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Figure 2 Timing of phase
changes in community state
of kelp forests of North
America. Kelp with
vertebrate predators, sea
urchins without kelp and kelp
without predators have been
identified for some or all of
the case study locations. Kelp
forests are listed from the
greatest number of trophic
levels on the left to fewest
trophic levels on the right.
Case studies are listed from
lowest species diversity in
Maine to highest diversity in
southern California. See text
or Table 4 for references.

urchins prevented overgrazing on kelp (Simenstad ez al.
1978; Estes et al. 1998; left side Fig. 2). Aboriginal Aleuts
greatly diminished sea otters beginning around 2500 yr BP
with a corresponding increase in the size of sea urchins
(Simenstad ez a/. 1978). European and North American fur
traders subsequently hunted the remaining otters to the brink
of extinction in the 1700 and 1800s, causing the collapse of
kelp forests as they were grazed away by sea urchins released
from sea otter predation (middle of Fig. 2 and Fig. 3). Legal
protection of sea otters in the 20th century reversed their
decline and the resultant trophic cascade (Fig. 3), but kelp
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Figure 3 Temporal trends in kelp forests, predators and sea
urchins of Amchitka, Alaska. Abundances estimated from several
studies (see text) and Estes and Duggins (1995). Arrows indicate
the timing of change in major community-changing forcing
functions. Width of arrowheads indicates magnitude of the forcing
function’s impact.

forests have disappeared again over vast areas of the south-
west Alaska coast as sea otter populations have fallen prey to
killer whales (Estes et al. 1998). The whales apparently
shifted their diet to sea otters from seals and sea lions, after
the latter populations declined significantly. The pinniped
declines are likely to have been caused by changes in the open
ocean. Whether these changes were natural or anthropogenic
remains uncertain.

Western North Atlantic

Kelps and sea urchins in the Gulf of Maine were derived
from the North Pacific by way of the transarctic interchange
(Durham & MacNeil 1967; Vermeij 2001). Sea otters did not
make this journey. On arriving in the north-western Atlantic,
however, sea urchins encountered functionally-similar
predators, namely Atlantic cod and other large groundfish,
which maintained the kelp-dominated state via a trophic
cascade. These predatory fishes have been present in the Gulf
of Maine archaeological record for at least 5000 years
(Bourque 1995; Steneck 1997).

Indigenous fishers exploited cod by hook and line for
thousands of years (Bourque 1995, 2001; Steneck 1997).
They maintained a varied diet of marine organisms such as
cod, other fish, oysters and clams, as well as terrestrial
animals such as deer and sea mink, the latter now extinct
(Bourque 1995). When the first Europeans explored the Gulf
of Maine, the abundance of large fish impressed them (Rosier
1605). Vespucci marked the western North Atlantic coast on
his 1526 map of the New World Bacallaos, which is
Portuguese for ‘land of the codfish’. In 1602, Bartholomew
Gosnold named Cape Cod for the myriad fish that ‘vexed’ his
ship. By all accounts, cod and other large predatory fish were
stable components of coastal zones throughout the western



North Atlantic (Steneck 1997). Further, in rare offshore
habitats where large predatory fishes still persist, urchins are
rare, kelp is abundant (Vadas & Steneck 1988, 1995) and
attack rates on tethered sea urchins are high (Vadas &
Steneck 1995). Significantly, very small urchins (a few
millimetres in diameter) were found at this site indicating
that they can recruit but do not, probably because of high fish
predation rates (Vadas & Steneck 1995).

We surmise that kelp forests dominated the benthos while
predatory finfish were abundant in coastal zones through at
least the 1930s. The earliest reports of algae support that
supposition. Hervey (1881) described all three dominant kelp
species (Table 1) as being ‘very abundant from Greenland to
Cape Cod’ and often ‘washed ashore in great numbers’.
Windrows of kelp detritus are good indicators of a kelp-
forested state (Novaczek & MclLachlan 1986), there was no
mention of expansive patches of coralline algae at that time
and the earliest scientific study in the region (Johnson &
Skutch 1928) reported that kelps were the ‘most character-
istic plant in the midlevels of the sublittoral zone.” Similarly,
Nova Scotia was described as kelp-dominated in the early
1950s (MacFarlane 1952).

Extensive fishing grounds for cod and other predatory
fishes were first mapped for coastal zones in Maine in the
1880s and then again in the 1920s, with remarkably little
change in areal extent or location (Steneck 1997). Cod stocks
persisted until mechanized fishing technology and on-board
refrigeration allowed spawning aggregations of cod to be
targeted in the 1930s (Rich 1929; Conkling & Ames 1996).
This set off a rapid decline in the numbers and body size of
coastal cod in the Gulf of Maine (Steneck 1997; Jackson e al.
2001). Data from 5000 year old Indian middens, and from
fisheries over the past century document a relatively recent
but rapid decline in the average cod body-size, coincident
with their extirpations from coastal zones (Jackson er al.
2001; Steneck & Carlton 2001). Dominant fish predators in
the coastal zone were replaced by small, commercially less
important species such as sculpins (Steneck 1997). Today,
large predatory finfishes remain functionally absent from
coastal regions of the western North Atlantic (Steneck 1997).

Predatory fishes consume and control the distribution and
abundance of sea urchins (Keats er al. 1986; Vadas & Steneck
1995). The extirpation of coastal cod and other fishes by the
1940s in the Gulf of Maine resulted in functional loss of apex
predators, which fundamentally altered coastal food webs as
lobsters, crabs and sea urchins all increased in abundance
(Steneck 1997). In the 1960s, scuba diving allowed coastal
ecosystems to be observed and described in situ for the first
time. The coastal Gulf of Maine was described then as a
mosaic of kelp forests (Lamb & Zimmerman 1964) and
widely spaced ‘barren’ patches of sea urchins and coralline
algae (Adey 1964; W.H. Adey, personal communication
2001; Fig. 4). Similar patches were described a decade later in
Nova Scotia (Breen & Mann 1976; Fig. 5). Over the next two
decades, sea urchin abundances increased throughout the
Gulf of Maine, kelp forests declined and coralline barrens
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Figure 4 Temporal trends in kelp forests and sea urchins in the
Gulf of Maine in the western North Atlantic. Width of arrowheads
indicates the magnitude of the forcing function’s impact.
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Figure 5 Temporal trends in kelp forests and sea urchins of Nova
Scotia. Abundances estimated from Edelstein ez a/. (1969), Breen
and Mann (1976), Warton and Mann (1981), Scheibling and
Stephenson (1984), Scheibling (1986) and Johnson and Mann
(1988). Width of arrowheads indicates the magnitude of the forcing
function’s impact.

grew and coalesced (Steneck 1997; Fig. 2). From the mid
1980s to the early 1990s, kelp forests reached an all-time low
in their distribution and abundance throughout the region
(Steneck 1997). Similar developments were observed in Nova
Scotia, except that the system there was punctuated with
disease-induced mass mortality of urchins causing it to
rapidly oscillate between forested and deforested states (Fig.
6, discussed below). Arguably, the conditions for high densi-
ties of sea urchins that repeatedly denuded coastal zones of
eastern Nova Scotia were only possible after the system
became functionally free of apex-predators (middle and right
sides of Fig. 2).
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Figure 6 Temporal trends in kelp forests of Point L.oma
California. Abundance estimates summarized in Leighton ez a/.
(1966), Tegner ez al. (1996a), McGowan et al. (1998) and Tegner
and Dayton (2000). Width of arrowheads indicates the magnitude
of the forcing function’s impact. The boxed area on the right of the
figure indicates a period of high resolution subtidal data (see

Fig. 3).

In 1987, a fishing industry developed to harvest Maine’s
sea urchins for their highly valued roe. This caused a remark-
ably rapid decline in urchin distribution and abundance
(Steneck 1997; Vavrinec 2003). In response, kelp forests
recovered, but were now without a functional herbivore
trophic level (right side of Fig. 2). As a result, primary
production was enhanced, and the revegetated habitat also
increased the recruitment potential for some fish (Levin
1991, 1994) and crabs (McNaught 1999). Newly-settled crabs
(Cancer spp.) survived in high numbers and became micro-
predators of settling sea urchins. The micropredator impact
of crabs on urchins is striking because they can consume
entire cohorts of settled sea urchins over large areas. Areas
with rates of urchin settlement exceeding 10 000 individuals
m ™2 had no survivors a year later due to crab micropredation
(McNaught 1999). The phase change to macroalgae in the
absence of large predatory finfish allowed large populations of
adult-sized crabs to accumulate. Experiments to reintroduce
adult sea urchins to population densities historically main-
tained prior to the sea urchin fishery resulted in attacks by
swarms of large crabs (Leland 2002). In 2000, all 24000
introduced urchins were consumed within two months.
Similar patterns were observed in 2001 on a second attempt
to reintroduce adult urchins to the region (Leland 2002).
Thus a new ‘apex’ predator has emerged in coastal zones of
the Gulf of Maine with functionally the same impact of verte-
brate apex predators. Fished-down coastal food webs in the
western North Atlantic resulted in an herbivore-free alter-
nate stable state dominated for the time being by kelp.

California

The highly diverse food web of southern California kelp
forests historically included several herbivorous species of sea
urchins, small crustaceans, abalone and other snails as well as
their predators including sea otters, spiny lobsters and large
sheephead labrid fish (Table 1). At the time of early
European contacts (AD 1542-1769), the kelp-laden and
protected coastlines of the southern California Bight
supported one of the highest concentrations of hunter-gath-
erers in human history. Archaeological evidence shows that
maritime Indians colonized California’s northern Channel
Islands at least 12000—13 000 years ago (Erlandson ez al.
1996; left side of Fig. 2; Table 4). These early maritime
people had seaworthy boats and by 10000 years ago devel-
oped the first hook and line fishery in the Americas (Rick ez
al. 2001). They relied heavily on marine resources associated
with kelp forests such as abalone shellfish, sheephead and
marine mammals (Erlandson ez /. 1996). Human settlement
proliferated through the Holocene and later Indian peoples
may have exploited kelp forest predators and herbivores with
sufficient intensity to cause localized phase-shifts. In San
Clemente Island middens, the size of sheephead bones
decreased as prehistoric human populations increased with
increased fishing intensity and a later overlying stratum was
composed almost entirely of purple sea urchin remains (Salls
1991, 1995). Similar urchin ‘lenses’ have been noted at
several San Miguel Island sites, all of which, so far, date to
the last 3500—4500 years. This suggests that Indians may
have created local sea-urchin barrens by hunting such sea
urchin predators as sea otters and sheephead (Erlandson ez al.
1996). If these were the first human-induced phase shifts in
the system, they occurred thousands of years after first
human contact and appear to have been localized and short-
(Table 4). After European contact,
traditional fishing economies of Native American peoples

duration events

were severely disrupted and effectively ended as their popu-
lations were decimated by old-world disease epidemics and
colonial oppression (Tegner & Dayton 2000; Erlandson &
Rick 2002).

The maritime fur trade functionally eliminated sea otters
from southern California by the early 1800s (Tegner &
Dayton 2000). However, widespread phase shifts to the
deforested state were not observed until 150 years later
(Tegner er al. 1996a4; Fig. 6). This apparent lag timing
between local sea otter extinction and urchin-induced phase
shifts in kelp forest probably resulted from the buffering
influences of alternate predators, herbivores and competitors
(Table 1; Cowen 1983; Tegner & Levin 1983; Schmitt 1987).
Spiny lobsters and sheephead are both subtropical generalist
predators that feed on sea urchins and reach their northern
range limits in southern California (Dayton er al. 1998,
Tegner & Dayton 2000). Sheephead became larger and more
abundant after Native Americans stopped fishing on them. It
is also possible that their populations along with that of spiny
lobsters increased in abundance following the sea otter’s



demise. Several species of abalone (Haliotis spp.; Table 1)
share food and habitat with sea urchins and these competitors
may also have kept urchin populations in check (Tegner &
Levin 1983). Released from predation by otters and Native
Americans, populations of several abalone species expanded
and became targets of a new fishery beginning in 1850 (Cox
1962; Tegner & Dayton 2000).

During the mid-20th century, intensified fishing pressure
on the remaining predators (spiny lobster and sheephead)
and herbivorous competitors (five species of abalones) may
have relaxed the predation and competition that had been
controlling sea urchin populations and phase shifts became
widespread for a relatively brief period of time (Fig. 4).
Spiny lobster landings peaked in 1894, and then stabilized at
lower levels. However, the larger lobsters, those most adept
at killing adult sea urchins (Tegner & Levin 1983), had
become rare. Fishing pressure on large male sheephead
increased after the advent of skin diving in the 1940s and
accelerated in the 1950s with the loss of alternative targets
(Dayton et al. 1998). Abalone harvests accelerated in the
1950s, causing widespread population declines by the late
1960s such that these grazers are also now functionally
extinct. El Nifio events, pollution discharge and sedimen-
tation accelerated the loss of kelp, which, along with an
increase in destructive urchin grazing, resulted in a phase
shift to a largely kelp-free state in the 1950s and 1960s (Fig.
6). Finally, a sea urchin fishery developed and expanded
rapidly in the early 1970s, reducing grazing pressure in some
areas (Tegner & Dayton 1991). Commercial harvesting
reduced the distribution, abundance, and body size of
exploited urchin stocks, leading toward another phase shift
back to a forested state. In 1988, a market developed for live
sheephead, which resulted in their virtual elimination as a
predator in this system (Tegner & Dayton 2000). Thus the
diversity of functionally important species in southern
California continues to decline, and, in time this could make
the system as a whole less resistant to phase shifts. The few
breaks in the canopy kelp that occurred since 1965 resulted
from strong storms related to El Nifio or La Nifia events
(Fig. 6) or occasional outbreaks of small herbivorous crus-
taceans released from their predators due to El Nifio
southern oscillation (ENSQO) changes in coastal oceanog-
raphy. Intense storms in 1983 and 1988 reduced the density
of the three dominant kelp genera (Macrocystis, Pterygophora
and Laminaria; Fig. 7), but recovery was rapid due to high
recruitment into the breaks in the Macrocystis canopy
(Tegner er al. 1997). In general, the greater diversity of
southern California kelp forests, including urchin predators
no longer harvested by Native Americans after Spanish colo-
nization, may have buffered the phase shift to a deforested
state and facilitated recovery from physical (oceanographic)
disturbances. However, this system has experienced serial
trophic-level dysfunction, beginning with sea otters and
more recently including virtually all other functionally-
important predators and herbivores.
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Figure 7 Temporal trends in the kelp forest of Point Loma,
California, USA, 1983-1996 at 12 m depth (from Tegner ez al.
19964). Population density data are shown for canopy (Macrocystis)
and stipitate (Prerygophora) kelps. Percentage cover data are shown
for the prostrate kelp Laminaria.

Biodiversity, trophic cascades and rates and
consequences of kelp deforestation

In the North American case studies, the extirpation of preda-
tors led to increased herbivory by sea urchins resulting in
kelp deforestation at local to widespread spatial scales (Fig.
2). In the western North Atlantic and Alaska, where predator
diversity is low (Table 1), the transition between kelp forests
and coralline communities was rapid, frequent (Fig. 5), wide-
spread and in some cases long-lasting (Table 4). These
patterns differ from southern California, where the diversi-
ties of predators, herbivores and kelps are high (Table 1),
deforestation events have been rare or patchy in space and
short in duration (Harrold & Reed 1985), and no single domi-
nant sea urchin predator exists (Fig. 6; Tegner & Dayton
2000). The biodiversity within functional nodes, such as
trophic levels, is critical to the structure and functioning of
kelp forest ecosystems. Nevertheless, even the most diverse
systems can and are losing their functional diversity as over-
fishing reduces the ecologically effective population densities
of important species rendering them ecologically-extinct
(Estes et al. 1989). All of this suggests that the fragility and
rate of change in kelp forest ecosystems may depend on local
biodiversity. It remains an open question whether diverse
kelp forests will persist or if serial disassembly and instability
will inevitably result.

The consequences of kelp deforestation can affect
surrounding marine and terrestrial habitats. Drift from giant
kelp (Macrocystis pyrifera) dominates nearshore-produced
phytodetritus in the Southern California bight, contributing
between 60 and 99% of beach-cast autotrophic detritus
(Zobell 1971). Similar estimates were made for areas adjacent
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to kelp forests of eastern Nova Scotia (Mann 2000). Offshore
contributions are facilitated by gas-filled floats and stipes
which, when adult sporophytes are detached from the bottom
due to grazing or physical disturbance, provide for long-
distance dispersal by rafting (Harrold & Lisin 1989; Hobday
2000). When floating kelp rafts are deposited on the shore,
the floats break, and they wash into shallow nearshore habi-
tats and ultimately into offshore basins (Graham ez a/. 2003).
Secondary productivity of both shallow (Vetter 1995) and
deep-sea (Harrold ez al. 1998) soft-sediment systems is
consequently driven in a large part by allochthonous food
subsidies from regional kelp resources. Kelp detritus can also
make its way into nearby intertidal food webs through either
the capture of fine kelp particles by filter feeders (for
example, mussels [Duggins ez al. 1989] or clams [Soares ez al.
1997]) or large pieces of drift kelp by limpets (Bustamante ez
al. 1995; Bustamante & Branch 1996) and sea urchins (Day &
Branch 2002). Kelp detritus enhances the inherently low
productivity of terrestrial ecosystems on arid islands (Polis &
Hurd 1996). During dry years, carbon and nitrogen from
marine bird and mammal faeces and beach cast marine
detritus fuel terrestrial productivity, with the greatest impact
on islands with large ratios of shoreline to area (Graham et al.
2003). The importance of marine subsidies lessens during
rainy years when high precipitation increases terrestrial
production. Excellent examples are found in southern
California where numerous islands of low productivity (for
example, the Channel Islands) are embedded within a highly
productive marine system. In addition to localized areas of
high accumulation of guano and pinniped excrement, the
shoreline is loaded with large quantities of kelp detritus
(Graham et al. 2003).

POTENTIAL STATES IN 2025

Extrapolation of known trends

It is likely that climate change, human population growth,
coastal development, oil spills, fisheries-induced impacts,
and invasions of non-native species, will continue and poss-
ibly accelerate over the 2025 time horizon. All of these may
well contribute to the continuing disassembly of kelp forest
ecosystems. It is difficult to extrapolate known trends into the
future, because non-linear thresholds and complex interac-
tions can cause ecosystems to behave unpredictably (see
Scheffer et al. 2001). Some activities may change the nature
of functional relationships. For example, overfishing of
predators of sea urchins can cause kelp forests to decline, but
overfishing of sea urchins themselves can have the reverse
effect (discussed above). Since the primary market for sea
urchin roe is Japan, the currency value of the Yen could regu-
late fishing pressure on this driver of many kelp forest
ecosystems. However it is impossible to predict how global
economic markets will evolve over the next several decades.
While global temperature is expected to increase over the
period to 2025, related patterns of droughts, fires, heat waves,

storms and precipitation are expected to increase in some
areas but decline in others (Houghton et al. 1996). This
underscores the limitations of attempting to generalize about
kelp forest ecosystems globally. However, by considering the
future of the three case studies described above, we may gain
insight into some of the potential risks that befall these
ecosystems with widely varying diversities and scales in space
and time. Our review considers trends from the largest spatial
and temporal scales to the smallest.

Ocean-climate change: global warming, regime shifts
and ENSO

Ocean temperature regulates the physiology and biogeog-
raphy of marine algae (Adey & Steneck 2001). Global
warming, regime shifts and ENSOs are climate-driven
thermal effects that can impact kelp forest ecosystems at a
wide range of intensities that operate at several temporal and
spatial scales. Global warming operates at the largest
temporal and spatial scales (see Fig. 8), but the projected
changes over the next two decades are modest compared to
ocean-basin-scale regime shifts. Regime shifts cause
temperature fluctuations nearly an order of magnitude
greater and persist at the temporal scale of decades (Fig. 9).
Superimposed on both of those changes are ENSOs, which
can cause the greatest temperature anomalies but impact
coastal zones at smaller scales and over periods of only a year
or two. The interaction among these three ocean climate
effects is complicated because each varies differently in space
and time. However, when two or more thermal anomalies
coincide, the compounded perturbations to kelp forests can
be staggering (Paine ez al. 1998).
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Figure 8 Temperature trends over the past 600 years in the
Northern Hemisphere based on multiproxies of palacoclimates
from atmospheric and oceanographic sources (Mann ez al. 1998).
The average temperature over the 600-year period is 0.0°C. Long-
term trends are evident in the average trends in 50 year running
means.
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Figure 9 Recent decadal to annual thermal sea surface
temperatures (SST') for southern California (from McGowan et al.
1998). The variable bold line over the duration of the time interval
indicates the 27-month running mean. The dark horizontal lines
indicate regime-shift averages of mean temperature. Superimposed
boxes identify periods of regime shift and ENSOs. S = intense
storms (Seymour et al. 1989; Dayton ez al. 1999).

Mean annual temperature in the Northern Hemisphere
has increased by 0.8°C over the past century (Mann er al.
1998) and is expected to increase by 0.28°-0.58°C globally by
2025 (Houghton ez al. 1996). The rate and magnitude of
global temperature rise during the past century is unprece-
dented over at least the past 600 years (Fig. 8; Mann ez al.
1998). As a group, kelps are limited to coldwater coastal zones
(Fig. 1). Thus kelps living close to their upper thermal limits
will be likely to recede to higher latitudes during protracted
warming periods.

Temperature effects are complicated by a variety of
ocean-atmosphere interactions. While the long-term
frequency of strong storms in the eastern North Pacific
Ocean has changed relatively little since AD 1625 (Enfield
1988), recently the frequency and intensity of extreme
cyclones have increased markedly (Graham & Diaz 2001).
Two storms in the 1980s were described as storms of the
century (Seymour et al. 1989; Fig. 9). The recent steady
(rather than stepwise) increase in storm activity may be
related to rising sea surface temperatures in the western trop-
ical Pacific (Graham & Diaz 2001). Thus, abiotic
storm-induced disturbances of kelp forests could increase
commensurate with global warming (Fig. 9). However, kelp
forests usually recover rapidly from such disturbances
(Tegner et al. 1997).

In 1982-1983, a 4-5°C ENSO warming halted coastal
upwelling and created one of the most severe disturbances of
a giant kelp forest ever documented (Paine er al. 1998).
Nitrogen concentrations in seawater influence the welfare of
kelps and vary with ocean temperature (Gerard 1997). When
surface waters stratify due to ENSO or as a result of global
warming, nitrogen concentrations decline and kelps become
nitrogen limited and may die (Dayton et al. 1999).
Macrocystis beds are particularly vulnerable because they
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possess limited nitrogen storage capacity (Gerard 1982).
Although nitrogen in groundwater run-off and atmospheric
inputs has increased in coastal oceans (Jickells 1998), its
impact is modest or undetectable relative to natural fluxes in
all but enclosed basins with limited flushing ( Jickells 1998).
Thus, trends toward increasing temperature and decreasing
nitrogen availability in kelp forests are likely to continue.

The combination of warming coastal oceans and increased
stratification will be likely to shrink the geographic range of
kelp beds living closest to the tropics. Indirect effects of
temperature on species that influence kelp forests will be
discussed below. Sea level might rise by 20 cm by the year
2050 as a result of global warming (Houghton ez al. 1996).
This could cause increased coastal erosion and turbidity,
which could then affect kelp depth distribution (Vadas &
Steneck 1988) and possibly other processes such as photo-
synthesis and recruitment (Graham 1996). Increased
sedimentation could also reduce the area of substrate avail-
able for kelp settlement.

Regime shifts and ENSO events can cause thermal anom-
alies of shorter duration but potentially greater impact. In
general, ENSO events create warmer sea temperatures along
the southern California coast, but the events themselves are
somewhat more frequent during regime shifts that them-
selves create warmer conditions on that coast (Fig. 9).
Following ElI Nifo warming comes La Nifa cooling
(McGowan et al. 1998), which is often associated with violent
storms (Tegner & Dayton 1987, 1991; Seymore ez al. 1989;
Tegner et al. 1997).

One of the best-studied climatic regime shifts began in the
mid-1970s and ended at the end of the 1990s (Steele 1998). If
the new regime’s duration is similar to the last two (Fig. 9),
then cooler than average temperatures and perhaps lower
than average ENSO and storm events may be expected over
much of the next quarter century (McGowan et al. 1998; Fei
Chai, personal communication 2002). In our case studies,
only the California system was significantly affected by
storms. However the duration of storm impacts is usually
brief and system recovery is rapid; thus, they should have
little lasting impact (Figs. 6—7; Tegner ez al. 1997).

Changing coastal biodiversity: new apex predators
and competitors

Changes in kelp forest biodiversity that affect functional
components of kelp beds can disrupt the system in both
predictable and unpredictable ways. The most conspicuous
changes to the kelp forest result from overfishing key drivers
such as apex predators and sea urchins (Estes & Duggins
1995; Jackson er al. 2001). Reductions in either driver can
lead to trophic-level dysfunction, and alternate stable states
or large-scale instabilities. For example, extirpation of sea
urchin predators led to hyperabundances of sea urchins that
have been stable for decades in Alaska (Fig. 3) and remark-
ably unstable in Nova Scotia (Fig. 5) due to epizootic disease
cycles (Scheibling ez al. 1999). Arguably, predator loss led to



452 R.S. Steneck et al.

hyperabundances of species setting the stage for disease-
related mass mortalities (McNeill 1976).

Apex predators in pristine kelp forests were probably
relatively large vertebrates. Our case studies show a consis-
tent trend of fishing down food webs, such that large
vertebrates were often targeted and extirpated relatively
rapidly. Today, fish are the most commonly identified
predator, but sea otters and sea ducks are also important
vertebrate predators in some northern regions (Table 3). In
all cases these vertebrate predators are smaller in body size
and/or fewer in number than they were in the past (i.e. at
first human contact). Crustaceans such as spiny lobsters and
crabs are among the most important invertebrate predators
(Table 3). If we extrapolate from the known trend in the
Gulf of Maine case study in which extirpation of large
predatory finfish led to the dominance of crabs as apex
predators, then it is possible that crab predation elsewhere is
the result of a disrupted trophic cascade. Crabs are dominant
predators of sea urchin in Japan and in the UK (Table 3).
Both of these regions have a long history of fishing that
targeted and extirpated coastal groundfish. In FEurope,
coastal groundfish stocks were fought over in the 13th and
14th centuries and their depletion is thought to have
contributed to the development of distant fisheries in Iceland
and eventually North America (Kurlansky 1997). Thus it is
possible that the very early extirpation of apex predators in
Europe’s coastal zones led to the rise of crabs as predators
just as has more recently happened in the Gulf of Maine
(Leland & Steneck 2001).

Overfishing in kelp forests leads to ecological (Estes et al.
1989) and possibly absolute (Tegner e al. 19965) extinctions.
This loss in biodiversity may make these systems more
susceptible to invasion from non-native species (Stachowicz
et al. 1999). Recently, kelp forests in the western North
Atlantic have been invaded by the green alga Codium fragile,
an introduced competitor that could replace the kelp species
in this region, which have a long history of resilience and
dominance (Fig 5; Chapman & Johnson 1990; R.E.
Scheibling, personal communication 2001). The possible
replacement of Laminaria sp. by Codium sp. requires suffi-
cient breaks in the canopy for the latter species to take hold.
This has been facilitated by the introduction in the 1970s of
a non-native encrusting bryozoan that coats, embrittles and
opens the kelp canopy every summer (Lambert e al. 1992;
Levin et al. 2003). However, these two invaders join a long
list of invading species that have become important players in
kelp forest ecosystems of the western North Atlantic
(Steneck & Carlton 2001). Species such as the common peri-
winkle (Littorina littorea) and the green and shore crabs
(Carcinus maenas, Hemigrapsus sanguineus) have not only
invaded, but in many cases have come to dominate the
ecosystem (Steneck & Carlton 2001). Whereas other marine
systems have a history of invasion, few have seen the large-
scale changes in dominance evident in the western North
Atlantic. The successful series of invasions there stands in
stark contrast with patterns observed in the species-rich

southern California kelp forests, where introduced species
generally remain subordinate to native dominants.

Declining water quality

Coastal development often reduces the permeability of soil in
the watershed resulting in greater run-off and increased
turbidity from plankton and particulates. If this occurred, the
areal extent of kelp beds would shrink as the areal extent of
the photic zone and thus their habitable area declined.
Extremely low iron availability may reduce the potential
productivity of kelp. If nitrogen compounds increase due to
run-off, sewage disposal from population centres, or nitrogen
input from atmospheric sources, nutrient availability could
increase. However, human inputs of nutrients are evident
only in coastal areas of restricted water exchange and most
coastal zones ‘appear to be still dominated by large inputs
from the open ocean and there is little evidence of anthro-
pogenic perturbations’ (Jickells 1998).

In heavily urbanized areas of Japan, terrestrial deforesta-
tion and damming of rivers is thought to starve coastal zones
of the iron and humic substances necessary for kelp develop-
ment (Suzuki ef al. 1995; Matsunaga et al. 1999). This is
hypothesized to create a phase shift from kelp dominance to
coralline dominance without any changes in herbivory, sea
temperature or macro-nutrients (Matsunaga ez al. 1999). We
know of no other urbanized area (for example, southern
California or Boston, Massachusetts, USA) where crustose
coralline algae dominate shallow rocky shores without herbi-
vore populations.

Point-source pollution is often very conspicuous, but
rarely has it resulted in a serious deforestation of kelp ecosys-
tems. A broken sewer in southern California in the late 1950s
and early 1960s may have resulted in the increase of sea
urchins and the decline in Macrocystis canopy there during
that period (see Fig. 6 and previous discussion), but the
impact was confounded by several other factors. The massive
Exxon Valdez o1l spill in 1989 occurred in the vicinity of kelp
forests of south-west Alaska. However, kelps were minimally
impacted and they recovered rapidly (Dean & Jewett 2001).
For most components of the kelp forests, full recovery took
two years or less (Dean & Jewett 2001). Oil covered sea otters
in the spill area, and while the accounts of impacts on them are
debated (Paine ez al. 1996), the greatest impact was a decrease
from around 5 otters km ™! of shoreline to between 23 otters
km™! (Paine ez al. 1996). Otters were never absent from the
system, but they may have suffered a long-term and lingering
impact from oil in at least parts of spill area in Prince William
Sound (Monson et al. 2000). While otters and other air-
breathing predators may be most susceptible to oil spills, with
effects similar to overfishing, that may not hold for apex
predators that are fish. For example, following the Exxon
Valdez oil spill, mortality reports estimated thousands of sea
otters and sea birds died, but listed fewer than 10 dead fish
from the event (Paine ez a/. 1996). Thus fish may be inherently
less susceptible to oil spills, but they are by no means immune.



Given the likelihood that both non-point source and
point-source pollution are likely to increase with increased
human population growth, water quality is expected to
continue to decline. We do not yet know if thresholds of
accelerated mortality exist for declining water quality as they
apparently do for increased fishing pressure. However, it is
currently top-down impacts on ecosystem drivers (such as
sea urchins and their predators) that most consistently
denude kelp forests.

CONCLUSIONS AND MANAGEMENT

Kelps are the largest bottom-dwelling organisms to occupy
the euphotic zone. Their size and photosynthesis to biomass
ratio constrain their distribution globally and locally. Kelps
are among the shallowest of the subtidal macrophytes. Kelp
forests fail to develop at high latitudes due to light limitations
and at low latitudes due to limitations in nutrients, high sea
temperatures and competition from other macrophytes. In
shallow mid-latitude rocky marine shores worldwide, phylet-
ically diverse, structurally complex and highly productive
kelp forests develop. These are uniquely capable of altering
local oceanography and ecology by dampening wave surge,
shading the sea floor with their canopy, providing a physical
habitat for organisms above the benthic boundary-layer and
by distributing trophic resources to surrounding habitats. In
this context, the three kelp forest case studies from North
America represent ecosystems along a continuum of natural
biodiversity and human interactions. In each system we
reviewed archaeological literature in an attempt to recon-
struct an ecological baseline for the structure and function of
kelp forests prior to contact with modern humans.

Consumer animals structure kelp forest interactions via
two primary ‘drivers’, namely (1) herbivory by sea urchins
and (2) carnivory from predators of sea urchins. Other
forcing functions can be important. For example, kelps are
prone to destruction and thinning by storms and competi-
tors. Further, their growth and survival are sensitive to
temperature, light and nutrient availability. However, the
spatial scale and magnitude of these impacts on kelp forests
are small relative to those of the consumers. Kelp deforesta-
tion worldwide results from sea urchin grazing, which is
controlled by predation in kelp forests where human
harvesting impacts have been minimal.

Kelp forests of the eastern Pacific may have facilitated an
early coastal migration of humans into the Americas. The
concentration and high productivity of vertebrates and inver-
tebrates along this coast would have provided early human
settlers with a stable source of food between 15000 and
10000 years ago. Archaeological data indicate that coastal
settlements exploited organisms associated with kelp forests
for thousands of years and this occasionally resulted in the
localized loss of apex predators, outbreaks of sea urchin
populations and deforestation. However, these human
impacts on kelp bed systems were probably localized and
relatively ephemeral.
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Over the past two centuries, the commercial exploitation
of kelp forest consumers led to the extirpation of sea urchin
predators such as the sea otter in the North Pacific and
groundfish such as Atlantic cod in the North Atlantic. In
those systems, sea urchin abundances increased and kelp
forests were denuded over vast stretches of coast. In the
southern California system, the high diversities of predators,
herbivores and kelp appear to have buffered this system from
systemic deforestation.

Biodiversity of kelp forests may also help resist invasion of
non-native species. In the species-depauperate western
North Atlantic, introduced algal competitors carpet the
benthos and threaten the dominance of kelp. Other intro-
duced herbivores and predators have taken hold and have
increased to dominate components of the system.

Global and regional climate changes have measurable
impacts on kelp forest ecosystems. Increasing frequencies of
ENSO events, oceanographic regime shifts and violent
storms cause deforestation. This, in combination with the
serial loss in biodiversity from overfishing, appears to be the
greatest threat to structure and functioning of these systems
over the 2025 time horizon.

Management for the conservation of kelp forest ecosys-
tems should focus on restoring biodiversity and especially on
minimizing fishing on predators. In particular, species such
as sea otters, sheephead and cod should be restored to fulfil
their functional role in the Alaska, California and western
North Atlantic systems, respectively. While sea otters are
already protected, other commercially valuable species such
as Atlantic cod will be unlikely to be preserved for this
ecosystem role that they perform. Ultimately, human values
and political will determine the conservation agenda.
Significant investment in education for stakeholders, the
general public and policy makers will be necessary for this
conservation goal to succeed.
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