaction of many
spatially and temporally correlated, and possibly confounded, pro-
cesses (Broitman and Kinlan, 2006). these attributes. Our results
suggest that taxonomic richness may be linked to environmental
variability, and that patterns of SST variance are a useful proxy
for some of the processes driving diversity. If is unknown how well
this relationship may hold across broader scales and in non-tem-
perate systems. More work is needed to investigate mechanisms
linking oceanographic variability with diversity along coastlines.
Bearing these caveats in mind, we discuss some of possible inter-
pretations and implications of these findings below.

5.1. Environmental variability and species richness

Ecologists have long debated the relative importance of factors
that cause gradients in species diversity. Many of the hypotheses
deal with time (Fischer, 1960), spatial heterogeneity (Simpson,
1964), competition (Dobzhansky, 1950) and predation (Paine,
1966). However several ideas have linked diversity to aspects of
the environment (Connell and Orias, 1964; Sanders, 1968). The
productivity hypothesis (Connell and Orias, 1964) essentially
states that greater productivity should result in greater diversity,
everything else being equal. The range of estimated productivity
among the upwelling systems described here gives us an opportu-
nity to evaluate this idea. Most estimates (Carr, 2002; Cushing,
1969) have ranked the Benguela as the most productive of the

world’s systems, followed by the Humboldt and then California.
New Zealand, which is not an eastern boundary upwelling system,
is thought to be the least productive. Our results are clearly at odds
with the productivity hypothesis. We found the highest richness in
the California and New Zealand systems, the two least productive
areas, with a nearly twofold drop in richness to the Benguela sys-
tem, considered to be most productive. There are several reasons
why diversity and productivity may be uncorrelated in our study.
The spatial scale of our study sites for both the Benguela and Hum-
boldt systems is restricted to a limited portion of the region typi-
cally considered to represent the entire upwelling region from
which productivity estimates are derived. Furthermore, estimates
of productivity based on satellite observations of Chl-a (Carr,
2002) are not necessarily representative of productivity in inter-
tidal regions due to land-masking (Siegel et al., 2005) and spatial
patchiness in chlorophyll in the nearshore (Wieters et al., 2003).
It is also possible that there is no relationship between productivity
and diversity; the lack of support for this hypothesis in our data is
consistent with results of some other studies from marine and
freshwater ecosystems (e.g. Bonada et al., 2008; Harmsworth and
Whiteside, 1968).

Other ideas have linked diversity to the stability of the environ-
ment. Sanders (1968) proposed the “stability-time” hypothesis,
suggesting that the more stable the environmental parameters,
the more species will be present. Non-equilibrium theories of com-
munity structure purport that diversity peaks at intermediate lev-
els of disturbance, which is necessary to remove competitively
dominant species (Connell, 1978). These ideas have been applied
to stream systems, which exhibit seasonal cycles of flooding, and
where diversity is related to the frequency and intensity of flooding
(Power, 2006; Sousa, 1984). In our study we attempted to gauge
environmental stability using variance in temperature over a long
period of time (21 years). SST is a relevant, universal and easily
measured environmental metric across this broad spatial scale.
Since our study focused on temperate systems, characterized by
seasonality, we measured predictability of the environment as
the proportion of annual variance in temperature accounted for
by the long-term average seasonal cycle. Deviations from the an-
nual cycle represent inter- or intra-annual variation that is less
predictable. Our findings suggest that more predictable environ-
ments (more variance in the seasonal cycle) have lower richness
than less predictable environments. This relationship between
diversity and environmental variability is consistent with non-
equilibrium theories and ideas based on niche overlap (May and
Macarthur, 1972; Chesson, 2000).

5.2. Trophic structure

Much of the literature on upwelling ecosystems has focused on
the highly productive, nearshore pelagic environment character-
ized by a broad assemblage of plankton, planktivorous and piscviv-
orous fishes (Bakun, 1996). This focus is understandable, given the
great importance of these upwelling systems to world fisheries.
The intertidal regions of these systems provide an interesting com-
parison to offshore ecosystems in that they experience similar
environmental conditions. However, in comparison to the offshore
regions, most intertidal regions do not support large commercial
fisheries and harvest pressure is generally low (with a few notable
exceptions, particularly in Chile). Similar to comparisons of off-
shore upwelling ecosystems, we found a remarkable consistency
in the trophic structure of intertidal communities across these sys-
tems. Benthic macrophytes occupied the vast majority of space and
accounted for the largest component of taxonomic richness across
regions. Across all regions, the higher trophic levels generally con-
tained increasingly lower taxonomic diversity. This is in contrast to
the classic “wasp-waist” structure found in nearshore upwelling
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regions (Cury et al., 2000) where a very small number of species
dominate intermediate trophic levels.

There are several factors that could obscure a wasp-waist struc-
ture in intertidal ecosystems. First, many intertidal herbivores
graze on epilithic microalgae (e.g. benthic diatoms), which are
not easily quantified in surveys (Thompson et al., 2004). Second,
sessile, filter-feeding invertebrates, such as barnacles and mussels,
typically feed on phytoplankton, which is also difficult to quantify
in the very nearshore environment, and not sampled in intertidal
surveys. Finally, top-level predators such as birds, which forage
both inside and outside the intertidal zone and are patchily distrib-
uted in space and time, may play an important role in controlling
herbivore abundances (Coleman et al., 1999; Kurle et al., 2008;
Lindberg et al., 1998; Wootton, 1992). Despite these differences
between offshore and intertidal systems, our results suggest that
intermediate trophic level herbivores (e.g. limpets and snails)
may play a crucial role in these systems (Hawkins and Hartnoll,
1983; Hunt and McKinnell, 2006; Paine, 2002). Similar to the pela-
gic ecosystem, herbivores occupy a central position (“hub”) in the
food web, and are highly connected to other species in the network
(Brose et al., 2005; Williams et al., 2002). Across all regions, we
found herbivores to be by far the most abundant consumers. In
contrast to the wasp-waist structure of offshore systems domi-
nated by a few key trophic intermediates, the intertidal grazer
assemblages reflected a diverse suite of species. Intertidal grazers,
particularly limpets, are known to have large and spatially variable
effects on intertidal macroalgae, (Coleman et al., 2006; Jenkins
et al., 2001). In South Africa, intertidal productivity has been
shown to be correlated with overall biomass of the herbivore guild
(Bustamante et al., 1995). It is interesting to note that in New Zea-
land, where sessile taxa (macrophytes and invertebrates) occupied
nearly all the primary space, mobile consumers were least abun-
dant. Additionally all systems except New Zealand contain a di-
verse group of herbivores ranging from very large and abundant
grazers (Scutellastra spp. in the Benguela, Fissurella spp. in the
Humboldt and Lottia gigantea and Haliotis spp. in California) to a
speciose group of small limpets, snails and chitons. Similarly, the
carnivore group in all regions except the Benguela is dominated
by ecologically important and large predatory seastars (Pisaster
ochraceus in California, Heliaster helianthus in the Humboldt and
Stichaster australis in New Zealand). Although carnivores are
numerically abundant in the Benguela system, this group tends
to contain mostly smaller-bodied whelks. These differences in
body size and biomass across systems highlights an important lim-
itation of this study and others based on percent cover and numer-
ical abundance for examining questions of energy flow through an
ecosystem. For example, the total biomass of herbivores in Bengu-
ela may well be greatest among all regions, even though densities
are not highest, given the large sizes of grazers in this system. De-
spite these shortcomings, we feel that estimates of density and
percent cover across systems are relevant to many questions
regarding population and community ecology, particularly in sys-
tems where intense competition for space, recruitment limitation,
and top-down control by predators are known to be important.
Although the present study focuses on structure rather than
dynamics of intertidal food webs, the observed patterns hint at dif-
ferences in importance of top-down and bottom-up processes
across regions, which have previously been suggested and may
be linked to oceanographic differences (Menge et al., 1997a,b;
Schiel, 2004).

5.3. Community convergence
Intercontinental comparisons of community attributes have a

long tradition in ecology and biogeography, and several authors
have hypothesized that community attributes should be similar

when comparing climatically similar regions of the world (Cody
and Mooney, 1978). Comparisons of communities across climati-
cally similar regions of the world have provided evidence of com-
munity convergence in birds (Cody, 1974; Recher, 1969), lizards
(Fuentes, 1976; Pianka, 1973) grasslands (Paruelo et al., 1998)
and stream invertebrates (Bonada et al., 2008). Although our study
is not a direct test of the convergence hypothesis, we found strong
functional and trophic similarities in richness and community
structure across four of the major temperate intertidal upwelling
ecosystems of the world. Despite these similarities, sites within
the four regions grouped together in the nMDS based on their func-
tional structure. The differences among regions are likely driven by
a variety of factors (e.g. geology, coastal topography, evolutionary
history, biogeographic context, habitat diversity, as well as other
environmental factors) that are beyond the scope of this study.
Our use of SST as a proxy for oceanographic variability is only a
first attempt at exploring the mechanisms underlying variation
in intertidal community structure among world upwelling sys-
tems. For example, although we have not measured habitat diver-
sity in this study we suspect that differences in heterogeneity
along coastlines may account for some of the differences in diver-
sity among regions. Both California and New Zealand have rela-
tively high regional diversity (the total number of taxa found
within the region) but a relatively low proportion of those taxa
are found at any one site (local diversity). The habitat diversity in
New Zealand is likely highest among all regions due to the aspect
and orientation of the coastline to prevailing ocean conditions. In
comparison, habitat diversity in the Humboldt is likely to be lowest
among all regions due to the consistent west-facing exposure of
the entire coastline to the Pacific. The Humboldt system has the
lowest regional diversity; however the ratio of local/regional diver-
sity was highest across all systems, which may reflect relatively
low habitat diversity.

The results presented here represent an important step towards
a global biogeographic perspective on intertidal community struc-
ture in temperate upwelling ecosystems. We hope that broad-scale
comparisons, such as this, provide valuable context for mechanistic
syntheses across systems. Such efforts are important because, in
part, because improved ecosystem management requires greater
understanding of interactions among and between species as well
as their environment (Larkin, 1996). Currently, we know very little
about variation in the dynamics of species interactions within and
among these region. We anticipate that future experimental stud-
ies aimed at understanding the processes driving variation within
and among systems will continue to provide insights useful to the
conservation and management of marine ecosystems.
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