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ABSTRACT: The 1997-98 El Nino was one of the strongest on record and resulted in widespread
losses of the giant kelp Macrocystis pyrifera (Agardh) along the west coast of North America. Draw-
ing on a rich history of studies that have shown abnormally large waves and warm nutrient-poor
water associated with El Nifos to negatively impact giant kelp populations at some locations in south-
ern and Baja California, we examined (1) how these impacts scale up when considered across the
species' geographic range in the NE Pacific Ocean and (2) if these impacts are generalizable over
broad spatial scales. Working at 56 sites in 14 study locations over a 3 yr period (1997 to 2000), we
examined how giant kelp populations were impacted by and recovered following the 1997-98
El Nifio over a ~1500 km span along the west coast of North America. Our results indicate that while
nearly all giant kelp disappeared from the southern one-third of the species' range along the coast of
Baja California, Mexico, and heavy losses occurred throughout the central one-third of the species’
range in southern California, USA, only minor impacts were observed throughout the northern one-
third of the species' range in central California. Further, although highly variable among regions,
these impacts were similar and generalizable among locations within each region. Our results also
suggest that, as has been observed in local-scale studies, this large-scale variability in giant kelp
mortality was driven by large-scale patterns in ocean temperature (nutrient concentration) and wave
intensity. Recovery following El Nino, in contrast, was variable at multiple spatial scales and although
not directly tested here, presumably influenced by numerous factors such as proximity to upwelling
areas, competition with other algae, grazing, and propagule availability. Further, variability in the
rates of recovery among locations resulted in a generally slow recovery of giant kelp throughout most
of Baja California, and residual large-scale impacts of the El Nifio were still evident 2 yr after the
El Nino ended. As global climate change may lead to increases in the frequency and intensity of
El Ninos, our findings have broad implications for the ways in which ecosystems might be expected
to respond to them and provide a measure by which their impacts to giant kelp ecosystems may be
compared among events.
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INTRODUCTION

A fundamental goal of ecology is to understand pat-
terns of species distribution and abundance over broad
geographic areas and long time periods. Because such
patterns tend to vary among multiple spatial and tem-
poral scales, choosing the appropriate scale(s) at which
to work can be an essential step in designing ecologi-
cal studies (Dayton & Tegner 1984a, Levin 1992, 2000,
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Lawton 1996, Gaston & Blackburn 1999, Underwood et
al. 2000), especially those that examine how environ-
mental processes influence species over large portions
of their geographic ranges (e.g. Dayton & Tegner 1990,
Zholdasova 1997, Connolly & Roughgarden 1998,
Fowler-Walker & Connell 2002, Edwards 2004). How-
ever, while our understanding of small-scale processes
has increased greatly over the past decades, difficul-
ties in predicting catastrophic events and logistical
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challenges associated with conducting simultaneous
field studies at a large number of widely separated
sites have made the chronicling of range-wide re-
sponses by species to environmental catastrophes ex-
ceedingly difficult. One solution to this problem is to
design studies that both span the geographic ranges of
disturbances and target the spatial scales at which
their impacts most strongly occur (Dayton & Tegner
1984a, Levin 1992, 2000, Carpenter 1998, Gaston &
Blackburn 1999, Underwood et al. 2000, Edwards
2004). Such studies may also offer greater insight into
the processes that create repeatable, generalizable
biogeographic patterns that are not evident at smaller
spatial scales, and thus help place small-scale experi-
ments into a larger geographical context (Foster 1990,
Underwood & Petraitis 1993, Lawton 1996, Gaston &
Blackburn 1999, Fowler-Walker & Connell 2002).

One of the most important large-scale environmental
disturbances to affect coastal marine ecosystems is
the El Nino-Southern Oscillation (hereafter El Nino).
Once used to describe the seasonal replacement of the
cold north-flowing Peruvian Current with the south-
erly flow of warm water along the coasts of Ecuador
and northern Peru, El Nino has come to represent
interannual episodes of anomalously warm water, ele-
vated sea level, and increased rainfall in the eastern
tropical Pacific (Barber & Chavez 1983, Wooster & Flu-
harty 1985, Glynn 1988, Chavez et al. 1999). Although
El Ninos are generally thought of as low latitude
events, they can transfer energy to mid and high lati-
tudes, thereby affecting oceanographic and atmosphe-
ric conditions globally (Chelton et al. 1982, Wooster &
Fluharty 1985, Glynn 1988, Chavez 1996). Historically,
the extension of El Nino-related conditions into higher
latitudes has resulted in range extensions, habitat
redistributions, and massive mortalities in many sea-
weed, invertebrate, finfish, marine mammal, and sea-
bird populations throughout much of the eastern
Pacific Ocean (Chelton et al. 1982, Dayton & Tegner
1984b, 1990, Wooster & Fluharty 1985, Edwards 2004).
Ecosystem recovery following El Nifos, in turn, has
been enhanced by anomalously cold, nutrient-rich
water that arises during El Nino's counterpart, La
Nina, which follows some (but not all) E1 Ninos (Fielder
1984, Dayton et al. 1992, Tegner et al. 1997, Hayward
et al. 1999).

Along the west coast of North America, ocean tem-
perature is negatively correlated with ocean nutrient
concentration such that coastal waters are largely
nutrient depleted (<0.5 pg-at NO;1'!) at temperatures
above ~16°C in southern and central California
(Gerard 1982, Zimmerman & Kremer 1984), and above
~18°C in Baja California (Herndandez-Carmona et al.
2001). These conditions can be especially harmful to
populations of the giant kelp Macrocystis pyrifera

(Agardh), which require concentrations of at least
1 pg-at NO;s 17! for growth and survival (Gerard 1982).
While the coastal surface waters off southern and Baja
California routinely exceed these temperatures during
the summer, the effects are often ameliorated by hori-
zontal advection of nutrient-rich water from adjacent
areas, periodic wind-induced upwelling events, and
vertical oscillations of the thermocline (internal waves)
that pulse nutrient-rich water along the benthos into
shallow subtidal habitats (Zimmerman & Kremer
1984). During El Ninos, the thermocline deepens,
thereby thickening the nutrient-poor surface layer and
reducing the frequency and effectiveness of the nutri-
ent pulses (Zimmerman & Robertson 1985). If these
conditions persist for longer than ~2 wk (as is the case
during El Ninos), giant kelp can become nutrient-
stressed, begin to senesce (e.g. Gerard 1982, Zimmer-
man & Robertson 1985, Dean & Jacobsen 1986, Her-
néndez-Carmona et al. 2001), and thus may become
more vulnerable to removal by large waves. For exam-
ple, the unusually large waves and nutrient-poor water
associated with both the 1982-83 and 1997-98 El Ni-
nos resulted in severe mortality of giant kelp popula-
tions at numerous locations along southern California,
USA, and Baja California, Mexico, although these
impacts were highly variable within and among even
closely situated populations (Dayton & Tegner 1984b,
1990, Foster & Schiel 1985, 1993, Zimmerman & Rob-
ertson 1985, Dayton et al. 1999, Ladah et al. 1999, Her-
nandez et al. 2000, 2001). How these local patterns of
disturbance impacts scale up to drive regional patterns
and whether they are generalizable across broad
spatial scales is unclear, and is the focus of this study.

In early 1997, the trade winds in the western equato-
rial Pacific began to weaken, identifying the start of
one of the strongest El Ninos ever recorded (Wolter &
Timlin 1998, Chavez et al. 1999). By April 1997, the
thermocline in the eastern tropical Pacific had deep-
ened by more than 90 m, reducing the efficiency of
coastal upwelling and causing waters off the coast of
Peru to become anomalously warm and nutrient-
depleted. As the El Nino developed, these oceano-
graphic conditions propagated toward higher lati-
tudes, appearing off the west coast of California, USA,
in August 1997 and persisting until April 1998. During
this time, the region was also affected by unusually
large ocean waves, some of which were caused by a
series of strong El Nifo-driven storms. Here, we report
patterns of disturbance during and recovery following
the 1997-98 El Nino in giant kelp forests throughout a
~1500 km span of coastline along the west coast of
North America (see Fig. 1). Our study effectively spans
the continuous geographic range of giant kelp in the
northeast Pacific Ocean, from Point Ano Nuevo (Santa
Cruz county, USA: 37°06' N, 122°20"' W) to Punta Hip6-
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Fig. 1. Macrocystis pyrifera. Mean (+1 SE) density at each of the 14 locations
studied. Data include all individuals >1 m tall. Specific locations referred to
in text but not sampled are also shown. PAN: Point Aho Nuevo; PSJ: Punta
San José; BT: Bahia Tortugas; PSR: Punta San Roque; PSH: Punta San Hipo-
lito. The 6 survey periods are presented sequentially from left to right, the
graphs are vertically oriented, and the 14 survey locations lie opposite to
their placement on the coast. CC, SC, BC are central, southern and Baja

1984b, 1990, Zimmerman & Robertson
1985, Tegner et al. 1997, Ladah et al.
1999, Hernandez-Carmona et al. 2001),
we tested the hypothesis that these im-
pacts were widespread and generalizable
across broad spatial scales by examining
them at 56 sites spanning the giant kelp's
geographic range in the North Pacific
Ocean over a 3 yr period. We then com-
pared these impacts with large-scale
changes in ocean temperature and wave
intensity, factors known to have strong
influences on kelp survival and recovery
at local scales, to evaluate their potential
for causing regional patterns of kelp mor-
tality and recovery.

MATERIALS AND METHODS

To examine large-scale impacts of El
Nino on giant kelp populations in the NE
Pacific, we divided the geographic range
of the giant kelp Macrocystis pyrifera
into 3 regions, each encompassing 400 to
600 km of coastline and defined by
unique oceanographic conditions (see
Edwards 2004). These were identified as
‘Baja California’ (Punta San Hipdlito to
Punta Banda), ‘southern California’ (Pun-
ta Banda to Point Conception) and ‘central
California’ (Point Conception to Point Ano
Nuevo) (Fig. 1). Within each region, we
identified 5 locations, and within each
location we identified four 8 to 12 m deep
sites. Locations were haphazardly selec-

California, respectively

lito (Baja California Sur, Mexico: 27°11'N, 114°23'W;
Druehl 1970, Dayton 1985, Foster & Schiel 1985), with
the possible exception of a few ‘scattered pockets' of
giant kelp that have been reported along the coast of
SE Alaska (Gabrielson et al. 2000). The early fore-
cast of this El Niho allowed us to establish a pre-
disturbance record of giant kelp abundance at 56 sites
from 14 locations across this range while El Nino's brief
and punctuated nature, the giant kelp's relatively short
generation time (<6 mo), and the occurrence of the
strong 1998-99 La Nina (Hayward et al. 1999) facili-
tated our ability to chronicle both the impacts of this
disturbance and the patterns of recovery following it.
While the impacts of El Nifio on giant kelp populations
have been well described at local scales, especially in
southern and Baja California (e.g. Dayton & Tegner

ted based on their accessibility and to
approximate even geographic coverage
within each region, and sites within each
location were selected based on the presence of rocky
substrate. However, 1 location in central California
had to be dropped from the study due to lost accessibil-
ity, thus reducing the number of locations in that
region to 4. We then estimated giant kelp density at
each site in August 1997, June 1998, October 1998,
June 1999, October 1999, and June 2000 (summer and
autumn) by counting all individuals >1 m tall along
three randomly directed 20 m x 2 m transects. Due to
difficulties of relocating exact transect lines on subse-
quent surveys, transect positions were randomly re-
selected on each sample date. Density estimates for
each site were then determined from the average of its
3 transects, estimates for each location were deter-
mined from the average of its 4 sites, and estimates for
each region were determined from the average of its
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4 (central California) or 5 (southern and Baja Califor-
nia) locations. However, due to problems associated
with unsafe or prohibitory diving conditions, we were
unable to sample all sites on every sampling date. This
introduced a small amount of imbalance into our sam-
pling design when considered across all sample dates.
To resolve this, we imposed balance by setting our
level of replication for sites within each location at 4 on
all sample dates. In the few cases where only 3 sites
were sampled, we estimated the value for the remain-
ing site from the average of the other 3 sites (Shaw
& Mitchell-Olds 1993, Underwood 1997). In contrast,
when all data for a given location were missing from
the model we believed removing that location from
the model would result in too great a loss of infor-
mation and therefore kept the statistical model con-
sistent with the sample design, and simply alert the
reader to the difference in sample sizes (Underwood
1997) and advise caution regarding strict interpre-
tation of the reported p-values, especially those near
the 5% critical level.

Our sample design included 56 sites dispersed
among 14 study locations that spanned almost 1500 km
of coastline. Consequently, logistical constraints asso-
ciated with working over such a large area resulted in
a loss of local spatial and temporal detail in lieu of
enhanced understanding of broad scale and long-term
patterns. As a result, and because our sampling design
resulted in a period of ~7 mo between the October and
June surveys, differences in total (all individuals >1 m
tall) giant kelp abundance between sample dates
resulted not only from changes (i.e. mortality) in the
existing plants, but also included recruitment of new
individuals (see Edwards 2004). Consequently, strict
interpretation of changes in total kelp abundance may
be misleading because they are likely to be con-
founded by both loss of existing plants and the recruit-
ment of new individuals. To resolve this, we examined
changes in (older) adult (individuals with >4 stipes per
plant: Dayton et al. 1984, 1992) giant kelp density
among geographic regions, locations within each
region, and sample dates with a 3-factor, mixed-model,
nested ANOVA (with region as a fixed factor and loca-
tion nested within region and sample date as random
factors). Pairwise differences in adult giant kelp den-
sity between successive sample dates were subse-
quently assessed for each region separately using Bon-
ferroni-adjusted post hoc comparisons. Because of the
large number of possible comparisons of interest
(n = 15) and the corresponding reduction in statistical
power for each comparison (p would need to be
<0.0035 to detect a significant difference between
2 sample dates within any region if the overall Type I
error rate were held at 0.05), we believe adjusting our
Type I error for all 15 comparisons would too greatly

increase the probability of Type II errors. Thus, we
controlled for Type I error inflation only for compar-
isons between sequential dates for the 3 regional con-
trasts (i.e. Baja vs. southern California, Baja vs. central
California, and southern vs. central California) (i.e.n =
3 comparisons) and we advise the reader to weigh the
importance of Type I vs. Type II errors when interpret-
ing the results of these post hoc tests.

Ocean temperatures (SSTs) were recorded at 3 loca-
tions (roughly at the southern, middle and northern
portions) within each region. Mexico's Centro de
Investigaciones Biologicas del Noroeste (CIBNOR) in
La Paz kindly provided SST data for Baja and southern
California, while data for central California were pro-
vided by Granite Canyon Marine Laboratories (Cali-
fornia Department of Fish and Game), the National
Oceanic and Atmospheric Administration's (NOAA)
California Buoy Data web page and Hopkins Marine
Station (Stanford University). Ocean wave data (signif-
icant wave height and dominant wave period) for cen-
tral and southern California were obtained for a single
offshore location near the center of each region from
NOAA's California Buoy Data web page, and the cor-
responding estimates of wave intensity, horizontal
orbital displacement (Dy) at the surface, were calcu-
lated at the surface over 12 m depth using:

cosh(2m)*d
Du=- (Ej «|__a
2 sinh (2m)*d
ap

where ht = significant wave height, d = depth of water
(12 m), g = gravitational acceleration; and p = domi-
nant wave period (Denny 1988).

RESULTS

Sea surface temperatures in the coastal waters off
some locations in central California exceeded 16°C for
a brief (<2 wk) period in August and September 1997,
whereas temperatures exceeded 16°C for nearly a full
year (April 1997 to March 1998) in the coastal waters
throughout southern and Baja California (Fig. 2A).
Consequently, these waters were largely limiting in
nutrient availability (<0.5 pg-at NO317%; Fig. 3). During
this period, unusually large ocean waves associated
with intensified winter storms also impacted the west
coast of North America, although these waves were
much larger in central than in southern California
(Fig. 2B). While wave-height data are not available for
Baja California, particularly large wave events were
observed during Hurricane Linda in September 1997
(G. Hernéandez-Carmona pers. comm.). While these
anomalous conditions, either separately or in combina-
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Central California

tion, are widely known to negatively im-
pact giant kelp populations when con-
sidered at local scales (Dayton & Tegner
1984b, 1990, Zimmerman & Robertson
1985, Hernandez-Carmona et al. 2001),
our results indicate that they can be scaled
up and thus result in large-scale mortality

204 B Wave intensity

to giant kelp populations when considered
over the species’' geographic range along
the west coast of North America (see also
Edwards 2004).

Although changes in adult, giant kelp
density among the geographic regions
were not statistically significant when
cosidered over the entire 3 yr study
(Date x Region interaction; p < 0.199;
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Fig. 2. (A) Average monthly sea surface temperature and (B) daily wave
intensity for central, southern and Baja California (1997 to 2000). Sea sur-
face temperature data were obtained for 3 locations (approximately from
southern, middle and northern end of each region) within each region; wave
intensity was determined by calculating maximum horizontal orbital dis-
placement (Dy) at the surface using significant wave height and period data
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Fig. 3. Relationship between ocean temperature and nutrient

concentration for central, southern and Baja California. Data

obtained from the California Cooperative Oceanic Fisheries

Investigation (CalCOFI) database for the upper 40 m of water

from inshore stations. Data were compiled using Ocean Data
View (Version 4.0.012)

Table 1), changes between successive
sample dates for both Baja and southern
California, when analyzed separately fol-
lowing ANOVA, were significant. Spe-
cifically, during the El Nino (August 1997
vs. June 1998), adult giant kelp mortality
was relatively low (~27%) and statistically
insignificant (Bonferroni p < 0.999) in cen-
tral California, but was much greater
(~88 %) and highly significant in southern (Bonferroni
p < 0.008) and Baja (>99%; Bonferroni p < 0.002;
California) (Table 2, Fig. 4). In fact, except for a few
individuals reported to have survived near Punta San
José (Ladah et al. 1999), adult giant kelp disappeared
entirely from the Baja California peninsula and a large
portion of southern California. Thus, prior to the El
Nino, adult giant kelp density appeared similar among
the 3 regions whereas immediately following the
El Nino, large differences were observed (Fig. 4).
Immediately following the El Nino, the west coast of
North America experienced a period of cold, nutrient-
rich, water during the 1998-99 La Nina (Fig. 2A). Al-
though highly variable among locations within each
region (Fig. 1), a rapid recovery of giant kelp popula-
tions during this period throughout southern California
allowed the species to re-establish itself across much of
the central third of its range within 6 mo after the El
Nino ended. While we recognize that giant kelp
density has been inherently dynamic over the past
several decades, our August 1997 densities were simi-
lar to those obtained from long-term monitoring pro-
grams at 3 locations: Point Loma (Dayton et al. 1992),
San Nicolas Island (J. A. Estes unpubl. data), and Still-
water Cove (M. S. Foster unpubl. data). Therefore,
while we define ‘recovery’ as a return to pre-El Nino
densities, we believe that the August 1997 survey date
provides an appropriate benchmark against which to
assess recovery in general following the El Nino. This
occurred primarily through recruitment of new indi-

2000
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Table 1. Macrocystis pyrifera. Results of a 3-factor, mixed-model, nested  viduals; regrowth from surviving holdfasts
ANOVA testing effects of survey date (random), region (fixed), and location was rarely observed. In contrast, giant kelp
within region (random) on density of all adult (>4 stipes) giant kelp

recovery throughout the southern third of

its range in Baja California was generally
poor immediately following the EI Nino,

Source SS df MS F P
Date 0.042 4 0.011 0.269 0.896
Region 0.170 1 0.170 3.541 0.084
Location (Region) 0.662 10 0.066 1.698 0.109
Date x Region 0.576 12 0.048 1.451 0.145
Date x Location (Region) 1.794 46 0.039 1.178 0.218
Error 7.217 218 0.033

occurring in some locations but requiring
considerably more time in others (Fig. 1).
In fact, a complete absence of both juve-
nile and adult giant kelp persisted at many
locations in Baja California until nearly

Table 2. Macrocystis pyrifera. Results (p-values) of Bonferroni-adjusted (for
3 comparisons), post hoc, planned comparisons assessing differences in
adult density between successive sample dates within each region. Boldface

indicates significant differences (p < 0.05) between sample dates

2 yr after El Nino ended. Exceptions
occurred at locations with strong coastal
upwelling (e.g. Bahia Tortugas and Isla
San Martin; Dawson 1951) and where
propagule availability may have been
greater because of the enhanced survival
of microscopic life stages of the giant

Region Aug'97 Jun'908 Oct’98 Jun'99  Oct'99 kelp (e.g. Ladah et al. 1999, Hernandez-
VS. vs. VS. VS. VS. Carmona et al. 2001).
Jun'98  Oct’98  Jun'99  Oct'99  Jun'00 During the following 18 mo, giant kelp
. e recovered throughout most of Baja Cali-
Baja California 0.002 0.999 0.999 0.999 0.570 f . lth h idual i t f th
Southern California  0.008 0.002  0.999 0999  0.999 ornia, aithough residual impacts ol the
Central California 0.999 0999 0999 0870  0.999 1997-98 El Nino on giant kelp abundance
remained evident at a regional scale (Figs. 1
0.57 Central California 057 Baja California
0.25 0.25
| I I
* . T
0 0 O W
Aug Jun Oct Jun Oct Jun
97 ‘98 ‘98 99 ‘99 00
0.57] Southern California - i i i
Fig. 4. Macrocystis pyrifera. Mean (+1 SE) density at a
regional scale in August 1997, June 1998, October
1998, June 1999, October 1999 and June 2000 in
central, southern and Baja California. Individuals with
<4 stipes per plant are not included to avoid confound-
* ing adult mortality with recruitment of new indi-
0.25— '|' viduals after El Nino conditions subsided. Note large
’ T differences between August 1997 and June 1998 in
southern California and Baja California, but little
difference in central California. Asterisks indicate
significant changes (p < 0.01) in adult density relative
* to that in survey period immediately before (deter-
mined by nested ANOVAs followed by Bonferroni-
0 adjusted planned post-hoc comparisons on Date X
Aug Jun Oct Jun Oct Jun Region interaction). n = 5 locations (southern and Baja
97 ‘98 ‘98 '99 '99 00 California) and 4 locations (central California)
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& 4). However, variability in recovery rates among
locations in Baja California resulted in a ~70 km tem-
porary northward shift in the giant kelp's southern
limit, from Punta San Roque to Bahia Tortugas, that
persisted for almost 2 yr following the El Nifo. A simi-
lar pattern occurred following the 1982-83 El Nino,
when the giant kelp's southern range limit shifted
northward ~50 km from Punta San Hipdlito to Punta
San Roque (Hernandez-Carmona et al. 2001). This
shift persisted for almost 20 yr, with giant kelp finally
returning to Punta San Hipdlito in late 2001 (Edwards
& Herndndez-Carmona 2005). Such demographic and
distributional impacts on giant kelp were not observed
at the species’ northern range limit, although observa-
tions made during the 1982-83 El Nino indicate that
significant giant kelp loss occurred in central Califor-
nia (Dayton & Tegner 1990). Taken together, our
results indicate that while the impacts of E1 Nifio were
strongest and most easily identified at very large spa-
tial scales (see also Edwards 2004), recovery was spa-
tially complex and variable among locations within
each region. Furthermore, these results indicate that
strong El Ninos can cause substantial temporary re-
ductions in abundance rather than simple latitudinal
shifts in the distribution of giant kelp, thus suggesting
that increases in the frequency and/or intensity of
these events resulting from global warming (e.g. Rod-
bell et al. 1999) may result in a reduction or increased
variability in the geographic range of this ecologically
dominant species in the northeast Pacific Ocean.

DISCUSSION

Our conclusions that the 1997-98 El Nino resulted in
widespread mortality to populations of giant kelp
along the west coast of North America and that these
impacts were driven, at least in part, by anomalously
warm ocean temperatures (low nutrient availability)
and increased wave activity are certainly not novel
(e.g. Dayton & Tegner 1984b, 1990, Dayton et al. 1984,
1992, Foster & Schiel 1985, 1993, Zimmerman & Ro-
bertson 1985, Tegner et al. 1997, Ladah et al. 1999,
Herndndez-Carmona et al. 2000, 2001, Edwards 2004).
However, while similar conclusions about El Nino
impacts on giant kelp can be discerned from a review
of other studies, each of these studies found consider-
able variation in these disturbance impacts both within
and among even closely situated populations. This
smaller-scale variation has largely been attributed to
spatial heterogeneity in factors such as species-specific
interactions with subsurface kelps and understory
algae, urchin grazing, relative positioning along long-
shore current and wave-exposure gradients, substrate
stability and depth, and spatial heterogeneity in the

vertical stratification of temperature, nutrients and
salinity. Our study also found small-scale variability
in disturbance impacts, but when placed in a larger
geographical context, this local scale variability was
largely insignificant compared with regional patterns
of variability in these impacts (see also Edwards 2004).
We believe this to be a novel perspective that provides
us with a metric by which these disturbance impacts
can be more clearly described and perhaps compared
among different El Ninos. Furthermore, although our
analyses are primarily correlative in nature, under-
standing the spatial scale at which these impacts most
strongly occurred allowed us to link them to the appro-
priate environmental variables believed responsible
for causing them. For example, we believe the regional
differences in giant kelp mortality resulted from re-
gional variability in the synergistic effects of tempera-
ture and wave stress, which dominated factors operat-
ing at smaller scales and thus swamped smaller-scale
variability (e.g. Tegner et al. 1997). We again are care-
ful to point out that these factors, both alone and in
combination, are well-known to have dramatic nega-
tive impacts on giant kelp when examined at local
scales. However, our study again suggests that the
impacts of these factors can override local scale pro-
cesses and be scaled up to result in widespread losses
of giant kelp populations over a large portion of their
geographic range. This, however, was not true for the
recovery of giant kelp populations following El Nifio,
which was variable at both regional and local scales
and not as easily linked to specific generalizable envi-
ronmental factors. One striking observation to emerge
from this study was that the absence of giant kelp
recruitment at some locations in Baja California during
the 2 yr following the El Nino resulted in overall poor
giant kelp recovery throughout the southern third of
the species' range. This, in turn, resulted in regional-
scale impacts that were still evident long after the El
Nino ended, and a corresponding shift in the species’
southern range limit (see also Edwards & Herndndez-
Carmona 2005).

In view of the extremely large-scale nature of some
human-induced impacts on global ecosystems (Vitou-
sek et al. 1997) and the inevitability of future environ-
mental catastrophes, our findings raise several points
of wider concern over the manner in which ecosystems
are likely to respond to extreme events. First, catastro-
phes can negatively impact species across most or all
of their ranges (e.g. Zholdasova 1997), raising the need
for large-scale studies to examine them (Carpenter
1998). In this study, we found that the 1997-98 El Nino
resulted in very large-scale impacts to giant kelp
populations along the west coast of North America, as
demonstrated by the near-complete loss of all giant
kelp throughout the southern one-third to one-half of
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the species' range, but only small impacts throughout
the northern one-third of this range. This widespread
loss represented an overall reduction in total abun-
dance rather than a northward shift in the species’ geo-
graphic range. Second, the scale of ecosystem re-
covery following environmental catastrophes may be
quite different from the scale of the original impact
(Turner & Dale 1998). For example, while the impacts
of the 1997-98 El Nifio were most easily described at
regional scales, recovery following the El Nino was
spatially complex and variable at multiple spatial
scales, especially among locations within each region
(see also Edwards 2004). Third, the factors responsible
for these impacts and recovery from them can be the
interactive effects of different forcing factors. Numer-
ous studies in southern and Baja California have
shown very clearly that elevated sea temperatures
(reduced nutrients) and increased wave stress associ-
ated with El Ninos can result in severe mortality to
giant kelp populations (Dayton & Tegner 1984b, 1990,
Dayton et al. 1984, 1992, Foster & Schiel 1985, 1993,
Zimmerman & Robertson 1985, Tegner et al. 1997,
Ladah et al. 1999, Hernandez-Carmona et al. 2000,
2001, Edwards 2004). While this has largely been dis-
cerned from studies at a few locations in southern and
Baja California, our study shows that changes in these
environmental conditions can be applied across very
large scales (hundreds to thousands of kilometers) and
thereby be responsible for regional patterns of giant
kelp mortality. However, considered across the giant
kelp's geographic range, these factors appeared insuf-
ficient to individually account for the smaller-scale dif-
ferences in recovery following El Nino. Rather, other
factors such as proximity to upwelling areas, compe-
tition, grazing, and propagule availability are proba-
bly important to recovery (Dayton & Tegner 1990,
Dayton et al. 1992, 1999, Ladah et al. 1999, Her-
nandez-Carmona et al. 2001, Edwards & Hernandez-
Carmona 2005).

Obvious tradeoffs exist when allocating sampling
effort to one or a few locations versus spreading this
effort over a larger number of locations. Large-scale
sampling necessarily means that less effort can be allo-
cated to each location, resulting in a reduction in local
scientific detail. This can be especially important if fac-
tors operating at small scales are the most important
factors in structuring biological communities. None-
theless, we support a growing body of literature (e.g.
Dayton & Tegner 1984a, Weins 1989, Levin 1992, 2000,
Lawton 1996, Carpenter 1998, Underwood et al. 2000,
Edwards 2004) that recommends that future studies on
the ecological impacts of large-scale disturbances
carefully consider the spatial extent over which they
are likely to occur, focus their findings on those scales
that best describe the impacts of interest, and correlate

these impacts with the appropriate factors operating at
these scales (see also Chapman et al. 1995, Connell et
al. 1997, Karlson & Cornell 1998, Hughes 1999). Doing
so will greatly enhance our ability not only to fully
describe the larger-scale nature and magnitude of cat-
astrophic events, but also to provide a better metric by
which these events can be compared to each other.
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