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Abstract. To a certain degree, Eastern Boundary Current600 m off California and Oregon), and the lower boundary
(EBC) ecosystems are similar: Cold bottom water from may exceed 1000 m.
moderate depths, rich in nutrients, is transported to the eu-
photic zone by a combination of trade winds, Coriolis force  The properties described are valid for very cold and cold
and Ekman transport. The resultant high primary produc-(La Nifia and “normal”) ENSO conditions with effective up-
tion fuels a rich secondary production in the upper pelagicwelling of nutrient-rich bottom water. During warm (El
and nearshore zones, but wherg €change is restricted, Nifio) episodes, warm water masses of low oxygen con-
it creates oxygen minimum zones (OMZs) at shelf and up-centration from oceanic and equatorial regions enter the
per slope (Humboldt and Benguela Current) or slope depthsipwelling zones, bringing a variety of (sub)tropical immi-
(California Current). These hypoxic zones host a specificallygrants. The autochthonous benthic fauna emigrates to deeper
adapted, small macro- and meiofauna together with giant sulwater or poleward, or suffers mortality. However, some local
phur bacteria that use nitrate to oxydiseSH In all EBC,  macrofaunal species experience important population prolif-
small polychaetes, large nematodes and other opportunistierations, presumably due to improved oxygenation (in the
benthic species have adapted to the hypoxic conditions andouthern hemisphere), higher temperature tolerance, reduced
co-exist with sulphur bacteria, which seem to be particularlycompetition or the capability to use different food. Both
dominant off Peru and Chile. However, a massive reductionthese negative and positive effects of Efllinfluence local
of macrobenthos occurs in the core of the OMZ. In the Hum-artisanal fisheries and the livelihood of coastal populations.
boldt Current area the OMZ ranges betweelD0 and about  In the Humboldt Current system the hypoxic seafloor at outer
600 m, with decreasing thickness in a poleward direction.shelf depths receives important flushing from the equatorial
The OMZ merges into better oxygenated zones towards th&@one, causing havoc on the sulphur bacteria mats and imme-
deep sea, where large cold-water mega- and macrofauna odiate recolonisation of the sediments by mega- and macro-
cupy a dominant role as in the nearshore strip. The Benguelfauna. Conversely, off California, the intruding equatorial
Current OMZ has a similar upper limit but remains shal- water masses appear to have lower oxygen than ambient wa-
lower. It also hosts giant sulphur bacteria but little is known ters, and may cause oxygen deficiency at upper slope depths.
about the benthic fauna. However, sulphur eruptions and inEffects of this change have not been studied in detail, al-
tense hypoxia might preclude the coexistence of significanthough shrimp and other taxa appear to alter their distribution
mega- und macrobenthos. Conversely, off North America theon the continental margin. Other properties and reactions
upper limit of the OMZ is considerably deeper (e.g., 500-of the two Pacific EBC benthic ecosystems to Efiblseem

to differ, too, as does the overall impact of major episodes
Correspondence tdV. E. Arntz (e.g., 1982/1983(1984) vs. 1997/1998). The relation of the
(warntz@awi-bremerhaven.de) “Benguela Niio” to ENSO seems unclear although many
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Pacific-Atlantic ocean and atmosphere teleconnections havikelvin waves. This process may lead to a drastic deep-
been described. Warm, low-oxygen equatorial water seemsning of the pycnocline and nutricline along the E Pacific
to be transported into the upwelling area by similar mecha-coasts, extending the warm surface water layer to consid-
nisms as in the Pacific, but most major impacts on the euerable depths and making upwelling, which is then derived
karyotic biota obviously come from other, independent per-from the low-nutrient warm water sphere, unefficient (Barber
turbations such as an extreme eutrophication of the sedimenia Canby, 1984). Fuelling of the pelagic system is largely in-
ensuing in sulphidic eruptions and toxic algal blooms. terrupted, the pelagic upwelling food web breaks down and
Similarities and differences of the Humboldt and Cali- gives way to a tropical-oceanic web, which is advected with
fornia Current benthic ecosystems are discussed with parthe Kelvin waves (Arntz, 1986). As surface production is re-
ticular reference to ENSO impacts since 1972/73. Whereduced, there is less input of organic material to the seafloor
there are data available, the authors include the Benguelduring EN phases (Guirez et al., 2000; Goatez et al.,
Current ecosystem as another important, non-Pacific EBC2000), and there is evidence that there is a shift in sedi-
which also suffers from the effects of hypoxia. mentary organic matter composition, and a reduction of the
biopolymeric organic carbon fraction, potentially available
for consumers (Neira et al., 2001a).
These basic processes seem to be identical in the HC and
1 Introduction the CC, and the same may hold for the reflected (Rossby)
portion of the Kelvin waves, which can disturb the Pacific
This paper aims at a comparison of the benthic/demersagcosystem a long time after EN while travelling between
subsystems of Eastern Boundary Currents (EBCs) and thehe continents (Lagos, 1999). System structure of the major
impact of El Nio or similar perturbations on interannual EBCs is similar but there are differences in trophic structure
or lower time scales. It focusses on the Humboldt Current(Moloney et al., 2005). Food chain efficiency is generally
(Peru-Chile), HC, and California Current, CC, systems bothjow (Jarre-Teichmann and Christensen, 1998) although pro-
of which receive direct impacts from EI M (EN) and La  ductivity differs substantially (Jarre-Teichmann et al., 1998;
Nifia (LN), i.e. the warm and cold phases of the ENSO cy-Carr and Kearns, 2003). Latitudinally the HC is abotit 5
cle. However, as the HC resembles the Benguela Curreng|oser to the equator than the CC (Blanco et al., 2001). While
(BC) rather than the CC, the BC is included despite the facloff South America the enhanced poleward intrusion of saline,
that the existence of a “Benguelaidi’ is not universally  Jow-oxygen equatorial water leads to an oxygenation of the
accepted (cf., for example, Shannon and Nelson (1996) vsoMZ on the shelf and upper slope, with dissolveg \@l-
Hamukuaya et al. (2001)). There are, however, other peryes at the seafloor at times multiplied by a factor=df0
turbations such as #$ outbreaks or intrusions of unusually (Guillen et al., 1985; Arntz et al., 1991; Levin et al., 2002),
warm equatorial water, which the BC has in common with the much deeper OMZ off California and Oregon (See He”y
the two other large upwelling systems. The Canary Currentand Levin, 2004) remains beyond the impact of the equato-
is a special case in that it does not have an oxygen minimungia| water mass. Instead, this intruding water lowers the O
zone (OMZ), and does not seem to suffer from the kind of concentrations on the shelf and upper slope. Thus flushing by
impacts investigated here. It is therefore excluded. the coastal Kelvin waves results in beneficial effects for the
EBCs have obvious common properties (Blanco, 2001).aerobic benthos off South America and potentially reverse
Under “normal” conditions, in all three upwelling systems effects off North America. This difference seems to be very
the main transport carries cold, well-oxygenated water fromimportant, however it explains only partly the different EN
high towards low latitudes, whereas undercurrents take waimpact in the two hemispheres, which also depends on the
ter with lower oxygen content poleward. There are also surseason of onset, duration, severity, water depth and distance
face countercurrents in a poleward direction. Upwelling is from the equator. While the very strong EN 1982—-1983 and
caused by trade winds parallel to the coast and offshore water997-1998 were generally comparable (Enfield, 2001), dif-
transport perpendicular to the coast, modified by the Corioferences in their impacts in the northern and southern hemi-
lis force and Ekman transport (Arntz and Fahrbach, 1991)spheres can be largely attributed to their different seasonal
Upwelling normally draws cold, nutrient-rich bottom water onset (Arntz, 2002). As is to be expected from the common
from moderate depths into the photic mixed layer and thusorigin, most stronger Pacific EN apply to both the NE and
fuels primary production and the pelagic food web. LN (very SE Pacific, however there are exceptions (Fig. 1). EN 1972—
cold) phases of ENSO enhance these conditions. The aburt973, considered a strong event in the HC, had almost no
dant surface production leads to an extensive OMZ under theffect in the CC (Schimmelmann and Tegner, 1991). Gener-
EBC, due to the fact that the organic material cannot be remally, South America seems to receive earlier and stronger EN
ineralised on the way to the seafloor and also exceeds thgnpacts than North America; for example, onset of anoma-
decomposition capacities of aerobic benthos. lous conditions in the CC in 1997 and recovery in 1998—
EN conditions in the eastern Pacific, especially during1999 lagged the equatorial events by four months (Bograd
strong and very strong events, are triggered by equatoriahnd Lynn, 2001). As observed in 1982-1983(1984) the ef-
Kelvin waves. When these waves impinge on the continenfects may continue over another summer in the north while
tal margins, they are mainly converted into poleward coastathe episode weakens in southern hemisphere winter.
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o ‘ ceive less attention than the pelagic realm. As this review
Cricama : Lu g i Al AL A\ij focusses on the benthic/demersal ecosystems in EBCs and
(SST anomalies) the impact of EN in these systems, most of the impacts in

* b the pelagic realm, on invertebrates, fish, birds and seals are
15 not mentioned; these effects are summarised in specific (e.g.,
E‘”‘.‘ﬁ‘.’z“é%"n " MM Chavez, 2003) or more general publications (e.g., Arntz and
. Fahrbach, 1991; Diaz and Markgraf, 2000). Other aspects we
L A L L L had to omit due to restricted space are the effects of ENSO
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in warm tropical regions (e.g., Glynn, 1990), the socioeco-
nomic consequences and teleconnections of EN (e.g., Glantz
Fig. 1. Time series of the Multivariate ENSO Index, sea sur- et al., 1987: Glantz, 2001; Mendo and Wolff, 2002), and

face temperature SST (La Jolla, California/USA; Chicama, Peruithe palaeoaspects (Baumgartner, 1992; Mazhad Ortlieb,

Talcahuano, Chile), and SST deviations (Charleston, Oregon/lUSA3gg93: Ortlieb and Hocquenghem, 2001; Markgraf et al.
Pta. Eugenia, Baja California/Mexico), indicating little delay in 20005 ' ' '

the arrival of the anomalies at the different latitudes except at the
southernmost site, where the seasonal signal conceals the ENSO
variation. Above the Pacific time series, some more important
“Benguela Niios” are indicated, revealing only limited coinci-

Within the three large EBCs considered for this compari-

son, four areas parallel to the coast have been distinguished
(Table 1) based on their dissolved oxygen conditions (see

dence with the Pacific Ribs. Sources (from above to below): Gallardo, 1963):

Shannon et al. (1986); Pearcy (2002); Lea and Rosenblatt (2000);
Lluch-Cota and Ponce{Bz (2000); MIPE/IMARPE, Peru; CEND-
HOC/SHOA, Chile. All series redrawn, La Jolla data are 12-month,
Talcahuano data 3-month moving mean.

“Benguela Niios” occur more seldom than Pacific EN
and do not necessarily coincide temporally, as in the case
of the very strong EN 1997-1998, which was not felt off
Namibia and South Africa. However, the other very strong
episode in the past century, in 1982-1983(1984), did occur
as a Benguela Mo (in 1984), as did the episodes of the
years 1963, 1972-1973 and 1991-1995, which also appeared
only in the last year (Fig. 1). Some of the Bengueld&di
impacts such as faunal migrations and mortalities resemble
very much those of EN in the eastern Pacific (Gamnbelsr
et al., 1998) but seem to be restricted to shallower depths
(Hamukuaya et al., 2001).

Changes caused by major EN have been documented since
the beginning of the 20th century off Peru. However, the
emphasis has been on the pelagic subsystem, in particular
pelagic shoaling fish and the seabirds and marine mammals
feeding on them. Information on the benthic system, which
plays a much smaller economic role in EBCs, was largely
anecdotal before the 1982-1983 EN and continues to re-

— the well-flushed nearshore strip, consisting of sandy
beaches and rocky shores and mostly finer sediments
in the upper subtidal. ENSO effects are manifested by
other factors than by change in(but lack of @ may
play a role in the case of sulphidic eruptions. The lower
boundary of this zone is arbitrarily put at 10m but is
variable.

— the intermediate zone between this coastal strip and the
upper limit of the oxygen minimum zone (OMZ), ex-
tremely narrow but very productive off Peru/Chile and
Namibia/South Africa, and broader in the CC, with im-
portant artisanal and recreational shallow-water fish-
eries in all areas and offshore fisheries off California
and Oregon.

the oxygen minimum zone <0.5mliG1~1), off
Peru/northern Chile mostly between 50 and 600 m, nar-
rowing (ca. 150-300 m) towards central Chile and dis-
appearing entirely at 4% off Chiloe. In the CC the
OMZ begins at ca. 500 m off California and ca. 700
m off Oregon and extends to about 700 m and 1100 m,
respectively. In the BC it reaches from about 50 m to
300m. This zone is dominated by bacterial (prokary-
otic) populations but also houses a eukaryotic fauna
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biomasses of all those valuable invertebrate stocks, which
have been overfished and largely disappeared from shallow
water (Haliotis spp., Concholepas concholepas, Jasus la-
landii). However, there still remain very rich resources of
kelp, clams, surf clams, mussels, snails, chitons, decapod
crabs and lobsters, giant balanids, ascidians and sea urchins,
together with numerous macroalgae and invertebrates which

Depth (m)

rr 11 r 1 & & & & TrrTrTl

20 40 6 8 100 120 140 160 180 200 220 240 260 are not exploited. An example for the Peruvian coast is
Distance from shore (m) given in Fig. 2. Biomasses of these populations can be ex-
tremely high, e.g. for the surf clamdesodesma donacium
\@ Lessot vabocult - ;::::::;mm (Peru) andDonax serra(Namibia), an annuzal production of
8 Giossopnor sp. D Toguls luctuosa . 2400 and 167—.6379 ash-free dry mass nh_las been re-
32 Rnoymeniasp. 7% Heliaster helianthus € Arbacis spatuligera ported, respectively (Arntz et al., 1987; Laudien et al., 2002).
B)  Pagurus villosus @  Tetrapigus niger i Diopatra rhizicola Similarly high values are known from mussels in the in-
S ophisctiskroyeri > Fissurelalatimarginata tertidal (HC, BC esp. Semimytilus algosusChoromytilus
W Cronaracantrus G purpuratus 1S parvus spp.; CCMytilus spp.). Among the demersal and coastal

chamissoi

fish, most of which are also found in the next deeper zone,
Fig. 2. Macrobenthic zonation of a rocky shore in central Peru (EI COrvinas (Sciaenidae), congrios (Ophidiidae), sea bass (Ser-
Pantén, Balia Independencia, Pisco). Original data. ranidae), robalos (Centropomidae) and flatfish (Paralichthyi-
dae), among others, play a dominant role, as do the “line-
fish” (kob Argyrosomus hololepidotusndA. japonicus sil-
specifically adapted to hypoxic conditions. Its ben- ver kob A. inodorus steenbrad.ithognathus auretiblack-
thic/demersal subsystem has no commercial importanceail Diplodus sargusgaljoenDichistius capensisand others)
for human consumption during normal and LN condi- off southwest Africa. All these resources support important
tions. artisanal and recreational fisheries, although these areas are
, better known to most marine biologists for their wealth of
— the deep sea below the OMZ, with oxygen concentra-gpaajing fish in the pelagic zone. Benthic species richness
tions increasing with depth, and a dominant benthicig tajrly high in this zone although not comparable to warm
fauna as in shallow water. This zone has been exploredyqica) regions, and diversity is moderate because of high
for deep-sea fisheries but has scientifically been lesgyominance of some species.
studied than the OMZ. It is considered to be of lower  apintic changes due to EN in this zone include a variety
importance in the context of this review, because EN ot tactors, whose composition and severity depends on the
effects should be faint if at all existent. characteristics outlined above (strength of the episode, time

Literature used for this review could not always be clearly of onset, gtc.). They '”?'“de strong Increases |n.tempera-
assigned to one of these depth zones, but most effects at tre; less intense upwelling, 'chang.es n gahmty, higher ter-
seafloor are depth- and oxygen-specific. In the following we9€N0US, freshwgter and s§d|ment nput, mcre'as.ed sea level,
will summarize typical conditions in the various depth zones,gre""ter wave action, an_d increase of UV radlat|on,_ a.mong
show ENSO or comparable effects, and try to explain Whyothers. Some of these impacts may work antagonistically;

some of these effects differ in the three EBCs whereas other§9- glear yvater of oceanic ongin favours pgnetratlon of U\_/
radiation, increased sediment input from rivers reduces it,

are similar. and the two factors may change salinity in different direc-
tions.
2 Nearshore zone (intertidal, uppermost subtidal to Biotic responses to this altered environment include
10m) changes in species composition, abundance and biomass due

to emigration, immigration, changes in reproductive suc-
This zone has high dissolved,Qevels due to exchange cess, larval dispersal and recruitment, as well as changes in
with the atmosphere, wave action and abundant algal populaood availability, competition and predation. These biotic re-
tions. Kelp beds along the American Pacific and African At- sponses trigger further effects in the biota. There is, however,
lantic coasts contribute substantially to biomass and habita& sad lack of physiological and experimental work to arrive
structure. The principal ecosystem engineersMaerocys-  at cause-and-effect explanations for the numerous changes
tis pyrifera, M. integrifolia and Lessonia trabeculatalong  that have been described. Generally, both negative and pos-
the South American Pacific coasts (Tarazona et al., 2003itive effects seem to be much more drastical in the HC than
Vasquez and Vega, 2004)). pyrifera off California and  in the CC, where even very strong EN like those of 1982—
Baja California, andVl. angustifoliain the Benguela ecosys- 1983(1984) and 1997-1998 did not have such consequences
tem. Benthic invertebrate and demersal fish production isas off Peru, northern Chile and around the Galapagos Islands.
very high due to favourable light and food conditions. In  The best documented cases of EN impacts in shallow wa-
its pristine state, this zone may have had extremely highter are for the kelp forest communitidd#écrocystisspp. and
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associated species) in both hemispheres. In particular, gian 7
kelp were heavily damaged in some areas during major EN 80
(see also intermediate zone). Macroalgae are very sensitive i
to the reduction of nutrients that accompanies sea tempera eod | 4171 1
ture rise and suffer high mortality during EN (Gunnill, 1985; g 8
Tegner and Dayton, 1987; Castilla and Camus, 1992; Daytong |
etal., 1999). g 40 1H-N
Off California, higher water temperature0°C and low < A \ E
nutrient concentrations had adverse effects during the 1982- 29 - \{
1983 EN; the kelp canopy deteriorated rapidly after the onset \

— \ y
of high temperatures and depletion of internal nitrogen re- 0 .._./}—N—t/ _

serves (Gerard, 1984). Photosynthetic capacity and growth " IAEJr Jul . Oct Jan Aprl "l
rates were reduced. However, recovery after this very strong 4997 1998

EN was fast; the kelp beds recovered 300 km of coastline -+ Mytilids
in a period of only six months (Foster and Schiel, 1985;
Herrr'andez-Carmpna et al., _1991)'_ Shallow ke'P beds off FheFig. 3. Mean coverage of rocky shore species in Bahnan (cen-
west coast of Baja California again suffered high mortality tra| peru) during EI Nio 1997-98. Source: Romero 2001.
during EN 1997-1998, depriving the invertebrate stocks of

abalone, rock lobster, sea urchins and holothurians of their
protection (Lluch-Cota et al., 1999). Invertebrate mortality mortality of L. nigrescensat these latitudes (3quez and

in the intertidal and shallow subtidal off Peru was very high Vega, 2004) but may have contributed to lower kelp produc-

during EN 1982-1983, eliminating almost the entire assems; - ~nd limited recruitment.

blage of macrobenthic grazers and many suspension feeders . o . -
and predators (Amtz, 1986) (Fig. 3). Spatlal-tempora! distribution patterns ™. integrifolia
The fish assemblages of intertidal rock pools off southernand L. trabeculatain shallow water (2-15m) off northern

California experience major changes associated with EN andhile during EN 1997-1998 were maintained by the continu-
LN events. These include reduced recruitment and mortal-Ity of coastal upwelling, which buffered and moderated su-

ity of species with cold-water affinities and enhancement ofP€ficial warming and nutrient depletion (Vega et al., 2005).

those with subtropical affinities (Davis, 2000), altered popu-';‘re_aS with ;:ontfi]nuous upwerl]ling} m:(ght thul‘T‘_ SErve as refugeds
lation growth rates (Davis and Levin, 2002) and shifts in ge-du"ng EN for those areas that lack upwelling at times, an

netic structure as reflected in spot morphology (Davis, 2001)_suffer local extinctions. Intensification of upwelling after the

Considering the effects on macroalgae and fish it is hardt998-2000 LN favour_ed productivity of the kelp _assemblage.
to understand why much literature dealing with invertebrate 1OWeVer, an abrupt increase of the sea urchin Tetrapygus
interactions in the Californian and Oregon intertidal does notl9€": the most conspicuous grazer, produced local extinction
refer to EN at all. A reason may be that the core of the CCof M. integrifolia and compression of the bathymetric range
is 300-400 km offshore off California and 200 km off Baja of L. trabeculata Interannual variability in this ecosystem is

California (Lynn and Simpson, 1987 fide Aurioles-Gamboathus triggered by oceanographic events (mainly upwelling)

and Ferez-Flores, 1997), and thus much further offshore tharP" different scales, biotic processes (change in grazer abun-

off South America. dance) on local scales and the variability .caused by warm and
The disastrous effect of storms associated to EN in thecOld phases of ENSO (Vega et al, loc. cit.).

CC (Dayton and Tegner, 1984) on the ke|p canopy has sim- The slower recovery of the intertidal. nigrescen&)ﬂ:

ilar consequences. In September 1997, hurricane “Nora’Chile as compared with the subtidil. pyrifera off Cali-

struck the coast of Baja California and strongly affected thefornia seems to be due to a series of factors inhibiting re-

abalone banks of Natividad Island, where tide pyrifera cruitment of the former (Mamez and Santelices, 1998) or

beds providing shelter for these gastropods were completelyecruitment from dormant microscopic stages (Ladah et al.,

destroyed (Lavaniegos, 2003). 1999).

Off Lagunillas and other rocky sites along the central coast Following local extinction of the former macroalgal and
of Peru, giant kelpMacrocystisspp.,Lessoniaspp. and other invertebrate dominants off Peru during EN 1982-1983, a
brown and red algae were heavily reduced during the 1982-successional process began immediately after EN with con-
1983 EN.L. trabeculatadisappeared from the central Peru- spicuous green algae dominance in the intertidal followed by
vian coast during EN 1997-1998 (Famdez et al., 1999), dominance of red and finally brown algae. This sequence
and following this event the leading recruitment edgd.of took 2—3 years. The algal community developed a very dif-
nigrescensonly advanced three km per year, much slower ferent, long-bearded aspect, because the grazers had been
than off California (see above). Further south, in Chile theeliminated as well (Arntz, 1986). Barnacles and small mus-
1982-1982 EN caused mortality in kelp beds along 600 kmsels were the first invertebrate colonists among the brown
of coastline (Castilla and Camus, 1992). Conversely, thealgae. In Independencia Bay, central Peru the recovery of
1991-1993 and 1997-1998 events did not cause massivibe kelp forestsNlacrocystis, Lesson)jatook a little more

A

S5

—— Ulva sp.  —- Other algae
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than two years. Dense initial coverage by calcareous algagive such short-term events in the BGS. algosusand P.
was followed by efficient recolonisation by the two large pernasurvived 0.2 mM sulphide-6 days, and both started
brown algae and the muss&lilacomya aterwhich had also  to produce energy anaerobically. Survival rate was higher,
been wiped out in shallow water. Grazing gastropods, chi-however, in the former species due to higher detoxification
tons and balanids returned later (Tarazona et al., 1988; Tarazapacity (Schiedek and Currie, 2002). Under severe hypoxia
zona, 1990). Further north, in the Bay of Ant, the mussel  juvenileD. serrasurvived for four days, but survival was sig-
Semimytilus algosuwas the first settler on the rocky shore nificantly reduced under #6 exposure (0.1 mM). The clams
after EN 1982-1983, presumably by recruitment from a sub-showed a high detoxification capacity by oxidising the pene-
littoral population that survived (Tarazona et al., 1988). A trating sulphide to non-toxic thiosulphate. Despite these ca-
second fast colonizer was the brachiof@idcinisca lamel-  pabilities it is obvious that hydrogen sulphide must be con-
losa In northern Peru (Islas Lobo) larvae of goosenecksidered an important community structuring factor in the BC
barnaclesPRollicipes elegansinvaded the rocky shores dur- (Laudien et al., 2002). Further effects of sulphidic outbreaks
ing EN 1982-1983 and established large populations in there given below for the fauna of the intermediate zone.
crevices, initiating a local fishery which lasted beyond the Milky discolourations (“aguas lechosas”), presumably of a
warm episode (Kameya and Zeballos, 1988). similar kind, have occurred in the HC off Conceei(36° S)

The most conspicuous impact along the Peruvian sandyn past years, however only during cold (LN) ENSO phases
beaches during that event was the total mortality of the highlywith strong upwelling. The bivalv#ulinia edulisis floated
dominant surf clanMesodesma donaciunwhose distribu-  during these sulphidic events by decomposition gases formed
tion was set back poleward 7 degrees of latitude causing conwithin the shell. The surface waters of Concé&pcBay can
siderable shifts in the sandy beach community (Arntz et al.,be littered with these drifting clams, which are blown by the
1987).M. donaciundid not recover to its former dominance wind against the coast with their shells still closed, forming
in >20 years, during which the subdominaBisnax marin-  extensive accumulations on the beach (Gallardo, unpublished
covichiandEmerita analogawhich both survived the event, data). “Aguas lechosas” have also been reported from central
never attained the role of the former dominant at the studyPeru, where they can cause widespread mortality in the pop-
site (Tarazona, own obs.). Other shallow-water bivalves alsailations ofSemimytilus algosusn rocky shores of the coast
suffered mortalities during EN, but to a much lower degree. and the islands (Tarazona, unpublished).

After EN, the rapid changes toward the LN cold regime
caused further catastrophes among those organisms that ei-
ther invaded the upwelling regions or, as local warm-tolerant3 Intermediate zone
species, were able to profit from the changes brought about
by EN. During “normal” times and LN conditions, this zone between

Whether the Benguela Ro is responsible at all for mass the littoral well-flushed strip and the OMZ reveals a broad
mortalities registered in shallow water off Namibia and Southrange of oxygen concentrations. Its upper part can be as
Africa (Table 2), or whether these were all due to hydro- well-flushed as the nearshore zone (in fact, the shore may
gen sulphide eruptions caused by other factors is not tobe only tens of metres away) whereas in the HC system its
tally clear from the literature. Episodes of toxio®land lower part may be characterized by low oxygen concentra-
methane emission from “soupy” sediments are probably trig-tions, although not as hypoxic as in the OMZ. For example
gered by changes in atmospheric and oceanic pressure off Peru, oxygen values can be quite low even at 15 m depth,
precipitation-induced pressure signals from inland via fos-where sheltered bays impede major water exchange (Tara-
sil river beds (Emeis et al., 2004). They are more extensivezona et al., 1988a, b, 1991), but values do not reach the OMZ
more frequent, and longer lasting than previously supposedjmit. In exposed areas (Independencia/Peru, central Chile)
e.g. in April-March 2001 an area 820 000 knf in Namibia  appreciable oxygen concentrations may be found beyond the
was affected for over two weeks (Weeks et al., 2002, 2004)50 m depth limit. Conditions in the BC resemble very much
These sulphidic eruptions are commonest in the Walvis Baythose in the HC. On the other hand, off California and Ore-
Swakopmund area, causing considerable economic damagi®n the much deeper position of the OMZ has the effect that
(Bailey et al., 1985). Milky discolouration in these cases is the intermediate zone encompasses the entire shelf and upper
accompanied by substantial amounts of hydrogen sulphideslope to 400 or 500 m depth and comprises almost the total
and G concentrations<0.2 ml O, | =1 in surface waters right ~ zone of demersal fisheries. The shelf is narrow and the slope
up to the beach (Bichert et al., 2006; Weeks et al., 2002, is very steep in the CC system off California and Oregon, so
2004). The discolourations may be due to colloidal elemen-that this zone may extend only few tens of kilometres from
tal sulphur produced by the oxidation of sulphide bubblesshore.
emerging from the sediment on encountering oxygenated Giant kelp M. pyriferaandM. integrifolia both in North
column water (Jgrgensen, pers. comm. fide Weeks et aland South America) also dominate the upper part of the in-
2002). termediate zone. Off California, these areas (12—18 m) were

Some data are available on the response of intertidal biopened for invasion by storms associated with the 1982-1983
valves to sulphidic eruptionsSemimytilus algosyfonax  EN, favouringDesmarestiaand other algae whose canopies
serraand Perna pernahave developed mechanisms to sur- recovered much faster than that bf. pyrifera because
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Table 2. Faunal mortalities recorded in the Benguela Current during the hypoxic events of March—May 1997 (Bailey, 1999).

Species hame Taxa Common name
Clinus spp. Decapoda rock lobster"
Ovalipes trimaculatus Decapoda swimming crab
Donax serra Bivalvia surf clam
Choromytilus meridionalis Bivalvia mussel
Bullia laevissima Prosobranchia snail
Octopus vulgaris Cephalopoda octopus
Sepia vermiculata Cephalopoda cuttlefish
Loligo vulgaris Cephalopoda squid
indet. Polychaeta worms
Solea bleekeri Pisces sole
Helicolemus dactylopterus Pisces
Agyrosomus sp. Pisces kob
Haploblepharus pictus Pisces
Pachymtopon blochii Pisces
Clinus spp. Pisces klipfish

* Rock lobster: 2000t stranded during 6 hypoxic events at 4 discrete sites (from Cockcroft et al., 2000)

nutrients were enhanced at the seafloor whereas they weter off Peru unless there is an EN (but the genus lives in the
depleted in the water column where thiacrocystiscanopy  Galapagos Islands). Off Namibia, rock lobsters only occur
occurs (Dayton et al., 1992). While understory macroalgaluntil 15-30 m depth whereas off South Africa they are ex-
populations were thus favoured by the 1982-1983 EN, theyploited to 55m (Bailey et al., 1985). Squid (invertebrates
were outcompeted during LN 1988-1989 when giant kelpbut pelagic) are common fishery targets in all upwelling sys-
growth was extraordinary (Tegner et al., 1996). In 1997 thetems. Most of the demersal fish mentioned for the nearshore
limits of macroscopidacrocystisplants were shifted about zone also live in the intermediate zone, together with hake
three degrees of latitude to the north (Tegner, 2001). DeepefMerlucciusspp.), which is predominantly semipelagic and
subtidal kelp partly escaped mortality during EN 1997-98 be-tolerates extremely low £concentrations (Cape hake in the
cause individuals survived in cooler water (Magz et al., BC to 0.25ml 1), and other demersal or coastal fish. Due
2003; Ladah and Zertuche-Gdalez, 2004). In the long run, to the limited depth extension of this zone in the HC and BC,
Macrocystigemained the competitive dominant due to its ca- its importance for demersal fish (and shrimp) is much greater
pacity of recruiting effectively even during and after strong in the CC.

EN episodes. Off Peru and Northern Chile, the holdfast com-  £ninduced changes in this zone may be quite strong and

munity of giant kelpMacrocystisspp. which consists of jiffer supstantially from those in the nearshore zone. During
many species during normal periods and LN, was virtually (yery) strong EN, the intermediate zone extends into the up-
wiped out during EN 19821983 (Arntz, 1986). per part of the area normally covered by the OMZ off Peru

The intermediate zone is also of utmost importance for@nd Northern Chile due to flushing by the strengthened Peru-
the artisanal fisheries in the HC and BC, and for artisanalChile Undercurrent (originating from the Cromwell Current;
and demersal (trawl) fishery in the CC. Many of the species>trub et al., 1998), reducing the OMZ area substantially
mentioned among the resources of the nearshore zone e4telly and Levin, 2004). This oxygenation during strong EN
tend their distribution into this zone and are joined by vari- 90€s not occur in the other EBC. Off North America, low
ous important mussel, clam, scallop and gastropod specie§XY9€n equatorial water may even lead to oxygen-deficient
as well as decapods (cancrid and xanthid crabs; spiny lob¢onditions at upper slope depths. So many of the major EN
sters; shrimps and prawns). Some genera or even species dt£€Cts in this zone off South America are due to oxygena-
common to the two southern hemisphere EBC: the mussellon, whereas off North America EN may even induce oxy-
Semimytilus algosus, Choromytilss. andAulacomya ater ~ 9€n deficiency.

the cratPilumnoidessp., the brachyopodisciniscasp., sev-
eral polychaetes and isopods. Various cancrid cr@as¢er
edwardsi, C. coronatus, C. seto}ase valued targets in the
HC while C. magistemplays an important role in the CC. On
the other hand, commercial xanthid crab resourttm(a-
laspis plana, Platyxanthus orbighyseem to be restricted

Some of the effects on the biota described for the
nearshore zone hold true also for the intermediate zone.
Poleward invasions of (sub)tropical demersal fish and ben-
thic invertebrate species during strong and very strong EN
occur in both North and South America, but invertebrate
invasions seem to be quantitatively more important in the

to the HC, while penaeid (warm water) shrimps usually live south (Table 3). These poleward shifts involve both passive
outside the upwelling areas under “normal” conditions. CCtransport of eggs and larvae and active immigration of ju-

and BC have spiny lobsterBg€nulirus interruptus, Jasus la-

veniles and adults. During EN 1982-1983 and 1997-1998

landii) and abaloneHaliotis spp.) in common whereas the penaeid shrimps, main)iphopenaeus kroye(Friveti), and

speciesPanulirus gracilisstays outside cold upwelling wa-

rock lobsters from the Panamic Province appeared in the HC
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Table 3. Invertebrate increases off Peru during and after EN 1982-1983.

Group Species Comments
Larvaltransport, active immigration:
Shrimp Xiphopenaeus rivet! Trawling and beach
Penaeus spp. seining introd.
Sicyonia disdorsalis market flooded, durmping prices
Swimming crabs Euphyiax robustus Nuisance for fishermen,
Callinectes arcudtus not exploited
Portunus acuminatus Predatory impact
Portunus asper
Arenaeus mexicanus
Euphyiax dovil
Gooseneck barnacles Poliicipes elegans Exploited, sold in markets, export to Spain
Spiny lobster Panuiirus graciiis S range extension, in markets
Ghost shrimp Squiiia panamensis No effect
Malluscs Pteria sterna No effect, rare
Malea ringens

Proliferation of local species:

Scallop Argopecten purpuraius Boats and divers conc. in Paracas area. Market
flooded, dumping prices. Export enhanced

Locate" snail Thais chocolata Incr. importance

Octopus Octopus mimus Incr. importance, feeding on scallops

Table 4. El Nifio: Fish indicators off Peru during various EIfdi 50000

years.

Argopecten
40000 4 purpuratus

£ 30000 {
El Nifio year No. of ,odd" fish spp. Strength of EN 7]
2 50000 |
1972-73 39 s g
1976-77 24 w © 10000 -
1982-83 58 Vs -l
1986-87 22 W
1991-93 50 M (long) 0
1997-98 107 Vs
Total no. of immigrant fish species registered so far off Peru: 157, thereof about two-thirds demersal Year
and shallow water, rest oceanic or fully pelagic (Kameya et al. 2001). During EN 1982-83, Vélez et
al. (1984) and Kong et al. (1985) registered 53 and 49 ,odd" fish species off Peru and northern 50 -
Chile, respectively. 24 of them were overlapping
—e— Octopus mimus
404 I\ e e---- Thais chocolata

upwelling system, together with various species of swim-
ming crabs and molluscs (Arntz, 1986; Arntz et al., 1988;
Kameya et al., 2002). Interestingly, some of the shelled trop-
ical invaders also appear in ancient kitthen middens in north-
ern Chile and Peru, suggesting that these poleward range ex
tensions are a common process in strong EN (Greet al.,
2001).

The immigrants from further north also included many de-

me,rsal fish such as the_gurnaﬁhonqtus stephanophrys Fig. 4. Landings of the scalloprgopecten purpuratu$983-2001

which are normally restricted to tropical warm water (Ta- (above) and share of octop@s mimusand the muricid snailhais

ble 4; for species cf. the refs. cited). Sharks and rays in-chocolatain the landings at Laguna Grande (Pisco, Peru) reveal-

creased in importance and caused damage to drift and traning the positive effect of EI Nio on these species. Source of data:

mel nets (Arntz, 1986). HakeMerluccius gay), off Peru  MIPE/IMARPE (Peru).

usually living north of Chimbote due to low oxygen further

south, extended its area southward and beyond the slope mar-

gin, and switched to a demersal life style, because of theatus the purple snailhais chocolataand the octopu®c-

improved Q and food conditions at the seafloor (Espino et topus mimusook advantage of the changed environment, re-

al., 1985, 2001; Wosnitza-Mendo and Espino, 1986; Espinoduced competition, perhaps improved food, and proliferated

1999). (Wolff, 1984, 1985; Arntz et al., 1988; Mendo and Wolff,
On the other hand many cold-adapted benthic upwelling2002, 2003; Fig. 4; cf. Table 3). After EN 1982-1983, an-

species, especially macroalgae, mussels, clams, snails, crahsal scallop landings in the ports of Pisco (Peru) jumped

and echinoderms in the upper part of the intermediate zonefrom normal <500t to 50000t due to increased larval sur-

suffered mass mortalities, although some managed to retreatval, improved recruitment, reduced mortality from preda-

in time to deeper, cooler water. Conversely, a few warm-tion and much faster growth. This species also extended its

tolerant local species such as the scadlogopecten purpu- depth range from normally20m to 5m in shallow water

Share (%)

Year
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Table 5. “Unusual occurrences” of demersal and coastal fish off the Oregon coast during EN 1982-1984 and 1997001998 (Pearcy and
Schoener, 1987; Pearcy, 2002).

Year Scientific name Camrnon name

California tonguefish
Finescale triggerfish
2

1997-98

MNote: Other pelagic/oceanic spp. mentioned but not considered here

(Wolff, 1984, 1987, 1988). Another range extension into the equator, during EN 1997-1998 brought some relief for
shallow water was noted off Callao in 1998 (Arguelles andthose fishermen who were suffering from the disappearance
Castillo, 2001). On the other hand, in northern Peru (Sechuraf their normal invertebrate targets (Lluch-Cota et al., 1999).
Bay), where this scallop has become increasingly importantTen decapod species showed northern range extensions into
the effect of a strong EN differs markedly from that in the the Southern California Bight during and after EN 1991—
central and southern parts. In this tropical area EN-inducedl992 and 1997-1998 (Montagne and Cadien, 2001).
warming may exceed the temperature tolerance limits.of  Poleward (northern) range extensions of (sub)tropical fish
purpuratus and other changes such as a salinity decrease iand invertebrates (Tables 5-7) in the CC are well docu-
the bay due to increased rainfall and river runoff may neg-mented. They included, for example, 2 species of trig-
atively impact the benthic communities. It thus seems thatgerfish in 1983 (Pearcy and Schoener, 1987), guriard
cold (La Nina) periods rather favour the scallops in this area,stephanophrygas in the southern hemisphere), hdderluc-
as reported also by IMARPE and scallop divers, who havecius productusand some other coastal and demersal fish in
increasingly operated in this northern zone during the past 998 (Pearcy, 2002; Swartzman and Hickey, 2003). Mearns
years of comparatively cool conditions. Both in central and (1988), in a review summarizing published records before
northern Peru, however, overfishing is likely to reduce theEN 1982-1983 back to 1915, cites numerous “unusual occur-
stocks once they start proliferating, as was shown after EN-ences” of fish and invertebrates north of their normal ranges
1982-1983 and 1997-1998, when this species was fishetf. Tables 6 and 7). In this analysis, tropical or warm tem-
down in the Pisco area before it reached full market size.  perate species migrating poleward are the largest group, with
Many more effects have been registered during strong ENsuccessive replacements on the latitudinal gradient. Equator-
mainly off Peru and northern Chile. Compared with theseward migration of cold-water species, mostly in LN years, is
effects in the HC, those in the CC appear rather moderatealso listed. The author cautions, however, that unusual occur-
attenuation seems to be the rule as in the strength of theences are not restricted to major EN or LN events, but may
interannual anomalies (Fiedler, 2002). The EN effects dessometimes also be consequences of more local environmen-
scribed above on giant keMacrocystisspp. and associated tal changes. Another long list of Panamic fish species occur-
macroalgae also refer to the upper part of the intermediateing unusually far north during and after the 1997-1998 EN
zone in the CC. EN impact was found to be declining with provided by Lea and Rosenblatt (2000) also contains demer-
depth from 12 to 18 m (Dayton et al., 1992). Strong EN, by sal fish, and the Californian Dept. of Fish and Game (1999)
destruction of kelp beds, introduce large amounts of kelp carmentions that in 1998 recreational fisheries were favoured by
bon into the coastal food web. Regrowth may last months togreater availability of fish normally found off Mexico. How-
several years (Schimmelmann and Tegner, 1991). ever, off Oregon fewer “unusual” species were noted during
Red sea urchingtrongylocentrotus franciscanusatches ~ EN 1997-1998 than in 1982-1983 despite an “EN watch” (as
off Baja Califonia strongly decreased during the 1997-1998in 1982-1983) by various organisations (Pearcy, 2002).
EN (INP, 2000). Conversely, spiny lobsterB. (nterrup- Another indication for EN effects are landings. Fishery
tus) produced large amounts of larvae and juvenile settlerdandings from the Mexican Pacific decreased by 30% in 1998
(Guzman-Pbo et al., 2000) which resulted, however, in small (Lluch-Cota et al., 1999). In the same year, California fish-
reproductive females due to the accelerated development ddries landed 47% less fish and invertebrates from California
the juveniles (Vega-Vélzquez, 1999). Off the west coast of waters thanin 1997; market squid Loligo opalescens, red sea
Baja California, unusually high catches of the shrifgr- urchin, chinook salmon and numerous groundfish species de-
fantepenaeus californiensigvhich normally lives closer to  clined, but spot prawnRandalus platycergsand ridgeback
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Table 6. Northward range extensions of tropical invertebrates off the western United States, 1914-1979 (Mearns 1988 based on numerous
sources, mostly Californian Fish and Game).

Region Scientific name Common name

Red crab, langostilla®
Swimming crab

Pinto lobster

VWhite gorgonian
Blunt-knobbed scallop
Jumbo squid®
Club-spined sea urchin

South of Mexican border — western U.S

Mole crab®
Market squid

San Diegan region — Oregon

Additional northward range extensions during EN 1982-84 (Pearcy & Schoener 1987) and EN 1997-98
(Pearcy 2002)

To Oregon Dosidicus gigas Jumbo squid (1997)
To Washington (1), British Columbia (2) Emerita analoga (1,2) Mole crab (1983)
Lofigo opalecens (1) Market squid (1983)

" numerous individuals reported

prawn Sicyonia ingentis Dungeness craliC({ magistey and Few effects in the BC can be clearly attributed to a
some demersal fish increased (Cal. Dpt. of Fish and GameBenguela Nio. In 1995 a Benguela Ro followed wide-
1999). The increase of Dungeness crab landings is surprisscale advection of low-oxygen water into the northern BC
ing as it is in contrast to the response of most crab populafrom the Angola Dome. In March 1995, anomalously warm
tions to EN in the southern hemisphere, and also in contrasivater, up to 8C warmer in places, covered the entire shelf
to findings and modelling results indicating that interannualfrom Cabinda to central Namibia t6300 km offshore, caus-
recruitment variability of these crabs (as of red sea urchindang mortalities, e.g. in silver kob, recruitment failures and
and barnacles) depends on ENSO-related biological produadeclining catches (Gammeist et al., 1998). High levels of
tivity and larval offshore transport, both of which are reduced sediment loading in the river mouths (induced by rainfall dur-
during EN (Botsford et al., 1994; Botsford, 2001). Mar- ing the Benguela Nio?) caused mortality in kob (Boyer and
ket squid decreased during both EN 1982-1983 and 1997Hampton, 2001). On the other hand mass kills of rock lob-
1998 and the razor clam Siliqua patula showed a decline irsters, other benthos and demersal fish seem to be due rather
1982-1983 (Pearcy and Schoener, 1987; Cal. Dpt. of Fisho sulphidic outbreaks as mentioned above (cf. Table 2) for
and Game, 1999). Northward incursions of the mole crabthe nearshore zone, or to toxic algal blooms (Pitcher, 1998).
Emerita analogaby larval transport and northern range ex- Mass mortalities caused by sulphidic outbreaks have been
tensions of the red crab (langostillB)euroncodes planipes described mainly for rock lobsters. (alandii), but holothuri-
seem to be consistent biological indicators of strong EN andans, octopi, clams, mussels, limpets and other invertebrates,
have been registered since 1902/03 and 1941, respectivelpck and reef fishes, and dogfish are also affected. Mortality
(Pearcy and Schoener, 1987). is accompanied by “walkouts” of some inshore taxa, while
To what extent occasional mass Kkills and strandingB. of others are washed up dead. Hake, in turn migrate offshore
planipesand jumbo squidDosidicus gigasoff California, (Bailey et al., 1985; Bailey, MS 1999; Currie et al., 2006).
with similar mass kills of these squid reported off North- Sulphide eruption episodes have been described since the
ern Chile (Tomicic, personal communication) may be re-19th century (Currie, MS 1999) and include some spectac-
lated to diminished @concentrations during EN is unclear. ular rock lobster mass kills of thousands of tons, which com-
The most recent CC case of inner shetf7fQ m) hypoxia in  bined with overfishing have decreased the stock dramatically
July 2002 (Grantham et al., 2004), with massive die-offs of (Grobler and Noli-Peard, 1997).
fish and invertebrates, was not related to EN. It was due to
anomalous low @levels (<2 mll~1) as a response to strong
flow (_)f Subarctic water off Oreg(_)n. This eyent caused high, Oxygen minimum zone (OMZ)
rockfish Sebastespp.) mortalities and widespread Dun-
geness crab mortality in the pots, as well as aggregation
deeper-water fish seeking refuge from @epletion in shal-
low (<25 m) waters (Grantham et al., 2004).

0fl'he oxygen minimum zone, by definition, is the area with
<0.5ml O I~1 (hypoxia); within the OMZ “severe hypoxia”
areas have:0.2 ml (Levin, 2003; Helly and Levin, 2004). In
fact, on a global scale, these are values which in other oceans
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Table 7. Nortward range extensions of tropical inshore fish off the western United States. 1914-1979 (Mearns 1988 based on numerous
sources, mostly CFG).

Region Scientific name Common name

Mexico into San Diegan region
Pronotogrammus gordensis  Threadfin bass
Albula v 15 Bonefish
f Spiny boxfish {trunkfish)®
Purple brotula

Pacific burrfish

Guadalupe cardinalfish

Popeye catalufa

Chihuil

Mexican goatfish

andisquamis Bigscale goatfish
Myct xenarcha Broomtail grouper
Mycte Jjordani Gulf grouper
o Machete

California needlefish®
C Pacific porgy
Sphoeroides k Longnose puffer
Doydixodon la Rudderfish
Citharichthys fragilis Gulf sanddab™

Rainbow rpionfish

leeper
Pacific snake eel
Yellow snake eel

triserialis
zophochir

Amarillo
Colorado

Apper

Pacific defish
s Smooth stargazer
Finescale triggerfish®
Hermosilla azurea Zebraperch®
San Diegan region into Oregonian region
Torpedo cal E] Pacific electric ray
Sphyraena argentea California bat 1da

Kelp bass
California lizardfish
Pacific pompano™®

White seabass”®
Calico surfperch
California tonguefish®

Yellowtail

*Numerous individuals reported

would cause mortality or emigration of the entire fauna (Diazthe HC reaches to about 3S but is no longer existent off
and Rosenberg, 1995). However, the benthic systems of EBChiloé (about 40 S). Northward the OMZ of the CC extends
upwelling areas, while preserving specific modes and stratebeyond the Oregon northern border to Alaska. Only in the
gies of ancient non-aerobic life, have developed surprisingCC there is a poleward trend of OMZ upper limit depres-
adaptations also in their meio- and macrofaunal, protozoarsion. The lower margin is at 600—700 m off Chile and Peru
and metazoan aerobic components, which enable these oand about 1100 m off North America. Affected areas un-
ganisms to thrive at the limits. On the other hand, comparedier the CC are only half as large as those under the HC and
with most well-flushed regions, OMZ are low-diversity re- BC, but there are large hypoxic areas off Mexico south of the
gions and inhospitable to most exploited resources (HellyCC. While hypoxia off South America is mostly very severe
and Levin, 2004). (<0.2ml 1), most areas off North America are above the
In the E Pacific, intensity, spatial extension and thick- 0.2 ml limit (Helly and Levin, 2004).

ness of the OMZ varies considerably. Restricting this re- The OMZ off Namibia and South Africa lies principally
view to EBC, the upper limit can be much shallower than between ca. 100 m and 400 m depth but, as off Peru, may
50 m off Peru whereas it is always deeper than 200 m, ofterbe much shallower in sheltered bays. Only areas south of
>600 m off California and Oregon. In Peru hypoxic bottoms 20° S are normally affected by severe hypoxia in this EBC
(<0.5mI G 171) are found generally south of & but be-  (Helly and Levin, 2004). Persistent hypoxia in this ecosys-
low 200 m depth also north of@&. Southward the OMZ of tem is usually restricted to within the 100 m isobath over
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innershelf areas in the central region but low dissolved O this process may have been important for the transition from
values<3ml|~! are common (Hamukuaya et al., 2001). anaerobic to first aerobic life (Gallardo et al., 1996).

The most important organisms in the HC and BC OMZ  Thioploca spp., which have been studied in detall,
under normal and LN conditions are prokaryotes, i.e. benthicare dominant at oxygen concentrations between 0.2 and
sulphur bacteria (Gallardo, 1963, 1977; Schulz et al., 1996)0.3 ml -1 (Gutiérrez et al., 2000). In experimental flumes,
In the HC the wet weight ofrhioplocaspp. can approach they were able to shuttle between the nitrate-rich boundary
1kg (sheaths + trichomes) pePrtGallardo, 1977; Arntz et  layer and the sulphidic sediment (Fossing et al., 1995; Huet-
al., 1991; Schulz et al., 1996). In all three upwelling systemstel et al., 1996). Their positive reaction to nitrogen over-
sulphur bacteria have an important function in anaerobic resrules the negative response to oxygen; addition of nitrate
piration, which largely replaces aerobic respiration under thenduces the ascent of the trichomes in the sheaths whereas
prevailing low oxygen conditions. Howeverhioplocaspp. higher @ concentrations cause a descent. Thh®ploca
seem to be dominant only in the HC, and only there mats withoutcompetes other sulphur bacteria by taking advantage of
such exceptional biomasses have so far been found, althoughe available HS and NG even when these are spatially
H>S oxidizing bacteria cover the sediment surface also in theseparate (Fig. 5)Thioplocain the HC can store nitrate in the
BC (Briichert et al., 2006). ©concentrations<0.3ml -1 cell vacuole at concentrations of up to 500 mM, i.e., about
in the CC system occur mainly in the nearshore basins, sucR0 000 times higher concentrations than in seawater (Fossing
as the Santa Barbara and Santa Monica basins. Here larga al., 1995). Similarly, in the B hiomargarita namibien-
mats of sulphur bacteri@éggiatoaspp.) cover the seafloor sis a related species, is vacuolated and also stores nitrate in
(Bernhard et al., 2000). high concentration, up to 300 mM (Schulz et al., 1999a). The

A suit of apparently new, large unsheathed filamentousNamibianThioplocaspecies collected so far (Gallardo et al.,
bacterial morphs has recently been discovered in organically 998) appeared similar fb. chileaeand thus would also be
enriched post-EN 1997-1998 sediments off central Chile.a vacuolated, nitrate-storing species.

Some of these bacteria appear to be associated with the mostWhile the prokaryotic component seems to be particu-
reduced conditions and bear sulphur granules, whereas otltarly important under the conditions of the HC, specially
ers may roam widely within the first few millimetres. Spher- adapted proto- and metazoan eukaryotes are also found else-
ical, pyriform, filiform and spirochaetal forms are common where (Gallardo et al., 1994; Levin et al., 2002; Levin,

in this seemingly diverse community. Their presence has2003). Small organisms prevail, but the species inven-
been confirmed also in sediments off northern Chile and Perdory of OMZ comprises the whole range between micro-
(Anonymous, 2005). and megafauna. Macrofaunal adaptations include small,

The continental margins beneath the OMZs are the sites othin bodies, enhanced respiratory surface area, blood pig-
major carbon burial. In the Corg-rich sediments3s pro-  ments, an increased number of specific enzymes, sulphide-
duced by bacterial sulphate reduction, which is the most im-oxydizing symbionts and biogenic structures to facilitate
portant process for the oxidation of organic matter in coastalife in flocculent sediments (Goafez and Quiones, 2000;
sediments (Ferdelman et al.,, 1997). The water above thé&evin, 2003). Calcareous forams, nematodes and some
sediments contains high amounts of nitrate (Fossing et al.annelids tolerate severe hypoxia whereas agglutinated pro-
1995). Denitrification (reduction of nitrate NHin various ~ tozoans, harpacticoid copepods and calcified invertebrates
steps to N) normally takes place at the benthic boundary (molluscs, echinoderms, but also cnidarians and crustaceans)
layer where the bacteria in the OMBdggiatoa, Thioploca, are usually less tolerant. Disappearance of harpacticoids un-
Thiomargaritg are sulphide-oxidizing denitrifiers (Otte et der severe hypoxia (Levin et al., 2001, 2002; Neira et al.,
al., 1999; Schulz et al., 1999a) (Fig. 5). SometimeSidro-  2001a, b) results in an even stronger dominance of nema-
duction in the sediment is high but n@8lcan be detected in todes in the meiofauna. Nematode numerical dominance can
the pore water, because despite complete absencg, 6,0 be >95% (Neira et al., 2001a, b; Levin et al., 2002; Sellanes
is rapidly reoxidized in the sediment due to the reduction ofet al., 2003). Nematode densities and biomasses are usually
NOj by theThioplocamat, or S is bound to iron forming iron  elevated in OMZ, which reflects adaptation to extreme low
sulphide. The sulphur bacteria thus have the ability to detox-oxygen concentrations and high concentrations of sulphide,
ify the surface sediment by taking up most of the toxigSHH ~ abundant food supply and indirectly, a release from predation
a process observed both in the HC and BC (Fossing et aland competition, but diversity is low (Neira et al., 2001b;
1995; Birichert et al., 2006). This may facilitate life for those Levin et al., 2001, 2002; Levin, 2003; Neira et al., 2005).
aerobic organisms that coinhabit this zone under condition®Recent findings of exceptionally large nematodes of the fam-
of severe hypoxia. Recently, Neira et al. (2001a) reportedly Epsilonematidae in bathyal sediments of the OMZ cores
a positive correlation betweérhioplocaand total metazoan off Callao, Peru and Baja California, Mexico have revealed
meiofaunal biomass off central Chile during non-EN condi- body structures which may represent specific adaptations to
tions (May 1997) whereas no correlation was found at thecope with almost anoxic, sulphidic, soupy sediments (Neira
end of EN (May 1998). It was suggested that during non-ENet al., 2001c, 2005).
conditions,Thioplocamight have a positive influence on the
meiofauna (Neira et al., 2001 a). This observation supports
the detoxifying role played byhioploca In the remote past,
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N (Aerobi rdati
Oxic CHO + 0, (Aerpicowdaton €O, +H,0

Suboxic  CH.O +NO, D> CO,+N,
(Denitrification)

(Sulfate reduction)
CH,O + 50, I €O+ HS

OXYGEN

Anoxic

Fig. 5. Diagramme showing the function of the giant sulphur bacteriumioploca spp. at the water column — sediment interface. A —
hypoxic bottom water, B — oxydized interface, C — reduced sediment, rich$ HheThioplocatrichome in the centre migrates between

these horizons, taking advantage of theStand NG even though they are spatially separate, and reoxydizjiggjil the sediment via the
reduction of NG . Nitrate is stored in the cell vacuole, and elementary sulphur granules are stored in the cell walls (see text). On the left, no
chemical equations are presented but rather end products of the ongoing processes. (Source: Gallardo unpublished, developed from an old
concept by Fossing et al. (1985) and Otte et al. (1999)).

Diversity of macrofauna off Peru is higher north ¢fNg, and Wefer, 2003). In this study, the spedi&sssura chilen-
where upwelling conditions change to warm tropical con- sis, Paraprionospio pinnata, Cirratulus cirratus, Magelona
ditions. Within the OMZ, highest densities were regis- phyllisae and an oligochaete dominated the OMZ annelid
tered between only 0.3 and 0.5 mjQvhereas biomass and fauna on the shelf, constituting 80% of the macroinfauna
species number of small macrofauna were found to be mucliPalma et al., 2005), whereas the slope macrofauna was dom-
higher outside the OMZ, between 1.2 and 1.5ml. Aboveinated byAphelochaeta monolaris, Aricidea strelzovi, Mal-
1.5ml G, the dominance of small macrofauna was ceasing,dane sarsiand Paramphinome australisAlso off Chile, the
and at>2.5 ml the macrofaunal attributes were independentpolychaeteParaprionospio pinnataand the “squat lobster”
of the & concentration (Guéirrez et al., 2000). Macrofau- Pleuroncodes monodorere found under almost complete
nal biomasses in the OMZ, despite being low are clearlyanoxia and very high production of,8 (Gallardo, unpub-
higher than those of meiofauna, but meiofaunal productiv-lished; Huettel et al., 1996), revealing that tfikioploca
ity (P/B) is 4.5 times higher (Sellanes et al., 2003). Macro-mats by taking up most of the 4% had in fact produced
and megafauna exhibit low densities, reduced species richa detoxification of the sediment surface and bottom water
ness and marked dominance of few species (and thus, losee above). At very low ©concentrations<0.15ml 1
diversity) in the OMZ core; however, foraminiferans and macro- and meiofaunal bioturbation is reduced (Gué&z
larger metazoans such as polychaetes, crustaceans, mollusessal., 2000; Levin, 2003), however oligochaetes (and other
and echinoderms may be quite abundant at OMZ boundannelids) may bear bacterial symbionts (Giere and Krieger,
aries (Levin, 2003). Small organisms are best able to coveP001; Levin et al., 2003), which enable them to live in the
their metabolic demands in the OMZ, and besides adaptasediment at almost anoxic conditions, at @lues much
tion to low oxygen often have a capability to conduct anaer-lower than those assumed to exclude bioturbation in fossil
obic metabolism. P. pinnatais an aerobic oxygen con- assemblages (Levin et al., 2003).
former and has been shown to have high anaerobic activity N ) )
of alanopine and strombine dehydrogenase (@lezzand Under EN conditions, higher oxygen values in the bottom
Quifiones, 2000). Based on observed respiration rates angater transported by the.HumboIdt Undercurrent aqd lower
measured population densities in situ, this species has bedft/xes of POM from the mixed layer create less reducing con-
calculated to use about 8.6% of the total carbon flux to theditions, and the upper limit of the OMZ deepens off Peru and
seabed and contribute between 18 and 44% of the communit§hile by >100m, improving oxygen concentrations in ex-
oxygen consumption in the OMZ off Chile (Quiroga et al., in reme cases (EN 1982-1983) to 300 m depth (Gnit al.,
press). As off Peru (Tarazona et al., 1988a, b; 1991), p0|y_1985; Arntz et al., 1991). During EN 1997—1998 this im-
chaetes (71%) were found to dominate the macrofauna ofPfovement seems to have been shalloyver, reaching hardly be-
Chile, with Cossuridae as the dominant family. Crustaceany/©nd 200m (&nchez et al., 1999; Levin et al., 2002). Helly
contributed 16% whereas molluscs had only 2% share (Gal&nd Levin (2004) calculated that this caused a 69% reduc-
lardo et al., 2004). During the PUCK RV “Sonne” expedi- {ionin seafloor aﬁgcted by the OMZ off Pe_ru. In 1982-1983
tion of 129 mostly inconspicuous macrozoobenthic taxa ondissolved oxygen just above the seafloor in Ain@ay dou-

two transects across the OMZ, 84 were annelids (Hebbelfped to average values of 2.2 ml and 1.5 i lwith peak val-
ues surpassing 3.5ml at 15 and 34 m depth, respectively. At
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greater depths between 40 and 240 m, oxygen concentratioredso Progr. Ocean. 54), with consequences for the fluxes of
along the Peruvian coast showed an even greater increasmeutrients and organic matter to the seafloor. Due to its recent
especially in the north to 2 (Arntz et al., 1991). recovery no information is available, either, on the variability

In addition, the collapse of the pelagic food web due to theof Thiomargaritapopulations in the BC during normal times,
lack of nutrients in the mixed surface layer leads to reducedBenguela Nios and periods of sulphidic outbreaks. It would
POM input to the seafloor (Mioz et al., 2004; Goratez also be interesting to see whetAdriomargaritashows up in
et al., 2000). Off Concepen, reduced TOC, shifts in the other coastal upwelling regions, as it has been reported from
sediment biochemical components, and a decrease in theold seeps in the Gulf of Mexico (Kalanetra et al., 2004).
“freshness” and quality of organic matter (sum of carbon, Studies on the response of OMZ meiofauna to EhdNi
protein, carbohydrates, and lipids) were observed during ENconditions are even more limited. Sampling during the 1997—
1997-1998 (Guérrez et al., 2000; Neira et al., 2001a; Sell- 1998 EN was carried out off central Chile along a transect of
anes and Neira, personal communication), together with infive sites, between the Bay of Concepcion (27 m) and the ad-
creased dissolved oxygen in the bottom water (&utiz et  jacent shelf (120 m) (Neira et al., 2001a; Sellanes and Neira,
al., 2000). Conversely Levin et al. (2002), sampling at 305 mpersonal communication). Chloroplastic pigment equiva-
off Callao/Peru in January 1998, found at this depth onlylents (CPE) decreased towards the end of EN, sedimentary
slight &, improvement, which they attributed to reduced pro- organic matter composition changed and the quality of the
duction in the photic layer. potential food for benthic consumers decreased. Labile or-

Both the oxygenation and the reduced organic input induceganic matter in the top 1cm decreased by 30% (Sellanes
important changes in community structure at the seafloor irand Neira, personal communication) and by about 10% in
the HC OMZ, interrupting the “normal” prokaryotic dom- the uppermost 15cm (Neira et al., 2001a). Lipids declined
inance and changing the community from a predominantlyby 40% at the end of EN. Along with these organic mat-
prokaryotic reducing into a predominantly eukaryotic oxida- ter changes dissolved oxygen increased in the bottom wa-
tive metabolic state (Gallardo, unpublished data). ter, and both altered the meiofaunal community structure.

During EN 1997-1998, the composition and size spectrumMeiofauna changed most drastically at those sites where dur-
of phytoplankton and microzooplankton, reflecting to someing non-EN years oxygen-deficient conditions had prevailed.
extent the input from the water column, changed off northernTotal meiofaunal abundance and biomass increased towards
Chile (Gonalez et al., 2000). Off central Chile, biogeochem- the end of EN, copepods + nauplii increased in abundance at
ical processes in the sediment-water interface of the contimost sites, and nematodes penetrated deeper in the sediment.
nental shelf were also altered significantly during this period.These studies revealed that during non-EN conditions, oxy-
Whereas during normal years ammonium production is high-gen availability is the master factor off central Chile whereas
erduring the upwelling-favourable, oxygen-depleted springduring EN the influence of food quality increases in impor-
and summer period, carbon fluxes to the sediment decreasadnce.
to low normal autumn/winter levels during the entire 1997— In another study off Callao (Peru) carried out in January
1998 EN (Guterrez, 2000; Grunewald et al., 2002; Graco 1998, when temperature anomalies were at their maximum,
et al., 2005). Ammonium production and IXH-ﬂuxes dur-  nematodes amounted to over 99% of total abundance in the
ing this period were lower than normal (foz et al., 2004), core of the OMZ (305m). About 70% of them were found
indicating a tight pelagobenthic coupling during EN (Graco subsuperficially (2-5cm). Symbiont-bearing oligochaetes
et al., 2005). Thioplocabiomass was very low, and the fil- were found bioturbating the upper 5cm of the sediment off
aments were withdrawn deeper into the sediment as a re€allao under the “slightly improved” conditions during EN
sponse to increased temperatures, oxygenation, reduced Mi997-1998 (Levin et al., 2002, 2003), however, still under
trate and lack of KIS (Schulz et al., 1999b). The possibility extremely low Q concentrations (0.02 mtl). Conversely,
that Thioplocamight migrate in search of better conditions at deeper sites most nematods were restricted to the top 1 cm,
cannot be excluded; in fact their presence in widely sepaand copepods + nauplii increased consistently. The success
rate regions would suggest they have a capacity of dispersalf nematodes in the OMZ was referred to reduction of preda-
by currents. Significant reduction @hioplocaandBeggia-  tors and competitors in this zone and of high-quality food
toa biomass has been observed during EN events in shallovavailability. Nematode abundance was strongly, positively
water (15-34 m) of the Bay of Aan, Peru (Tarazona and correlated with food quality (represented by CPE and sed-
Arntz, 1986; Tarazona unpubl. data) and in continental shelimentary protein, carbohydrates and lipids), and negatively
sediments off Callao (Gu#irez et al., 2005). Unfortunately, correlated with oxygen. The authors suggested that im-
all recent research directed specifically to sulphur bacteriaproved sediment organic matter quality and shallow meiofau-
behaviour was carried out before the strong EN 1997-1998nal vertical distribution should prevail during non-EN con-
so we are lacking direct information on their performance ditions, whereas under conditions of increased oxygenation
during the process of oxygenation. However, inferences ardi.e., EN), densities of predators and competitors should in-
possible from chemotactic responses in flumes (Huettel etrease and nematode densities should decline (Neira et al.
al.,, 1996). Another open question is to what extent the2001b). In other cases where meiofauna was studiggya@
deep OMZ off North America is influenced by the important not measured (Sellanes et al., 2003).
changes recorded in the pelagic realm §@e, 2003; see
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An increased bioturbation potential was observed also in =
benthic macrofauna off central Chile during EN 1997-1998 1 'l\/\

due to subsurface deposit feedeZogsura chilensjs which o

214
19

partly replaced the surface deposit feed@&argprionospio ﬂm

pinnata, Ampelisca araucapdominant during LN and nor- :: jwj JV‘J\“
mal years (Guérrez et al., 2000). Bioturbators, taking ad- 13 M M N\“J\ M M
vantage of the increased oxygenation and the concomitan
reduction of BS, did not only penetrate deeper into the sed- .

iment but also contributed a greater share to the community.
A long-term time series on benthic macrofauna in shallow

water (15 and 34 m) in the sheltered Bay of Anc(Peru), ]
which was started in 1981, reveals a very consistent positive " M JMW

Temperature (°C)

Oxygen conc. (ml I)

response to the flushing and warming during the four EN that
occurred during this period (Fig. 6). Contrary to the increase =
in temperature, oxygenation during EN is not a constant pat- -
tern but consists of different pulses, which maintain, how-
ever, the average concentration during (and sometimes af-
ter) the event much above the normal mean. Although there
were notable differences in the composition and, particularly, 0
the dominance of the small macrobenthic/large meiobenthic
fauna among events, the community parameters changed it
a very consistent manner (Tarazona et al., 1988a, b; 1996)
The density increase of the fauna, which similar to the oxy-
gen pulses appears in successive waves depending on the se
son, reproductive state of the species, or timely meroplankton
advection, was almost immediately followed by an increase 0
in biomass of the predominantly small fauna (Tarazona et
al., 1988a, b; 1991). Most of these small settlers are lo-
cal species, which opportunistically take their chance for en-
hanced population development when oxygen conditions in- < ,
crease. A notable example is the polychaete Sigambra bass § , | NL
which — as in 1997-98 — can become a dominant species ir § JW\A L AM
one event but may not show any COﬂSpiCUOUS deVe|0pm9n‘ Jan. 81 Jan. 85 Jan. 89 Jan. 93 Jan. 97 Jan. 01 Jan. 05
in another. Modelling revealed that apart from abiotic fac-
tors such as temperature and oxygen, biotic interactions argig. 6. Changes in temperature and dissolved oxygen, as well as in
responsible for the variable success of this polychaetdgPe the number of species, density and biomass of a macrobenthic com-
et al., 2005). Overall, however, dominance decreased duringhunity (1981-2004) in central Peru (Hatde An®n, 34 m depth).
EN and afterwards, and diversity in this shallow-water hy- Original data.
poxic community increased due to continuous colonisation
by “new” species. The share of oceanic or tropical species
registered was small in this study dealing with the small fau-sometimes, as after 2003, high densities also developed un-
nal component, but the formerly hypoxic zone was also in-der oxygen-poor conditions. Obviously, local processes in
vaded by large macro- and megafauna as described abowastal areas and embayments such as upwelling strength,
for the intermediate zone. As these “aliens” contained manyphytoplankton blooms followed by sedimentation providing
voracious predators, e.g. swimming crabs which were joinedresh food for the macrofauna, and sediment resuspension
by local predators such as hake and brachyuran crabs, as wélle to increased sea roughness or erosion are also important
as other demersal fish and megabenthic species heading fét modulating the responses of the benthic fauna to ENSO or
deeper water, increased predation may have been responsidfNSO-like oxygenation events (Gétrez et al., 2005).
for the fact that there was not a similar increase of benthic During the 1982-1983 event, the traditional target species
infauna on deeper bottoms of the flushed OMZ (Arntz et al.,among the demersal fish off Peru extended their distribu-
1985, 1991). tion poleward into formerly hypoxic areas, offshore and even
Even in the Bay of Anon which generally shows a very downslope. Semipelagic hake (Merluccius gayi) became de-
consistent pattern, there may be significant exceptions to thenersal and fed on benthos (Espino et al., 1985), coastal lorna
overall picture of an enrichment of the small macro- and large(Sciaena deliciogamigrated offshore and fed on anchovies
meiofauna under EN, and an impoverishment under LN andhat had taken refuge at greater depths (Arntz and Tarazona,
“normal“ conditions. Oxygenation pulses, e.g. in the 1995-1989 who also describe further trophic changes). However,
1996 period, were not translated into density increases, andue to the fact that the fish concentrations dispersed, direct
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EN effects on demersal fisheries were detrimental despite Methane (cold) seeps create particular conditions in this
oxygenation of the upper part of the OMZ. On the other zone (and sometimes the OMZ) all along the American
hand, flushing of wide areas and improved feeding condi-coasts (Levin, 2005). They occur from relatively shallow
tions favour recruitment in the medium term, so on longerwater <50 m until >5000 m depth. Many of them are spa-
time scales the effects of EN seem to be rather beneficial fotially limited, with few chemoautotrophic symbioses (Levin,
these species as in the case of hake after the 1972-1973 eve?100, Levin and Michener, 2002) while others are dominated
(Wosnitza-Mendo and Espino, 1986). by various clam species with chemosynthetic endosymbionts
Immigrations of tropical and subtropical demersal and (Stuardo and Valdovinos, 1988; Sellanes et al., 2004; Sell-

coastal fish such as the gurnaRfionotus stephanophrys ~anes and Krylova, 2005). Cold-seep communities between
selachians and lutjanids as described above for the interme2630 and 5140 m depth off Peru have high biomasses and
diate zone also concerned the flushed upper OMZ, and duringre quite diverse (Olu et al., 1996). The seep infaunal com-
very strong EN as in 1982—1983 the whole demersal commumunities experience low Hand high BS concentrations
nity shifted poleward (Herdson, 1984; Arntz and Fahrbach,and thus often resemble OMZ assemblages in composition
1991; Arntz and Tarazona, 1989; Kameya et al., 2001).  (Levin, 2005).

We have no indications that the zone below the OMZ is
affected by EN or similar impacts in any of the three EBC re-
viewed in this study, although only Hamukuaya et al. (2001)
explicitly mention that the BC slope communities were not
disrupted by the 1995 Benguelafidi. Boyer and Hampton
As indicated above, the lower margin of the OMZ in the (2001) suspect effects on monkfidhophiusspp.) and other
three EBC varies considerably. The zone below the OMZdeep-water resources such as orange rougfoplpstethus
therefore comprises upper slope portions (off Chile, Namibiagt|anticug but do not present details. Potentially, the reduc-
and South Africa) to lower slope and deep-sea areas (Peryion of pelagic production during EN could also have an ef-
North America). Rowe’s (1981) notion that benthic biomassfect on food availability at the deep-sea floor. Given the clear
usually is a function of surface productivity and tends 1o jnfluence of surface production and climate change on ben-
decrease with distance from shore and depth is somewhahos~ 4000 m off central California (Ruhl and Smith, 2004),
upset in EBC areas, where medium water depths under thg is ikely that the large areas of the margin below the OMZ

equatorward current core receive a surplus of organic matshgyld respond to ENSO-related changes in hydrography and
ter resulting in extensive OMZ with a low biomass, e.g. productivity.

0.9g Cn12 for both macroinfauna and sulphur bacteria, re-
spectively (Rosenberg et al., 1983). With the distinct in-
crease of @ concentrations below the OMZ, densities are g Qutlook and conclusions
often lower (Levin et al., 2002 but see Gallardo et al., 2004),
particularly in the deep sea (Borowski and Thiel, 1998), butThe information available from the three EBCs differs sub-
biomass increases (Levin et al., 2002; Gallardo et al., 2004)stantially. For the Pacific coastal systems th&d\B.4, re-
Rowe et al. (1994) found a “depocenter” due to the input offlecting processes occurring on the equator, predicts the im-
organic detritus on mid slopes around 1000 m. While mostpact to be expected only to a certain extent. The potential
of these findings are derived from grabs and small corersyelation between the Pacific and Bengueldid$i remains
which emphasize the importance of polychaetes (especiallyague (Currie et al., 2002), although major events may co-
Paraonidae, Maldanidae), isopods and tanaids, dredging anflcide to some extent (cf. Fig. 1), and despite the notion that
trawling below the OMZ of the HC also revealed an increaseSST anomalies in the Pacific EN area are at least partly re-
of macro- and megafauna (Romanova, 1972; Hebbeln andponsible for wind signal (Delecluse et al., 1995) and SST
Wefer, 2003; Palma et al., 2005). Some megafaunal ele¢Curtis and Hastenrath, 1995) anomalies in the tropical At-
ments under the OMZ in Chile, in particular large decapodsjantic. ENSO often (not always) has an effect on the for-
and echinoderms, strongly resembled a Subantarctic elememgation of a “warm pool” in the northwestern Atlantic whose
during the PUCK expedition (own obs.), revealing the dom- maximum typically appears in the boreal summer following
inance of Subantarctic water (SAAW) under non-EN condi- the EN peak (Wang and Enfield, 2001, 2003), and Caribbean
tions. Large echinoids and decapods also dominate the loweinfall in the late season is also favoured by cold conditions
slope off California (Thompson et al., 1993) most of which in the tropical Pacific (Taylor et al., 2002). EN events in
is, however, situated above the OMZ in this area. the Pacific and SST anomalies in the west African coastal
Bathyal sites below the OMZ off central Chile studied in upwelling region between 20and 26 N are positively cor-
March 1999 were more diverse in higher meiofaunal taxarelated with a lag of several months (Roy and Reason, 2001),
than a site located on the outer shelf (120 m) usually influ-leading to warm (cold) ENSO events being associated with
enced by the OMZ. The vertical distribution pattern observeda relaxation (intensification) of the NW Atlantic trade winds
in the deep oxygenated sites (to 827 m) resembled that of thand the wind-driven coastal upwelling, with possible con-
core of the OMZ off Callao (Peru) rather than Peruvian sitessequences for fish landings. Conversely, Latif and Barnett
below the OMZ (Neira, unpublished data). (1995), while recognising that ENSO-induced signals are

5 Zone below the OMZ
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enhanced in the ocean and atmosphere of the Atlantic region 37

state that SST anomalies in the tropical Pacific force anoma- ] Long term data l illl

lies of the opposite sign in the Atlantic. In any case, effects o I‘- tw"'l,*'ln“-y‘r e

of Pacific processes interact with those of the North Atlantic N ' _w_ '

Oscillation, which might influence the BC in a similar way .

as the Pacific Decadal Oscillation (PDO) does with the HC, 2

but in view of missing proof this connection remains specula-

tive. Another potential link are associations between tropical

monsoons around Africa and ENSO influencing zonal winds

and rainfall (Jury et al., 2002). 21
Obviously the EN impact is strongest and lasts longest

in the HC ecosystem, because of a shallower OMZ, greater

proximity to the equatorial zone, less retardation and atten-

uation of the physical changes, and due to the fact that the

upper part of the OMZ off Peru and Chile receives distinct "

oxygenation during major events. The OMZ off California G0 10 e 90 e 10 1 M0 10 W0 e 1% 200

(Alta and Baja) and Oregon is situated at too great depths ) ) o -~

to reflect obvious changes (and to stimulate the kind of re_Flg. 7. FluctL_Jatl_ons in the Multivariate ENSO_IndexZ thg Pacific

search done in the OMZ of the HC). We know frustratingly Decadal Oscillation Index, apd the North Atlantic Oscillation Index

little about the sulphur bacteria, meio- and macrobenthos of howing a large degree of Stm ultaneous w-arm and cold phas_es dur-

. . ng the last two decadal regimes. Source: NOAA-CIRES Climate

f[he deep OMZ Off North A_merlca; are the bacteria as dom_'Diagnostics Center, Univ. of Colorado at Boulder (USA).

inant, and as efficient as in the other EBCs? In general it

seems as though, contrary to South America and with the ex-

ception of kelp and the fisheries sector, few changes in the

NE Pacific Ocean benthos have been related to interannuaxygen have been described but no large-scale latitudinal dis-

climate fluctuations. Only recently conciousness has develplacements seem to occur.

oped i_ncluding decada_l osciIIaFions_, ir_1 particular the PI_DO’ Answering the initial question as to the similarities and
as an mportant factor influencing I.|fe In thg Sea, esloeclallydif‘ferences in the structure of the three EBC and in the im-
concerning zooplankton and pelagic shoaling fish (Schwart, act of ENSO and similar perturbations, we conclude that

zlose et al., 1999; Peterson and Schwing, 2003; Alheit andy oo 50 important similarities mainly in the way that bac-

Niquen, 2004). Perhaps the very strong 1997-1998 EN M2Y¥eria and aerobic benthos have adapted to oxygen deficiency

have stimulated studies on ENSO impacts in bathyal waters 4 the defense against/use ofgand nitrate, and — at least
off North America, which are likely to be a fruitful area of ..o the HC and the CC — in the res;;onse to interan-
pursuit for fisheries, metazoan, protozoan and microbial "®hual variations of temperature. On the other hand, there are
search. . . reat differences regarding the positive/negative effect of the
Another aspect that should receive more attention are th%oastal Kelvin waves in the HC and CC although they come

positive effects of EN. Itis still customary to refer to EN as a from the same source, whereas the BenguefmNiay be a
mere catastrophe, a disaster that merits attention only for thaifferent thing altogether. Finally it is likely that the effects

fact that it disrupts normal conditions in the sea and on Iande interannual variation in all EBCs are biased by those of

and causes immense damage. This is true only to a certaif}, .1 dal variation (Fig. 7) and global warming (Mc Phaden,

gxtent; over 20 years ago the senior author already emph 1999; Enfield, 2001), making a clear identification of ENSO
sized the numerous positive facets of EN (Arntz, 1984), an bffects increasingly difficult

in a recent paper Bakun and Broad (2003) even suggested
that in the long run EN may be a prime reason for the re-
markable fishery productivity of the HC ecosystem.
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