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ABSTRACT. Kelp forests, with their complex structure and high diversity and productivity, are 
the most charismatic of nearshore, subtidal communities in temperate waters. Knowledge of their 
natural history and ecology, however, was meager until the 1950s when scuba gave investigators the 
freedom to work under water with relative ease. We highlight some of the knowledge gained using 
scuba in California kelp forests during the past 60 years. Underwater measurements have revealed 
that the net primary productivity of giant kelp (Macrocystis) and associated seaweeds is among the 
highest reported for any ecosystem. The producers are a suite of macroalgal canopy guilds that oc-
cur in patches and intercept light at various levels in the water column. The patches are dynamic, 
influenced within forests by biological interactions and among forests by disturbance. Invertebrates 
partition forest resources in a variety of ways, responding to variation in vegetation, predators, and 
competition. Grazing sea urchins and abalone have been of great interest relative to the dynamics of 
kelp forest ecosystems as the former can cause “deforestation” and the latter have severely declined 
due to overfishing and, more recently, disease. Recent research suggests that sea urchin population 
dynamics may differ among regions due to differences in disturbance and recruitment. From their 
beginning, scuba- enhanced studies of kelp forests pursued a variety of ecological questions including 
understanding human impacts related to degraded water quality, overfishing, and kelp harvesting. 
Concerns over human impacts have increased with further declines in many fished species as well 
as changes in ocean climate due to CO2 emissions, particularly changes in temperature, nutrients, 
frequency and intensity of ENSO, and pH. The present challenge is to understand the interactive 
effects of these stressors along with our fundamental understanding of how unperturbed kelp for-
est ecosystems are structured and function, and use the information to facilitate ecosystem- based 
management (EBM) of these important and productive coastal marine systems. The hope is that 
EBM, done in conjunction with the establishment of marine protected areas, will help sustain these 
remarkable underwater forests.

INTRODUCTION AND HISTORY

“The possibility of exploration by diving, and consequently of adding direct 
 vision to direct collecting, ought to make of the eulittoral zone, in the near future, 
one of the best known parts of the underwater continental shelf.” —Drach, 1958

Giant kelp (Macrocystis) forests, dominated by float- bearing plants over 50 m long 
growing from the bottom and spreading thick canopies across the sea surface, provided 
food, materials, and no doubt intrigue for humans long before Darwin (1839) published 
the first insights into their ecology. Darwin’s observations and collections were necessar-
ily made from the surface and, like trying to understand the ecology of terrestrial forests 
by observing tree canopies and trees pulled up from the ground, such study from the 
waterline could provide only a glimpse of the community. Progress required a suitable air 
supply and a warm, flexible diving suit to make observation and work under water into a 
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practical pursuit. Primitive surface- supply diving equipment was 
used by Kitching et al. (1934) in their pioneering studies of kelp 
beds in the U.K. With the exception of andrews (1945), how-
ever, who used “helmet diving” to collect giant kelp holdfasts 
for identification and enumeration of their fauna, surface supply 
was rarely used to study much larger giant kelp forests of the 
world, likely in part because hoses and lines readily tangle with 
kelp fronds.

The difficulties of working easily, efficiently, and safely 
under water were essentially eliminated by the development of 
scuba by Cousteau and Gagnan in 1943 (Dugan, 1965) and of 
the neoprene wet suit for divers by Bradner in 1951 (Rainey, 
1998). Drach was encouraged by Cousteau to train in the use 
of the new “scaphandre autonome” with the French Navy and 
to use the technology for ecological studies (Dugan, 1965). He 
was the first to publish a paper based on scuba observations in 
kelp communities, in this case Laminaria beds in Europe (Drach, 
1949). Drach (1958) later clearly recognized the positive impact 
this underwater tool would have on understanding the ecology 
of temperate reefs. Further studies using scuba to observe and 
describe kelp beds in Europe soon followed (e.g., Forster, 1954; 
Ernst, 1955; Kain, 1960). 

a few marine science graduate students in southern Cali-
fornia began using scuba soon after the first aqua- Lungs were 
imported from France in 1949. as in France, the availability and 
use of the equipment was facilitated by collaborations with the 
navy, in this case the U.S. Navy in San Diego. The beginnings 

of the use of scuba to study kelp forests were largely due to 
the curiosity and efforts of Conrad Limbaugh (Figure 1, left), a 
graduate student at Scripps Institution of Oceanography. He also 
developed training procedures, offered informal training courses, 
and began the first institutional marine science diving program 
at Scripps in 1953 (Dugan, 1965; Price, 2008). Limbaugh’s col-
leagues and students started a local dive store, a consulting firm 
specializing in underwater surveys, and the Underwater Instruc-
tor Certification Course supported by Los angeles County, the 
first such program in the USa. Limbaugh’s pioneering work led 
to the rapid spread of scuba as a tool for basic and applied stud-
ies as well as recreation—a remarkable legacy. 

The use of this new technology in kelp forest ecology was 
initially concentrated along the southern California mainland, 
stimulated by concerns over the effects of harvesting giant kelp 
on sport fishing and of sewage discharges on the health and sus-
tenance of kelp forests. Limbaugh (1955) was the first to inves-
tigate the effects of kelp harvesting, providing information on 
the habitat utilization and feeding habits of numerous kelp for-
est fishes and the distribution of common invertebrates. This re-
search included comparing fish assemblages in harvested versus 
unharvested stands, the first field experiment in a kelp forest. 
aleem (1956), a research fellow at Scripps in 1955, used scuba to 
provide the first quantitative description of kelp forest zonation 
and the standing crop of algae and invertebrates. The studies of 
Limbaugh and aleem were followed by those of Limbaugh’s col-
league Wheeler J. North (Figure 1, right). North’s investigations 

FIGURE 1. Conrad Limbaugh (left) and Wheeler J. North (right). Photos from Scripps Institution of Ocean-
ograpy archives, UC San Diego.
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were focused both on kelp harvesting and sewage discharge ef-
fects, and done primarily from the perspective of the effects on 
Macrocystis itself (North, 1964; North and Hubbs, 1968). These 
early studies provided much of the basic descriptive and life his-
tory information about kelp forests, their associated organisms, 
and the phenomena that affect their abundance and distribution 
(summarized in North, 1971a) that continues to serve as a foun-
dation and stimulus for new research. 

Perhaps more important than his studies, North established 
long- term research projects with the University of California In-
stitute of Marine Resources in La Jolla, and later at the W. M. 
Keck Laboratory of Environmental Health Engineering at the 
California Institute of Technology. These long- term studies pro-
vided research funding support and research opportunities for 
numerous collaborators, many of whom went on to establish 
their own kelp forest research programs, thereby rapidly build-
ing this field of marine ecology. 

a search of “giant kelp forest ecology” on Google Scholar 
yields nearly 11,000 results, an indication of the success of these 
pioneer kelp forest ecologists and the daunting, perhaps futile 
task of producing a comprehensive review of the topic. Fortu-
nately there have been a number of reviews of kelp forest ecol-
ogy (Dayton, 1985a; Foster and Schiel, 1985; Schiel and Foster, 
1986) since North (1971a). The most recent reviews are by Gra-
ham et al. (2007, 2008). 

In this paper, rather than write another comprehensive re-
view, we decided to write a brief synopsis of a few selected topics 
on the ecology of giant kelp forests that focus on our specific 
areas of expertise and interest, with each author taking the lead 
in the following themes: Introduction and History (MF), Pat-
terns and Controls of Primary Production (DR), Disturbance and 
Patch Dynamics (PD), Resource Partitioning (JP), Kelp Forests, 
Sea Urchins, and abalone (LRB), and Scuba- Based Management 
(MC and DM). We hope that this paper provides the reader with 
up- to- date and interesting perspectives on a few aspects of kelp 
forest ecology that have been shaped by the use of scuba. 

PATTERNS AND CONTROLS  
OF PRIMARY PRODUCTION  

IN KELP FOREST ECOSYSTEMS

Net primary production (NPP) is the rate at which auto-
trophs transform carbon dioxide into organic matter per unit 
area of the Earth’s surface. It is perhaps the most defining attri-
bute of an ecosystem because it influences virtually all ecological 
processes. When evaluated in this context giant kelp (Macro cystis 
pyrifera) forests have few rivals as their NPP ranks among the 
highest reported for any ecosystem in the world (Mann, 2000; 
Reed and Brzezinski, 2009). Had it not been for scuba, this im-
portant attribute of kelp forests may have gone undetected. 

Numerous methods have been used to estimate the standing 
biomass of giant kelp, and virtually all of them have involved the 
use of scuba (Table 1). The most direct method entails measuring 

the mass of all kelp in harvested plots (Wheeler and Druehl, 1986; 
Van Tussenbroek, 1989). The destructive nature of this method 
can limit the size and number of spatial replicates and constrains 
investigations of temporal dynamics as it eliminates the ability 
to sample the same plots repeatedly over time. These constraints 
have been reduced by diver estimates of plant or frond density 
coupled with simultaneous collections of representative plants or 
fronds that are returned to the laboratory and weighed and/or 
measured (Towle and Pearse, 1973; Gerard, 1976). North (1957) 
devised a stipe index for non- destructively estimating standing 
crop of Macrocystis based on the density of fronds >1 m tall 
(measured by divers) and a mean value for frond mass, which 
was adopted by McFarland and Prescott (1959). Rassweiler et 
al. (2008) modified this technique to include diver measurements 
of frond length (Figure 2). 

Many physical and biological factors interact to influence 
the biomass of giant kelp at any point in time (reviewed in Foster 
and Schiel, 1985; North, 1994; Graham et al., 2007), making 
it difficult to compare estimates from different studies. Regard-
less of the method used, however, it is unequivocally clear that 
the standing crop of giant kelp is substantially less than that of 
terrestrial forests despite it having equal or substantially higher 
NPP (Reed and Brzezinski, 2009). The relatively high produc-
tion/biomass ratios (~6 to 7) and low levels of litter accumula-
tion (~0.015 dry kg m–2) reported for Macrocystis within giant 
kelp forests (Gerard, 1976; Harrold and Reed, 1985; Reed et 
al., 2008) reflect high biomass turnover and little carbon storage 
because kelp detritus is either rapidly consumed or decomposed 
within the forests (Gerard, 1976; Harrold and Reed, 1985), 
or exported to adjacent beach and deep water habitats where 
it serves as an important carbon subsidy (Harrold et al., 1998; 
Dugan et al., 2003; Spalding et al., 2003).

The methods used to measure net photosynthesis fall into 
two general categories: physiological measurements and those 
based on growth. Each approach has its own strengths and weak-
nesses, which makes comparisons of NPP based on different 
methods problematic. In general, physiological measures of NPP 
are more likely than field measurements of growth to account 
for a greater fraction of the organic carbon fixed by photosyn-
thesis. This likely explains in part the higher values of NPP re-
ported for Macrocystis by Towle and Pearse (1973) and Jackson 
(1977) compared to those derived from measurements of growth 
(Table 1). Physiological- based measurements of NPP, however, 
are not without problems, as they often suffer from sampling 
artifacts (e.g., enclosures that alter gas and nutrient exchange), 
assumptions that are difficult to validate (e.g., estimating rates 
of carbon fixation from measurements of oxygen evolution), and 
poor replication that constrains the scale of spatial and temporal 
inference. This latter concern is particularly noteworthy given 
the high spatial heterogeneity and temporal variability that is 
characteristic of giant kelp forests. Jackson (1987) developed 
a physiological model that, in theory, could be used to predict 
Macrocystis NPP over a wide range of environmental conditions. 
Such models, however, have limited value in examining spatial 
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TABLE 1. Studies of net primary production in giant kelp forests. To facilitate comparisons, values of NPP were converted to kg dry 
mass m–2 y–1 using a wet/dry ratio of 10.31 and a carbon/dry ratio of 0.286, which were derived from monthly values at three sites 
averaged over 96 months (Rassweiler et al., 2008). NPP estimated in units of oxygen were converted to carbon using a photosynthetic 
quotient of 1 (following Rosenberg et al., 1995).

  Duration NPP 
Method Location of study (dry kg m–2 y–1) Reference

Giant kelp (Macrocystis pyrifera unless noted otherwise)

Product of blade standing crop and net carbon  Monterey, Ca Multiple days 8.68 Towle and 

 assimilation as measured by in situ    during 1 month   Pearse, 1973 

 incorporation of 14C by individual kelp blades  

 during 3 h incubations

Difference between measured dissolved O2  San Diego, Ca 1 day 12.12 Jackson, 1977 

  concentration and the concentration predicted  

by temperature for mid- day in the middle of  

Pt. Loma kelp forest at 3–6 m depth

Simulation results from a model of whole plant 33°N Na 1.88 Jackson, 1987 

 growth as a function of environmental  (San Diego, Ca) 

 parameters that affect the flux of light

Standing crop of harvested plots coupled with  Falkland Islands Spring & fall 2.80a Van Tussenbroek, 1993 

 rates of frond initiation and loss   of 1 year

Product of the density of growing fronds and the  Monterey, Ca Monthly for 2.23 Gerard, 1976 

 mean monthly increase in frond mass   21 months

Changes in standing crop based on allometric  Santa Barbara, Ca Monthly for 2.46b Rassweiler et al., 2008;  

 measurements of fronds and plants in fixed plots    54 months;    Reed et al., 2008 

 combined with independent estimates of biomass    data collection 

 loss from tagged plants and fronds   is ongoing

Product of Leaf area Index (LaI) from Macrocystis  British Columbia Bimonthly for 4.33 Wheeler and 

 integrifolia harvested from Grappler kelp forest,    12 months   Druehl, 1983 

 and net photosynthetic rates measured in the  

 laboratory

Giant kelp forest ecosystem

Dissolved O2 concentrations in diurnal water  Paradise Cove, Ca 2 days 6.39c McFarland and 

 samples collected in a kelp forest at discrete depths     Prescott, 1959

allometric measurements of changes in standing  Santa Barbara, Ca Monthly for 2.73d Miller et al., 2011 

 crop combined with independent estimates of    17 months 

 biomass loss for giant kelp (O2 evolution in  

 enclosed chambers for intact assemblages of  

 understory algae; C13 incorporation for  

 phytoplankton) 

a average of spring and fall.
b average of two sites (Mohawk and arroyo Quemado).
c average of two days.
d average of three 12- month periods during 17 month study.
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and temporal variability in NPP due to the lack of time series 
data for many of the input variables. 

The most useful studies for examining spatial and temporal 
patterns of NPP by Macrocystis and the environmental drivers 
that control them are those by Gerard (1976) and Reed et al. 
(2008), which were relatively long term (21 and 54 months, re-
spectively). Both studies used fi eld measurements of growth to 
estimate NPP and reported remarkably similar values (2.23 and 
2.46 dry kg m–2 y–1, respectively) despite working in different 
locations and years (Table 1). These values underestimate NPP 
because they do not account for production lost as dissolved 
exudates, which can account for one- third of the production by 
Macrocystis on an annual basis (Miller et al., 2011). One of the 
most striking (though not surprising) observations reported by 
Gerard (1976) and Reed et al. (2008) was the strong correlation 
between NPP and standing biomass. 

The fi rst estimate of NPP for the entire kelp forest commu-
nity was made by McFarland and Prescott (1959), who mea-
sured dissolved oxygen concentrations in diurnal water samples 
collected throughout the water column in the kelp forest at Para-
dise Cove in Santa Monica Bay. The short- term nature of this 
study coupled with uncertainties about currents during the mea-
surement period cast doubt on the accuracy of these estimates 
(Jackson, 1987). The most comprehensive study of NPP by the 
entire kelp forest community was done by Miller et al. (2011), 
who simultaneously examined NPP by understory macroalgae 
(by measuring O2 evolution from intact assemblages enclosed in 
benthic chambers), phytoplankton (using 13C- bicarbonate tracer 
incubations), and giant kelp (using the methods of Rassweiler et 
al., 2008) in areas with and without giant kelp. They found that 

the combined NPP by understory macroalgae and phytoplank-
ton can be as high as that of giant kelp and serves to dampen 
interannual variability in kelp forest NPP caused by the loss of 
Macrocystis from wave disturbance. In the low- light environ-
ment beneath the surface canopy of giant kelp neither the archi-
tecture of the macroalgal understory nor the diversity of species 
within it appear to be important in determining the productiv-
ity of the forest understory (Miller et al., 2012). By virtue of its 
greater biomass, the productivity of the foliose component of the 
understory assemblage was three times higher than that of the 
turf component despite having a growth rate that was three times 
slower (Miller et al., 2009). 

DISTURBANCE AND PATCH DYNAMICS

all ecological communities are exposed to many types of 
perturbation varying in intensity and scales; the most common 
for kelp communities include prolonged periods of nutrient stress, 
storms, and grazing, usually by sea urchins. The greatest disrup-
tion to giant kelp forest communities typically occurs during El 
Niño, when large waves associated with severe winter storms 
combine with warm, nutrient- depressed surface waters caused 
by a deepening of the thermocline (Dayton and Tegner, 1989). 
The impacts of this combined set of conditions can be profound 
because they result in selective reduction of giant kelp in rela-
tion to understory species (Tegner et al., 1997). This is because 
the greater drag on Macrocystis makes it more prone to removal 
from large waves than smaller, lower- lying understory species 
(Dayton and Tegner, 1984). In addition, because the vast majority 

Length of longest surface frond

Number of fronds at 1m

1m 1m

Depth

Number
of fronds
at surface Subsurface fronds

Water column section

Canopy section Avg. Height

FIGURE 2. Measurements taken to estimate the mass of giant kelp fronds in the water column and surface canopy both for 
kelp plants that reach the surface and for subsurface kelp plants. See Rassweiler et al. (2008) for details.
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of Macrocystis’s biomass resides near the sea surface, it is much 
more vulnerable to the nutrient- depleted surface waters associ-
ated with El Niño conditions compared to understory species. 

The physiological stresses associated with El Niño are 
greater at the low- latitude limits of Macrocystis’s range, where 
nutrient limitation occurs more routinely. It is generally under-
stood that the nutrient limitations associated with warm water 
have more severe effects than temperature (Dayton et al., 1999: 
fig. 1). For example, during the 1997–1998 El Niño nearly all 
giant kelp disappeared from the southern and central portions 
of its range in North america (i.e., Baja California, Mexico, and 
southern California), whereas only minor losses were observed 
in the northern portion of its range off central California (Ed-
wards and Estes, 2006). Moreover, recovery from the El Niño 
generally took longer in the south, but varied substantially within 
regions due to a variety of factors including proximity to upwell-
ing areas, competition with other algae, grazing, and propagule 
availability. Similar latitudinal patterns were observed in the 
Southern Hemisphere, where the northern limit of three species 
of brown algae shifted south toward higher latitudes following 
the El Niño event of 1982–1983 (Peters and Breeman, 1993). 
Such stresses may make kelps more susceptible to disease, and 
low- latitude kelps in northern New Zealand have succumbed to 
a disease that may have resulted from physiological stress (Cole 
and Babcock, 1996; Cole and Syms, 1999). 

Scuba diving observations, collections, and experiments have 
been central to understanding sea urchin–giant kelp interactions. 
Disturbance from sea urchin grazing occurs unpredictably in space 
and time and varies with the species of urchin, their abundance, 
and their nutritional condition. It leads to the creation of bare 
patches that range in size from several square meters to several 
square kilometers, which in some cases led to the complete loss of 
local populations of giant kelp and associated algae in southern 
California (Leighton et al., 1966; North and Pearse, 1970; Ebel-
ing et al., 1985; Harrold and Reed, 1985; see the “Kelp Forests, 
Sea Urchins and abalone” section in this paper). The deforesta-
tion of giant kelp forests from sea urchin grazing was ubiquitous 
in southern Chile in the early 1970s, patchy in other areas, and 
nonexistent in parts of Tierro del Fuego and Isla de los Estados in 
southern argentina (Dayton, 1985b). 

It is difficult to generalize patchiness in kelp communities 
because the taxonomic patterns differ across regions. Neverthe-
less, underwater surveys have shown kelp communities are char-
acterized by distinct canopy guilds, including floating canopies at 
or near the surface (Macrocystis pyrifera, Nereocystis luetkeana), 
stipitate canopies in which the fronds are supported off the sub-
strata by stipes (Pterygophora californica, Eisenia arborea, Lami-
naria spp.), prostrate canopies in which the fronds move back and 
forth across the bottom (Laminaria farlowii, Dictyoneurum), and 
various associations of foliose, turf, and crustose algae (Figure 3). 

FIGURE 3. Sketch of a portion of the Pt. Loma kelp forest showing patches of algae with charac-
teristic canopy guilds, including the floating canopy of giant kelp, Macrocystis pyrifera, the stipitate 
canopy of the understory kelps Pterygophora californica and Eisenia arborea, the prostrate canopy 
of the kelp Laminaria farlowii and the fucoid Cystoseira osmundacea, and patches of turf and non-
geniculate (crustose) coralline algae. From Dayton et al. (1984).
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Discrete monospecific patches of these different guilds can be very 
persistent and resist invasion for more than 10 years (Dayton et 
al., 1984). The dynamics of the patches relates to the postdistur-
bance succession. In this case, succession relates to the recruit-
ment processes that tend to be inhibitory or neutral; usually the 
succession pathways follow relative dominance relationships that 
can be very site specific. 

Dominance patterns in giant kelp forests vary across en-
vironmental gradients, especially gradients in depth, available 
nutrients in the surface waters, and wave exposure (Dayton et 
al., 1984). However, the general processes are remarkably simi-
lar almost every where, such that questions have been asked and 
necessarily answered by diving observations and experiments. 
For example, dominance patterns and canopy interactions simi-
lar to those for California kelp communities have been reported 
for other types of kelp communities in alaska (Dayton, 1975a), 
Washington State (Dayton, 1975b), Nova Scotia (Johnson and 
Mann, 1986), the northeast and northwest atlantic (Kain, 1975; 
Witman, 1987), and australia (Kennelly, 1989). The species de-
fining the patches differ, but the biological and physical pro-
cesses that maintain them tend to be general. Taller perennial 
canopy guilds tend to be dominant competitors for light (Reed 
and Foster, 1984; Santelices and Ojeda, 1984) but are much 
more susceptible to nutrient and wave stress (Jackson, 1977; 
Dayton and Tegner, 1984). Dominance hierarchies in the com-
petition for light appear to be reversed in areas with low surface 
nutrients or with persistent wave stress (Dayton et al., 1984). 
During strong El Niño events, surface canopies lack sufficient 
nutrients to exert dominance; the cooler waters below the ther-
mocline have more nutrients, thereby selecting for interactions 
among the understory species. In situations in which the surface 
waters are nutrient depleted, internal waves and other physi-
cal processes often result in nutrient infusion along the bottom 
in kelp habitats (Zimmerman and Kremer, 1984; Fram et al., 
2008). More highly wave- stressed habitats tend to be character-
ized by mixing and replete nutrients, but the wave stress tends to 
remove species with surface canopies such that with increasing 
wave stress, lower- level canopy guilds become dominant (Day-
ton, 1975a; Cowen et al., 1982; Schiel et al., 1995).

The different morphological adaptations of the canopy 
guilds appear to have been selected for different environmental 
situations in which exploitation of light is enhanced by higher 
canopies and superior stress tolerance of lower canopies. The ad-
aptations of kelp forest algae appear to represent four distinct 
tactics: (1) ephemeral species with opportunistic life histories 
such as Desmarestia ligulata and filamentous algae in the order 
Ectocarpales; (2) surface canopy kelps such as Macrocystis and 
Nereocystis adapted to exploitative competition for light; (3) 
lower- level canopies such as stipitate kelps and foliose red algae 
adapted to lower light and/or physical stress from wave surge; 
and (4) algae such as corallines or those with chemical defenses 
that are adapted to resist grazing (Vadas, 1977). Within any par-
ticular site the relative patch dynamics are determined by bio-
logical relationships such as grazing resistance or competition, 

but the broad differences in patch dynamics among regions are 
determined by physical factors (Edwards, 2004).

RESOURCE PARTITIONING

Resource partitioning among similar, often closely related 
species is well known in the rocky intertidal where there are 
steep physical gradients related to wave exposure and tidal im-
mersion (Stephenson and Stephenson, 1972). Different species of 
barnacles, for example, are found at different tidal heights and 
have different growth and reproductive modes reflecting differ-
ences in exposure to air, competition, and predation (Connell, 
1961; Hines, 1978). Moreover, the multitude of similar, closely 
related species found in the intertidal (e.g., snails, limpets, nudi-
branchs, isopods) are seen on close observation to be in specific 
microhabitats or exhibit different trophic or reproductive traits 
(Ricketts et al., 1985; Foster et al., 1988; see the “Disturbance 
and Patch Dynamics” section above). On the other hand, the sub-
tidal habitat of kelp forests, always submerged and flushed with 
seawater, might be expected to be more homogeneous, and while 
the high diversity in kelp forests has long been known (Darwin, 
1839), that diversity might not be expected to partition into dif-
ferent uses of available resources. Such an expectation is quickly 
dispelled when kelp forests are entered using scuba diving. Sub-
tidal zonation patterns reflecting different levels of surge and 
light are evident as one descends into deeper water (Limbaugh, 
1955; aleem, 1956; McLean, 1962; Pequegnat, 1964; North, 
1971b; Foster and Schiel, 1985). Close observation reveals that 
similar species utilize different resources even within the same 
zones, illustrating as well as anywhere in the world the competi-
tive exclusion principle and resultant resource partitioning (Har-
din, 1960; Rosenzweig, 1991; McLoughlin et al., 2010). Here 
we present an example of resource partitioning among species 
of morphologically similar trochid gastropods that has been dis-
sected out of the kelp forest in the Hopkins Marine Life Refuge 
(HMLR, now a portion of Lovers Point State Marine Reserve) in 
Monterey Bay off Pacific Grove, California. This kelp forest has 
been the site of ongoing research and teaching since 1971 (Pearse 
and Lowry, 1974; Pearse et al., this volume). 

Lowry et al. (1974) first documented habitat differentiation 
by six species of trochid snails—two of Chlorostoma and one of 
Promartynia (all formerly in the genus Tegula, commonly called 
turban snails), and three of Calliostoma (commonly called top 
snails)—on four contrasting species of kelp forest algae. They 
simply removed all the snails from different portions of the 
algae and found that while the top snails occurred mainly on 
the seasonal reproductive fronds of Cystoseira osmundacea, tur-
ban snails were found mainly on fronds of Macrocystis pyrifera. 
Moreover, the species were arranged along the length of the float-
ing fronds, with some species being higher from the sea bottom 
than others, and the smaller individuals of all species being either 
near the sea bottom or on the two species of understory algae 
that were sampled. This preliminary study was followed- up in 
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more detail by Riedman et al. (1981), who quantified the species 
of turban snails on both M. pyrifera and the sea bottom in both 
March and august. Most of the turban snails were on the sea 
bottom in March after the winter storms had thinned the canopy 
and knocked many snails off the kelp. However, in august Chlo-
rostoma brunnea and Promartynia pulligo were mainly in the 
canopy of the well- developed kelp forest. Moreover, the species 
were concentrated in different portions of the kelp forest, with P. 
pulligo mainly in the outer, seaward side of the kelp forest and C. 
brunnea in the shoreward side extending into the lower intertidal, 
where it overlapped with the intertidal congener Chlorostoma 
funebralis (Figure 4). Chlorostoma montereyi was found mainly 
near or on the bottom in the middle of the kelp forest. 

In a beautiful series of observational monitoring and field 
experiments, Watanabe (1983, 1984a, 1984b) dissected out some 
of the factors responsible for this habitat partitioning among the 
turban snails. Larval recruitment appeared to be of major impor-
tance because adults showed little lateral movement and juveniles 

were found on the bottom in the same areas as the adults: C. brun-
nea recruits in the low intertidal/shallow subtidal on alga- covered 
rocks, P. pulligo recruits in the outer portion of the kelp forest on 
shell rubble, and C. montereyi recruits in between. On the other 
hand, little evidence was found for interspecific competition for 
either food or space, with little difference seen between interspe-
cific and intraspecific competition on growth and reproduction. 
Predation on adult snails, however, appeared to reflect the habi-
tat partitioning, with benthic predators (e.g., sea stars, demersal 
fishes) driving poorly defended, light- bodied individuals of P. pul-
ligo up onto the kelp and keeping heavy- shelled individuals of 
C. brunnea in shallow water where surge and dense algal cover 
makes them more difficult to detect. Chlorostoma montereyi, 
with the most active escape response from predatory sea stars 
and a deep shell within which to retreat if caught, did the best on 
or near the bottom. By offering actively foraging individuals of 
the predatory sea star Pisaster giganteus (in situ on the kelp for-
est floor) choices of narcotized versus nonnarcotized individuals 
of P. pulligo, Harrold (1982) further demonstrated the effective-
ness of the escape responses (running, twisting, tumbling) in these 
snails. On the other hand, it remained unclear what limits P. pul-
ligo from occurring in shallow water. 

Harrold (1982) did the same experiments with Calliostoma 
ligatum, the top snail Lowry et al. (1974) found to occur mainly 
near or on the bottom. These snails display an especially lively 
escape response when they detect sea stars nearby, and upon 
contact in the field were seen to vigorously twist or even jump 
and tumble away. Moreover, they cover their shells with mucus, 
making it difficult for the sea star to grasp them, and at least in 
laboratory aquaria were seen to bite at the tube feet of pursuing 
sea stars. 

a second species of Calliostoma, C. canaliculata, was found 
by Lowry et al. (1974) to be mainly on the seasonal reproduc-
tive fronds of Cystoseira osmundacea in the summer, shifting to 
Macro cystis pyrifera in the fall after the reproductive fronds of 
C. osmundacea disintegrate. But it and the other species of snails 
also occur on the bottom, especially in the winter when the kelp is 
much reduced, where they all encounter sea star predators. Bryan 
et al. (1997) reported that not only does C. canaliculata have an 
escape response to sea stars, but if captured clamps down to the 
substrate and produces a noxious mucus that repels the sea star. 
The active compound, a cationic neurotoxin, has been isolated 
and characterized by Wolters et al. (2005). Studies by Schmitt 
(1982, 1987) on other species of closely related trochid snails in 
southern California kelp forests have revealed similar differences 
in responses to predators, with species that flee predators or are 
distasteful being found in different areas. 

Clearly, different species of kelp forest snails differ in their 
responses to predators in relation to where they mostly occur in 
kelp forests, and their responses appear to reflect natural selec-
tion in their main habitats. However, whether their antipredator 
responses as well as the differential recruitment patterns seen in 
turban snails in the HMLR led to or are a consequence of re-
source partitioning remains unresolved. 

FIGURE 4. Distribution of 3 species of Chlorostoma and Promar-
tynia pulligo (both genera were within the genus Tegula) on fronds 
of Macrocystis pyrifera and on the bottom within the kelp forest of 
the Hopkins Marine Life Refuge from the upper intertidal to the 
seaward edge of the forest. at each station about 200 snails were col-
lected from the bottom, and all snails collected at stations between 
depths 3 and 12 m were collected from single large kelp plants. From 
Riedman et al. (1981).
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Physiological differences among these closely related snails 
also could reflect resource partitioning. Response to tempera-
ture, as evidenced by heat shock proteins (Tomanek and Somero, 
1999, 2002) and heart rate (Stenseng et al., 2005), for example, 
has been demonstrated to differ between the intertidal Chloros-
toma funebralis and C. brunnea and C. montereyi in the adjacent 
kelp forest (Figure 4). However, little or no difference was found 
between the two species of kelp forest snails, even though they 
differ in their depth distributions. 

The example of resource partitioning in trochid snails can be 
repeated with other groups of related species. For example, Hines 
(1982) thoroughly documented resource partitioning among five 
species of spider crabs in the HMLR. These species varied in size, 
distribution, food, and mechanisms to avoid predation so that 
there was a multidimensional niche separation among them, and 
similar utilization of one resource was generally complemented 
by dissimilar utilization of another resource. This work has not 
been repeated elsewhere, nor has it been taken to greater depths 
to understand the mechanisms involved. However, Hultgren and 
Stachowicz (2008, 2009, 2010) have compared variation in color 
and extent of decoration as camouflage from predators in these 
and related crabs in northern California, extending Hines’s work 
on that aspect of their biology. 

another suite of species that are conspicuous members of 
kelp forests in the HMLR are corals and corallimorpharians, 
and these vary in their distributions and life histories. The corals 
Balanophyllia elegans, Paracyathus stearnsii, and Astrangia lajol-
laensis generally occur on the tops, on the middle portions, and 
near the bases of vertical surfaces of rocks, respectively, while 
the corallimorpharian Corynactis californica occurs mainly on 
the tops and upper portions. Chadwick (1991) showed that this 
distributional pattern seen while diving reflects an interspecific 
dominance hierarchy demonstrated in the lab with C. californica 
and influences the abundance and population structure of B. el-
egans by reducing reproductive output, increasing larval mortal-
ity, and altering recruitment patterns. Moreover, C. californica 
kills all three species of corals (Chadwick, 1987), in particular 
A. lajollaensis, which, like C. californica, grows by cloning, with 
clones of both species able to cover large areas (Fadlallah, 1982; 
Chadwick and adams, 1991). Both A. lajollaensis and C. cali-
fornica broadcast spawn eggs that produce pelagic larvae (Fad-
lallah, 1982; Holts and Beauchamp, 1993) whereas the other 
two coral species are solitary but differ in life span and mode 
of reproduction. Balanophyllia elegans is relatively short lived, 
broods embryos, and produces demersal, crawling larvae (Fad-
lallah and Pearse, 1982a; Fadlallah, 1983), while P. stearnsii is 
long lived, broadcasts eggs, and produces pelagic larvae (Fadlal-
lah and Pearse, 1982b). These differences in reproductive modes 
not only affect patterns of recruitment (high in B. elegans, low 
in P. stearnsii), but also influence the genetic structure of the 
populations over their range on the west coast (Beauchamp and 
 Powers, 1996; Hellberg, 1996). 

These three examples illustrate quite different forms of 
resource partitioning among similar taxa within a kelp forest. 

With the trochid snails and spider crabs, the issue appears to be 
mainly predators and dealing with them in different portions of 
the kelp forest with different defensive tactics, while with the 
corals and corallimorpharians direct interspecific competition is 
more important and is dealt with both spatially and temporally. 
although these interactions are general, and can be looked at in 
all habitats, terrestrial or marine, they differ in specifics depend-
ing on the particular taxa involved. Testing and understanding 
the mechanisms of resource partitioning in kelp forests has been 
enabled by the use of scuba, allowing for both the evaluation of 
the robustness of ecological theory and the teasing apart of how 
similar species live together in this important coastal ecosystem. 

KELP FORESTS, SEA URCHINS,  
AND ABALONE

Sea urchin grazing is well known to impact algal commu-
nities (Lawrence, 1975; Harrold and Pearse, 1987), knowledge 
gained primarily through observations, quantitative sampling, 
and experiments done with scuba. In some regions, two alternate 
stable states have been reported: lush kelp forests with high spe-
cies diversity, and deforested areas, which have been described 
as depauperate barrens dominated by sea urchins and crustose 
coralline algae (Leighton et al., 1966; Steneck et al., 2002). While 
this description highlights the extremes, many locations fall along 
a continuum (Graham, 2004). In California, kelp forests exist 
that exhibit a range of community compositions, with large- scale 
deforestation being characteristic of less than 10% of forests de-
scribed (Foster and Schiel, 1988). The composition of individual 
forests varies, in part due to changes in sea urchin feeding behav-
ior from passive capture of drift algae to active grazing in “fronts” 
that remove giant kelp, subcanopy, and turf algae alike (Dean et 
al., 1984). Severe storms appear to be important triggers for this 
behavioral switch as they decrease the availability of drift algae 
(Ebeling et al., 1985; Harrold and Reed, 1985). 

While human fishing has dramatically reduced large preda-
tors in giant kelp forests in southern California (Dayton et al., 
1998), there are conflicting views concerning the importance 
of fishing in determining the state (forested or barren) of rocky 
reef communities in this region (Jackson et al., 2001; Foster and 
Schiel, 2010). In addition to fishing, disease and physical and 
chemical factors such as temperature, nutrients, sedimentation, 
and large waves are also known to control algae and the herbi-
vores that graze on them (Pearse et al., 1970; Cowen et al., 1982; 
Dayton et al., 1999; Behrens and Lafferty, 2004). It is becoming 
increasingly clear that all such factors acting alone or in combi-
nation contribute to kelp deforestation and the formation of sea 
urchin barrens. 

as Polis and Strong (1996) proposed for terrestrial systems, 
the complex food webs of California kelp forests may buffer the 
community from trophic cascades that result in deforestation. By-
rnes et al. (2006) argue based on kelp forest monitoring data from 
southern California that kelp abundance is related to predator 
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diversity, not predator density. Strong trophic cascades, however, 
have been described in alaska where food webs are simpler (Estes 
and Palmisano, 1974). Elsewhere in the world, local environmen-
tal factors such as wave action and sedimentation appear to im-
pact kelp forest trophic cascades (Shears et al., 2008). 

There is little evidence for kelp deforestation in northern 
California (from San Francisco north to the Oregon border). 
Canopy- producing kelps in the region are predominantly bull 
kelp, Nereocystis luetkeana, one of the fastest growing and most 
productive annual kelps in the world. This region has relatively 
high nutrients, and intense wave action that can cause sea ur-
chin mortality (Ebeling et al., 1985) and impede feeding (Lissner, 
1983) for much of the year (Foster and Schiel, 1985). Drift algal 
abundance is highly seasonal with a peak in the fall when the 
first winter storms rip out summer’s growth, providing a brief 
pulse of drift algae (Rogers- Bennett, 1994). In addition, sea ur-
chin recruitment in the area appears to be lower and more spo-
radic than in southern California (Ebert et al., 1994), suggesting 
sea urchin recruitment may not be as successful in the north. 

To examine the potential effects of fishing red sea urchins on 
kelp deforestation in northern California, one study compared 
kelps and subtidal algae inside and outside two areas closed to 
sea urchin fishing for 20 years (Figure 5). There was no evidence 
for deforestation inside the closures despite more than double the 
density of red sea urchins compared to fished areas outside. aerial 
surveys from multiple years showed interannual variability in sur-
face canopy cover, but no differences in surface canopies inside 
and outside the sea urchin closures. Furthermore, subtidal surveys 

inside and outside the closed areas showed no differences in can-
opy, subcanopy, turf, or crustose coralline algae cover (Rogers- 
Bennett et al., 2011). This study suggests that areas where sea 
urchin fishing is prohibited will not become overpopulated with 
sea urchins and deforested at these spatial scales within a twenty- 
year time period. Behrens and Lafferty (2004) found that rocky 
reefs inside one reserve in southern California were more likely 
to support kelp compared to fished sites, and the difference was 
attributed to fishing for sea urchin predators such as lobster (Laf-
ferty, 2004). This differs from northern California where the re-
serve protected sea urchins from the sea urchin fishery. 

Sea urchins directly and indirectly modulate shelter and 
food resources within kelp forests and can be regionally impor-
tant ecosystem engineers (Rogers- Bennett, personal observation). 
Through their role as dominant grazers, sea urchins act to struc-
ture surrounding assemblages of algae and sessile invertebrates. 
Urchin grazing of giant kelp holdfasts can weaken structural in-
tegrity and lead to increased mortality during storms, while even 
slight damage to stipes can result in substantial losses of biomass 
even during relatively calm conditions (Tegner et al., 1995; Dug-
gins et al., 2001). Sea urchins can also modify rocky substrates 
by forming home scars, which they maintain free of algae and 
invertebrates (Rogers- Bennett, 1994). 

The canopies of spines of individual and groups of sea urchin 
species provide important biogenic structures in kelp communities 
in many parts of the world (Tegner and Dayton, 1977; Kojima, 
1981; Mayfield and Branch, 2000; Townsend and Bologna, 2007). 
In California, red sea urchins provide refuge for both juvenile 

FIGURE 5. Divers surveying red sea urchins along a subtidal transect in northern California (left; photo by S. Fitzgerald) and red sea urchin 
spine canopy with juvenile sea urchins beneath (right; photo by L. Rogers-Bennett).
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conspecifics (Figure 5; Tegner and Dayton, 1977; Rogers- Bennett 
et al.,1995) and a suite of other organisms such as juvenile fishes, 
crabs, and snails (Rogers- Bennett and Pearse, 2001). Juvenile aba-
lone have been shown to utilize sea urchin spine canopies in Cali-
fornia (Rogers- Bennett and Pearse, 2001), Canada (Tomascik and 
Holmes, 2003) and South africa (Mayfield and Branch, 2000). 
animals that take shelter under the spine canopy garner protec-
tion from wave action and predators, but do not appear to benefit 
from additional food (Nishizaki and ackerman, 2004). In the lab-
oratory, the number of juvenile sea urchins moving toward spine 
canopy shelter increased with increasing water flow and predators 
(Nishizaki and ackerman, 2001). Similar behavior observed in the 
presence of predators was attributed to the release of a chemical 
cue by adults that triggered juveniles to seek shelter. adults did 
not respond to the cue presumably because they have a size refuge 
from predation (Nishizaki and ackerman, 2005).

Much like that by sea urchins, grazing by abalone alters 
the structure of kelp forest communities by maintaining patches 
dominated by crustose coralline algae (Douros, 1985; Miner 
et al., 2007). The formation of such patches provides chemi-
cal cues critical for successful settlement and metamorphosis of 
their larvae (Morse et al., 1979). This in turn maintains coralline 
algal patches over time. Sedimentation (Onitsuka et al., 2008) 
and conditions that lead to overgrowth by fleshy algae hinder 
settlement of abalone larvae, ultimately leading to the demise 
of coralline patches. In one long- term study of intertidal black 
abalone, Haliotis cracherodii, in California, sites with few black 
abalone had recruitment failure following population devasta-
tion from a virulent disease, which led to a dramatically altered 
community structure (Miner et al., 2007). Sites without abalone 
had less crustose coralline algae and more fleshy algae and sessile 
invertebrates such as tube worms, sponges, and tunicates, which 
further hinder abalone recruitment (Miner et al., 2007). With 
this negative feedback further preventing abalone recovery, these 
changes in community structure may be long term.

as described above, interactions among kelp, sea urchins, 
and abalone can have profound effects on the structure and dy-
namics of giant and bull kelp forest communities. Moreover, there 
is a growing awareness of the role oceanographic processes play 
in driving kelp dynamics (Dayton and Tegner, 1984; Tegner and 
Dayton, 1987; see “Patterns and Controls of Primary Production 
in Kelp Forest Ecosystems” and “Disturbance and Patch Dynam-
ics” sections in this paper), sea urchin recruitment (Watanabe and 
Harrold, 1991; Ebert et al., 1994), and abalone growth (Haaker et 
al., 1998) and reproduction (Vilchis et al., 2005; Rogers- Bennett 
et al., 2010). all of these species are (or have been) fished for 
recreational and commercial use in California. Overfishing can 
have widespread detrimental impacts on biodiversity (Coleman 
and Williams, 2002). Consequently, a management approach for 
kelp forests based on the ecosystem rather than on individual 
component species will likely be most successful in conserving 
the diversity and ecological function of these prominent and im-
portant coastal ecosystems and their services. The establishment 
of a network of marine protected areas in California is one tool 

managers can use to implement ecosystem- based management 
(see “Scuba- Based Management” section in this paper).

Ocean warming has the potential to have major impacts 
on kelp forest communities in California (Schiel et al., 2004). 
Extensive work has shown that low nutrients associated with 
warm water conditions lead to reductions in the extent of giant 
kelp canopies (Tegner and Dayton, 1987; Edwards, 2004). Warm 
water is also associated with increases in sea urchin recruitment, 
perhaps due to increases in planktonic food for larvae or higher 
larval settlement enhanced by reductions in offshore advective 
currents (Ebert et al., 1994). When prolonged, such conditions 
lead to greater competition for food among adult sea urchins, 
reducing gonad development and subsequent larval production. 
When food is in short supply, sea urchins may switch from pas-
sively feeding on drift algae to more destructive, active grazing, 
which in turn further reduces the availability of their food re-
sources. Not surprisingly, commercial landings of the red sea 
urchins in southern California are negatively associated with El 
Niño (Foster and Schiel, 2010) as the warm, nutrient- poor water 
coupled with large waves leads to drastic reductions in kelp and 
subsequent decreases in sea urchin gonad production, thereby 
reducing the quality of fishery gonad product. 

During periods of warm ocean conditions, abalone have 
decreased growth (Haaker et al., 1998), decreased reproduction 
(Vilchis et al., 2005), and enhanced mortality due to starvation 
or disease events (Rogers- Bennett et al., 2010). Warm water 
along with bacterial infection is needed to trigger the expression 
of the lethal disease Withering Syndrome (Moore et al., 2000). 
One species of abalone protected in California, the flat abalone, 
H. walallensis, has shifted its range north into Oregon, perhaps 
as a consequence of ocean warming, making it vulnerable to a 
small commercial fishery (Rogers- Bennett, 2007). at the same 
time, warm water events may enhance the recruitment of aba-
lone predators such as sheephead (Cowen, 1985) and spiny lob-
sters in southern California, further evidence of the need for an 
ecosystem perspective. 

The collective evidence to date suggests that fishing, ocean 
warming, andnutrient reduction may act synergistically to nega-
tively impact giant kelp forest communities (Harley and Rogers- 
Bennett, 2004; Ling et al., 2009). as ocean warming increases, 
sustainable management of species within kelp forest communi-
ties will be critical and complex. a greater understanding of the 
direct and interactive effects of physical and biological processes 
that drive population dynamics of key species in California’s kelp 
forests will be needed to successfully implement ecosystem man-
agement and sustain kelp forest communities; this understand-
ing will demand the observational and experimental research on 
kelp forest systems enabled by scuba.

SCUBA- BASED MANAGEMENT

When aqua- Lungs arrived in California, they were almost 
immediately used to investigate concerns raised by the public, 
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fishers, and resource managers about human impacts on kelp 
forest ecosystems. These concerns reflected the great diversity of 
resources and services that kelp forests provide society, their eco-
nomic and recreational values, and the growing intensity of uses. 
Most recently, ecosystem- based approaches to management have 
fueled appreciation for a more holistic understanding of these 
forests and assessment of the cumulative impacts of humans. 
The many contributions of science to fundamental advances in 
conservation and management of kelp forests in California and 
elsewhere would simply not have happened without scuba. 

In its present form, ecosystem- based management (EBM) 
represents a movement away from single species and toward 
comprehensive consideration of the structural and functional 
attributes of ecosystems, how these attributes contribute to 
ecosystem resiliency and the production and sustainable use of 
resources, and how ecosystems respond to both environmental 
perturbations (e.g., climate variation) and human interventions 
(e.g., fishing and pollution). Ecosystem- based management em-
ploys and evaluates new approaches and tools to best manage 
human impacts. In this section, we provide brief examples to il-
lustrate the contribution of scuba- based research in kelp forest 
ecosystems to various aspects of EBM.

Scuba- based research has been essential as it provides quan-
titative descriptions of kelp forest ecosystems that are the basis 
of numeric and conceptual models of these ecosystems (e.g., Fos-
ter and Schiel, 1985; Graham et al., 2008; Byrnes et al., 2011). 
Particularly important is understanding the relationships be-
tween the abiotic and biotic components. One example of this 
approach is the design of mitigation for human- caused losses of 
forests. When the discharge of cooling waters from a power plant 
in southern California led to kelp forest losses, it was decided 
to mitigate that impact by creating a comparable forest and its 
associated recreational and commercial fisheries on a man- made 
reef placed nearby (ambrose, 1994). To determine the most ap-
propriate physical structure for the reef, wide- ranging regional 
surveys (ambrose and Swarbrick, 1989) and experimental mod-
ules that varied reef size and substrate type, size, and complex-
ity were conducted by divers to quantify how the structure of 
the kelp forest community responded to variation in these reef 
features (Reed et al., 2006). Based on the responses (California 
Coastal Commission, 2008), a large man- made rocky reef was 
constructed that, as revealed by continuing surveys, appears to 
support a kelp forest with the biotic attributes of natural for-
ests in the region (Reed et al., 2012). In this example, surveys 
to determine species–habitat relationships were used to inform 
a mitigation program, but these relationships are also useful for 
identifying “essential fish habitat,” habitat like kelp forests that, 
if protected, helps ensure sustainable populations of temperate 
reef fishes and invertebrates. 

Some species have particularly influential functions in eco-
systems, and identifying these species and their functions and 
understanding the consequences of their loss are critical require-
ments for EBM. Canopy- forming kelps are a clear example; 
changes in their abundance affect, directly or indirectly, the 

species composition, abundance, and diversity of other algae, in-
vertebrates, and fishes associated with kelp forests (e.g., Reed and 
Foster, 1984; Graham, 2004). Their influence is also manifested 
at the highest trophic levels (e.g., fishes, birds, marine mammals, 
human use) by extending habitat structure and fueling phenom-
enally productive detritus-  and grazer- based trophic pathways 
(e.g., Duggins et al., 1989; Salomon et al., 2008) that support 
the production of valuable fished species such as abalone, sea 
urchins, and, indirectly, spiny lobster. as habitat structure, kelps 
and other algae provide refuge from predation for adult and 
young fishes (reviews by Carr and Syms, 2006; Steele and an-
derson, 2006), and habitat for predatory fishes to hide in, allow-
ing a greater occupation of the water column of the reef. Early 
studies (e.g., North and Hubbs, 1968) used scuba to experimen-
tally evaluate the effects of harvesting giant kelp canopies (for 
chemicals and food) on adult fish and giant kelp populations, 
and the results were used to inform harvest management. Recent 
studies are producing recommendations for harvest practices 
that would minimize impact on the canopy function of nursery 
for young fishes (M. W. Beck, The Nature Conservancy, personal 
communication).

Ecosystem- based management of kelp forest systems is also 
concerned with understanding and predicting how they respond 
to climate variation, information that can be used to adjust 
management scenarios to accommodate that variation. Studies 
using scuba have characterized the response of kelp forests to 
climatic variation and how these responses vary geographically 
and over time for both shorter-  (e.g., El Niño/La Niña) as well 
as longer- term (e.g., Pacific Decadal Oscillations [PDO]) changes 
in oceanographic conditions. For example, long- term monitor-
ing of recruitment dynamics of kelp forest fishes using visual 
surveys or larval collectors (e.g., light traps, SMURFs [Standard 
Monitoring Units for the Recruitment of Temperate Reef Fishes]), 
has been coupled with oceanographic observations and indices 
(e.g., upwelling indices) to identify conditions that drive tempo-
ral and spatial variation in the replenishment of fish populations 
(e.g., Findlay and allen, 2002; Carr and Syms, 2006; Caselle et 
al., 2010a, 2010b). Such knowledge is critical to predictions of 
year- class strength of fisheries and longer- term changes in the pro-
ductivity of fishery stocks. Large- scale, long- term surveys of kelp 
forests have characterized the marked response of kelp forest eco-
systems to episodic storm events, including those associated with 
El Niño and La Niña events (Dayton and Tegner, 1984; Ebeling et 
al., 1985; Dayton et al., 1992, 1999; Reed et al., 2000), and how 
the scales of response and recovery vary geographically (Edwards, 
2004). Such surveys have also identified how fish assemblages 
in kelp forests change in response to longer- term oscillations in 
oceanographic conditions such as the PDO (Holbrook et al., 
1997). By explaining variation in population abundance and pro-
ductivity of entire kelp forest ecosystems, fisheries managers can 
modify fishing mortality accordingly. These studies also provide 
insight into how kelp forests and associated fisheries production 
may respond to impending changes in ocean climate (Carr et al., 
2011), as do studies that have capitalized on artificially altered 
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environmental conditions such as warm water discharged into 
kelp forests by coastal power plants (Schiel et al., 2004).

Key to the success of EBM and the sustainable use of kelp 
forest resources is the development of management strategies 
that facilitate ecosystem integrity, productivity, and resilience. 
One strategy of growing attraction is networks of marine pro-
tected areas (MPas), including marine reserves, designed to pro-
tect structural and functional attributes of whole ecosystems. In 
addition to their conservation potential, ecosystems inside MPa 
networks provide reference conditions which, when compared 
with carefully selected, similar ecosystems subjected to human 
uses (Hamilton et al., 2010), can better identify the ecosystem- 
wide consequences of those activities. For example, coupled with 
oceanographic observations, monitoring MPa networks with 
scuba can distinguish responses of ecosystems to fishing from 
responses to climatic variation (Carr et al., 2011), a problem that 
has vexed fisheries management from its inception. One com-
mon goal of MPa networks is to preserve biodiversity within 
and among ecosystems, and knowledge of the geographic varia-
tion of kelp forest community structure is critical to ensure that 
the distribution of MPas encompasses that variation. Large- scale 
surveys of kelp forest ecosystems with scuba were used to in-
form the design of MPa networks developed along the coast of 
California. These surveys were critical to identifying geographic 
patterns of ecosystem structure and were used to define “biore-
gions” with distinct community composition (California MLPa, 
2009). Marine protected area networks were then designed to 
ensure protection of replicate areas of key habitat in each “biore-
gion,” thereby ensuring protection of the diversity of community 
or ecosystem types across the network. 

Scuba studies along the California coast (Figure 6) have 
played a critical role in informing the size and spacing of MPas, 
and fisheries management in general by facilitating observational 
and telemetric studies of fish movement. Scuba greatly enhances 
the deployment and maintenance of telemetry equipment, and 
the collection, return, and supplemental observation of tagged 
fishes. The data allow scientists to determine the home range 
sizes of important fish species targeted by fishing, which are 
used as a guideline to determine the minimum size of individual 
MPas. Likewise, quantitative relationships between species di-
versity and habitat area generated from surveys with scuba are 
used to determine the MPa size necessary to include substantial 
portions of the biodiversity present in a given region (California 
MLPa, 2009). 

Functioning MPa networks require population connec-
tivity through larval dispersal of the species they protect, so 
spacing MPas at distances within the range of larval dispersal 
enhances replenishment between adjacent MPas and to habi-
tats between MPas to help replenish fished populations. Collec-
tion of recently settled fish larvae with hand nets (e.g., BINCKE 
[Benthic Ichthyo- fauna Net for Coral/Kelp Environments] nets; 
anderson and Carr, 1998) and larval collectors (e.g., SMURFs; 
ammann, 2004) facilitates estimates of larval durations derived 
from counting daily increment formation in otoliths (ear bones 

of fishes). These larval duration estimates have been used in con-
junction with ocean circulation models to estimate dispersal dis-
tances to inform the spacing of MPas in a network. 

Diving surveys play a critical role in monitoring MPas and 
evaluating how effective they are in protecting kelp forest eco-
systems (Figure 6), and have been used to identify population 
and ecosystem responses to MPas in California (e.g., Hamilton 
et al., 2010) and elsewhere (e.g., Ling et al., 2009). However, it 
is all too often lost on management agencies and policy makers 
that these MPa monitoring programs produce information of far 
wider- ranging application. Comparison of changes in abundance 
of species inside and outside MPas has allowed the discovery of 
important species interactions, functional roles of species, and 
species’ responses to fishing effects (Babcock et al., 1999; Shears 
and Babcock, 2002, 2003; Barrett et al., 2009). as such, moni-
toring studies for MPa evaluation simultaneously provide the 

FIGURE 6. Map of marine protected areas (MPas) on the coast 
of central California between Monterey Bay and Point Concep-
tion. Monitoring sites surveyed to evaluate responses of kelp forest– 
associated species are indicated inside (red diamonds) and outside 
(green diamonds) of individual MPas.
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information necessary to identify the ecosystem- wide effects of 
fishing, a fundamental objective of EBM as mentioned above. 
Moreover, recent studies have demonstrated how scuba sur-
veys can produce more precise and comprehensive descriptions 
of fish assemblages than fishery- based sampling methods alone 
(hook and line, traps, etc.), thereby better identifying the local 
changes in fish assemblages in response to fishing (Starr et al., 
2010). Scuba surveys in and out of MPas can also produce bet-
ter estimates of the trends in fishery stocks associated with kelp 
forests than can be gleaned from fishery- dependent data alone, 
which are often confounded by serial depletion (i.e., by serially 
sampling populations in previously unfished locations, no evi-
dence of overharvesting is detected; Schroeter et al., 2001). The 
insights gained from such an approach have been clearly shown 
by Ling et al. (2009), who unraveled complex relationships be-
tween ocean warming, sea urchin dispersal and abundance, kelp 
forest dynamics, abalone abundance, and lobster fishing. This 
ecosystem- based study led to the recognition of the important 
function of large lobsters in Tasmanian kelp forest ecosystems 
altered by climate change. 

CONCLUSIONS

The use of scuba as a research tool in the USa has its hold-
fast in the giant kelp forests of California. The above discussions 
cover only a few of the past and present uses of scuba but clearly 
show it has been and will continue to be an indispensable tool 
for scientists, conservationists, and resource managers. In addi-
tion to scuba and the accessory research tools and techniques for 
use with it, there have been significant advances in and deploy-
ment of satellite and in situ systems that can record a variety of 
relevant oceanographic phenomena (and often require scuba div-
ing for placement and maintenance). The implementation and in-
tegration of these ocean- observing systems, MPa networks, and 
long- term monitoring studies provides unprecedented opportu-
nities (Carr et al., 2010). Never before have such valuable tools 
been available to explore kelp forest ecosystems. The knowledge 
gained from their exploration informs conservation efforts, en-
suring that humans continue to benefit from these fascinating 
and valuable ecosystems but do not impair their integrity, bio-
diversity, productivity, and resilience. Moreover, scuba allows 
scientists to observe obscure biological phenomena and interac-
tions among species in a formerly inaccessible world, reviving 
the ability for people to follow their curiosity into understand-
ing both intricate details and a grander perspective on how our 
world functions as a whole.
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