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Executive Summary

The black abalone (Haliotis cracherodii Leach, 1814) is a relatively large prosobranch
gastropod mollusk ranging from approximately Pt. Arena in northern California, USA, to
Bahia Tortugas and Isla Guadalupe, Mexico. Populations of black abalone on offshore
Islands, especially those of southern California, were particularly large prior to the
middle 1980s. Black abalone occur in rocky intertidal and shallow subtidal habitats on
exposed outer coasts, where they occur primarily in crevice microhabitats and feed
preferentially on large drifting fragments of marine algae such as kelps. Black abalone
reach a maximum size of about 200 mm (maximum diameter of the elliptical shell) but
more typically reach sizes in the range of 100-140 mm. Maximum longevity is thought
to be 20-30 years. Black abalone have separate sexes and are broadcast spawners.
Lecithotrophic larvae are thought to be planktonic for 4-10 days before settlement and
metamorphosis. Dispersal capability of larvae is limited, and genetic data indicate
population structure on a spatial scale consistent with known dispersal characteristics.
Black abalone shells are abundant in midden deposits left by Native American cultures in
a number of locations, but especially in the Channel Islands of southern California,
suggesting that black abalone served as a significant source of human nutrition among
indigenous peoples along the coasts of California and Baja California in times past.
Black abalone were popular targets for recreational harvest through much of the twentieth
century, and have been harvested commercially since the 1950s. During a brief period in
the early 1970s black abalone were the predominant commercially harvested abalone
species in California as measured by tonnage landed. Black abalone have been harvested
intermittently by commercial fishing cooperatives along the coast of the Baja California
Peninsula, primarily in the region between the U.S.-Mexico border and the border
between the States of Baja California and Baja California Sur. Since 1990, commercial
harvests of black abalone in Mexico have declined by more than 98%.

A lethal disease, withering syndrome, was first detected in black abalone at Santa Cruz
Island, California, in 1985. The disease is caused by a Rickettsiales-like prokaryotic
pathogen of unknown origin that invades digestive epithelial cells and disrupts absorption
of digested materials from the gut lumen into the tissues. Progressive signs of disease
include pedal atrophy, diminished responsiveness to tactile stimuli, discoloration of the
epipodium, and a loss of ability to maintain adhesion to rocky substratum. The
etiological agent of withering syndrome has been formally described and is presently
known as ‘Candidatus Xenohaliotis californiensis’. Withering syndrome spread
progressively through the California Islands from 1986 to the middle 1990s, and spread
to mainland populations in both California and Mexico beginning in 1988 at a site near
Diablo Canyon, California. Withering syndrome has caused mass mortalities of 95% or
greater in black abalone at virtually every location that has been investigated. At present
(January 2008), all known black abalone populations south of Monterey County,
California, have experienced major losses, thought largely to be due to withering
syndrome. Available evidence indicates that mass mortalities associated with the disease
continue to expand northward along the California coast. Information from Mexico
indicates widespread occurrence of withering syndrome and mass mortalities of black
abalone over the past two decades.
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Rate of black abalone mortality associated with withering syndrome is known to be
enhanced by periods of ocean warming, such as those associated with recent EI Nifio —
Southern Oscillation oceanographic events in the Pacific Ocean. This pattern suggests
that progression of ocean warming, associated with large-scale climate change, may
facilitate further and more prolonged vulnerability of black abalone to effects of
withering syndrome.

Other factors may have contributed to losses in black abalone populations in recent
decades. Consumption by natural predators may be important to survival rate for all ages
and sizes of black abalone. Excessive harvests, especially in California by commercial
interests and recreational fishers, probably contributed to losses as well. Close proximity
and ready access of mainland populations of black abalone to human activity and
population centers probably have facilitated high rates of illegal harvest for many decades
in California and Mexico. Black abalone are probably vulnerable to certain types of
pollution such as major oil spills in coastal marine waters, but few such occurrences have
been documented to date.

All forms of legal harvest of black abalone were suspended by the State of California in
1993, in response to documentation of population damage caused by withering syndrome.
In 1997 the State of California placed all abalone harvests south of the Golden Gate
under indefinite moratorium. At present the only surviving fishery for abalone in
California is the recreational harvest of red abalone (Haliotis rufescens Swainson, 1822)
in northern California. On 23 June 1999 the black abalone was added to the list of
Candidate Species by the National Marine Fisheries Service (NMFS; 64 FR 33466), in
the context of consideration for federal protected status pursuant to the Endangered
Species Act of 1973 (ESA; 16 U.S.C. 1531 et seq.) as amended. The black abalone was
transferred to the NMFS List of Species of Concern on 15 April 2004 (69 FR 19975).
The species was added to the Red List of Threatened Species by the World Conservation
Union (IUCN) in 2003, and was classified as “critically endangered”. NMFS initiated an
informal status review for black abalone on 15 July 2003, and conducted biological
scoping workshops on 29-30 January 2004 and 31 July-1 August 2006. A formal status
review was announced by NMFS on 17 October 2006 (71 FR 61021). On 27 December
2006 NMFS received a petition from the Center for Biological Diversity (CBD)
requesting that black abalone be added to the List of Threatened and Endangered Species
as defined by the ESA, and that critical habitat for the species be designated concurrent
with a decision on listing. As required by section 4(b)(3)(A) of the ESA, NMFS
published a finding on 13 April 2007 (72 FR 18616) indicating that the CBD petition
presented substantial scientific information, and that the petitioned action might be
warranted.

In June 2007 NMFS convened the Black Abalone Status Review Team (SRT) with the
charge to develop a Black Abalone Status Review Report (Status Review) as mandated
by the ESA. The purposes of the Status Review are to evaluate available information and
data on the following topics as they relate to ESA listing: (1) long-term trends in
abundance throughout the species range; (2) potential factors for the species’ decline
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throughout its range (e.g., over-harvesting, natural predation, disease, habitat loss, etc.);
(3) historic and current range, distribution and habitat use of the species; (4) status of
populations in Baja California, Mexico; (5) historic and current estimates of population
size and available habitat; (6) knowledge of various life history parameters (size/age at
maturity, fecundity, length of larval stage, larval dispersal dynamics, etc.); and (7)
projections of population growth or decline and risk of extinction.

The work of the SRT has been facilitated by the large number of longitudinal fishery-
independent studies that have been made in black abalone populations. Many are of
substantial duration, with four exceeding two decades. A strikingly consistent pattern in
the extensive data, detected across a number of locations, is the reduction of black
abalone densities to low numbers in apparent response to the effects of withering
syndrome. Recent analyses of interactions of population trends and local size frequency
distributions indicate that, in virtually all such cases, densities have been reduced to a
point where successful fertilization may not be possible. This pattern is a consequence of
the breeding system in black abalone, requiring that animals of different gender spawn in
temporal synchrony while in close proximity in order to achieve successful fertilization
and larval production. Because of the extreme turbulence typical of rocky intertidal
habitats on exposed outer coast locations, isolated individual black abalone have no
chance of successful fertilization, even if in optimal health and reproductive status,
because gametes are immediately dispersed before encounter with gametes of the
opposite sex is possible.

The SRT has concluded that reduction in local densities below thresholds necessary for
successful fertilization during spawning has been a widespread and pervasive
consequence of population reductions by withering syndrome and other factors. Based
on available information and the collective experience and expertise of the SRT, it is
concluded that the likelihood that black abalone can spontaneously develop attributes that
would reverse effects of reduced densities is extremely low. The SRT also has concluded
that a reduction or cessation of the northward spread of withering syndrome effects, to
those populations of black abalone not yet affected by the disease, is highly unlikely.
Although illegal harvest, natural predation, and possibly other factors may be
contributing to the present status of black abalone, it is the view of the SRT that risks
associated with withering syndrome are the primary cause for concern about the survival
of black abalone as a species.

The SRT agrees unanimously that without identification, development, and
implementation of effective measures to counter the population-level effects of withering
syndrome, black abalone are likely to become effectively extinct within 30 years. The
actual loss of all black abalone may linger for a longer period of undetermined duration
because long-lived individuals may persist after local populations are no longer able to
reproduce because of reduced local densities. However, persistence of a few individuals
at very low density will not forestall extinction of the species. The Team therefore
believes that black abalone is in danger of extinction throughout all of its range.
Continued maximum levels of protection from other sources of anthropogenic mortality



will be essential to mainain any hope of recovery of black abalone while population-scale
disease counter-measures are considered, developed, and implemented.
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1.0 Introduction

Black abalone (Haliotis cracherodii Leach, 1814) was added to the Candidate Species list
of the National Marine Fisheries Service (NMFS) on 23 June 1999 (64 FR 33466),
transferred to the NMFS Species of Concern list on 15 April 2004 (69 FR 19975), and
has since been considered for addition to the List of Endangered and Threatened Species
as created by the Endangered Species Act of 1973 as amended (ESA; 16 U.S.C. 1531 et
seq.). The species is currently listed on the World Conservation Union (IUCN) Red List
of Threatened Species (Smith et al. 2003). NMFS initiated an informal ESA status
review of black abalone on 15 July 2003, and conducted biological scoping workshops on
29-30 January 2004 and 31 July-1 August 2006. NMFS formally announced initiation of
a black abalone status review on 17 October 2006 (71 FR 61021), and solicited
information from the public regarding: life history and current status of the species,
historic and current distribution and abundance patterns, potential factors for the species’
decline (e.g., overharvesting, natural predation, disease, habitat loss, etc.), and ongoing
conservation measures being taken to protect the species.

On 27 December 2006, NMFS received a petition from the Center for Biological
Diversity (CBD) of Tucson, Arizona, requesting that NMFS list black abalone as either
an endangered or threatened species under the ESA and designate critical habitat for the
species concurrently with the listing determination. As required by Section 4(b)(3)(A) of
the ESA, NMFS published a finding on 13 April 2007 (72 FR 18616) stating that the
CBD petition presented substantial scientific information and that the petitioned action
might be warranted.

1.1  Scope and Intent of Present Document

In June 2007, NMFS convened the Black Abalone Status Review Team (SRT),
comprised of experts in the fields of abalone biology and ecology, community ecology,
conservation biology, population dynamics and modeling, and marine policy and
management, to develop a Black Abalone Status Review Report (Status Review) as
mandated by the ESA. The purposes of the Status Review are to evaluate available
information and data on the following topics as they relate to ESA listing: (1) long-term
trends in abundance throughout the species range; (2) potential factors for the species’
decline throughout its range (e.g., overharvesting, natural predation, disease, habitat loss,
etc.); (3) historic and current range, distribution, and habitat use of the species; (4) status
of populations in Baja California, Mexico; (5) historic and current estimates of
population size and available habitat; (6) knowledge of various life history parameters
(size/age at maturity, fecundity, length of larval stage, larval dispersal dynamics, etc.);
and (7) projections of population growth or decline and risk of extinction.

The Status Review will aid NMFS in determining if the species warrants listing under the

ESA. A listing decision is made by NMFS after considering the Status Review and its
conclusions as well as current conservation efforts.
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1.2  Key Questions in ESA Evaluations
1.2.1 The “Species” Question

In determining whether a listing under the ESA is warranted, two key questions must be
addressed: 1) is the entity in question a "species” as defined by the ESA; and 2) if so, is
the "species™ in danger of extinction or likely to become an endangered species in the
foreseeable future throughout all or a significant portion of its range?

For the purpose of the ESA, a species is defined as “any species or subspecies of wildlife
or plants, or any distinct population segment of any species of vertebrate fish or wildlife
which interbreeds when mature.” Black abalone is a marine invertebrate and is not a
subspecies, therefore it may not be subdivided into a listable unit beyond the taxonomic
species level. In a case such as this, the status of the species throughout its entire range
must be considered when evaluating extinction risk.

1.2.2 Extinction Risk

Section 3 of the ESA defines the term "endangered species” as "any species which is in
danger of extinction throughout all or a significant portion of its range.” The term
"threatened species” is defined as "any species which is likely to become an endangered
species within the foreseeable future throughout all or a significant portion of its range."”
NMFS considers a variety of information when evaluating the level of risk faced by a
species. Important considerations include: 1) absolute numbers and their spatial and
temporal distribution; 2) current abundance in relation to historical abundance and
carrying capacity of the habitat; 3) any spatial and temporal trends in abundance; 4)
natural and human-influenced factors that cause variability in survival and abundance; 5)
possible threats to genetic integrity (e.g., artificial rearing); and 6) recent events (e.g., a
drought or a change in management) that have predictable short-term consequences for
abundance of the species. Additional risk factors, such as disease prevalence or changes
in life history traits, may also be considered in evaluating risk to populations. The
determination of whether a species is “in danger of extinction” or “likely to become an
endangered species within the foreseeable future” should be made on the basis of “the
best scientific and commercial information” available regarding its current status.

1.3 Summary of Information Presented by the Petitioners

NMFS received a CBD petition on 27 December 2006 requesting that NMFS list black
abalone as either an endangered or threatened species under the ESA and designate
critical habitat for the species concurrently with the listing determination. Section
4(b)(3)(A) of the ESA requires that NMFS make a finding as to whether a petition to list,
delist, or reclassify a species presents substantial scientific or commercial information to
indicate that the petitioned action may be warranted. The joint NMFS/U.S. Fish and
Wildlife Service ESA implementing regulations (50 CFR 424.14) define “substantial
information” as the amount of information that would lead a reasonable person to believe
that the measure proposed in the petition may be warranted. In determining whether
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substantial information exists for a petition to list a species, NMFS considers several
factors, including information submitted with and referenced in the petition and all other
information readily available in NMFS files. To the maximum extent practicable, this
finding is to be made within 90 days of the receipt of the petition, and the finding is to be
published promptly in the Federal Register.

NMFS published a 90-day finding on 13 April 2007 (72 FR 18616). The 90-day finding
summarized the best available information on the status of black abalone to date. The
principal cause of black abalone population decline in southern and central California is
attributed to over-harvesting (Karpov et al. 2000), the onset of a lethal disease known as
withering syndrome in southern California in the 1980s (Lafferty and Kuris 1993), and
the disease’s northward progression. Black abalone populations have declined by over 99
percent (Brian Tissot, unpublished data) in southern California (except for certain
specific locations on San Nicolas and Santa Cruz Islands). Recruitment rates are very
low in many locations throughout their range. In areas where remnant healthy
populations are producing recruits, these recruits are primarily retained locally and are
not recolonizing historically populated areas only tens of kilometers away (Miller and
Lawrenz-Miller 1993, Raimondi et al. 2002, Miner et al. 2006). Given documented
declines in abundance throughout a significant portion of the range of the species and the
potential negative effects of ongoing and future threats posed primarily by the northward
spread of withering syndrome, as described in the petition and in the information in
NMES files, NMFS determined that the petition presented substantial information and
that listing black abalone under the ESA might be warranted.

1.4 Summary of New Information Sources-Not Included in the Petition

At least three sources of data were not included in the CBD petition because these data
were collected after the petition was received on 27 December 2006.

1.4.1 San Nicolas Island

The long-term population monitoring program for black abalone was continued at San
Nicolas Island from January through November 2008 (VanBlaricom 1993; VanBlaricom
unpublished data). The 2008 data closely matched those collected from 2001 through
2007. However, a slight upward trend is now apparent on an Island-wide scale, resulting
from patterns in study sites on the south shore of the Island. Densities at six of the nine
survey sites (as described in VanBlaricom 1993) remained at approximately 1% of the
typical density measured at each respective site prior to the first appearance of withering
syndrome at the Island in 1992 (VanBlaricom et al. 1993). Recruitment likewise was
largely absent from six of the nine sites. Excepting the upward trend in numbers driven
primarily by patterns at the southern sites, recent data, collected since receipt of the CBD
petition and publication of the 90-day finding, are consistent with those available prior to
that time.

Site 8 has been of particular interest because declines associated with withering syndrome
have not been as substantial as those observed at other sites. Densities reached a
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minimum in 2002 at about 3% of pre-disease levels. Densities doubled from 2002 to
2006, but declined by 8% between 2006 and 2007. Between 2007 and 2008 densities
increased by 32%. Numbers also increased substantially between 2007 and 2008 at sites
5 (3x) and 7 (76%). As a consequence, island-wide density estimates have increased by
2.5x between 2001 and 2008. The 2008 surveys indicated that island-wide densities were
about 2.2% of pre-disease densities, measured in seven surveys between 1981 and 1991.
Recruitment of emergent abalone to the adult population has been consistent at site 8
since 2002. Recent laboratory studies by C.S. Friedman and colleagues (unpublished
data) have demonstrated that black abalones from site 8 are resistant to effects of
withering syndrome, as compared to abalones from the central mainland California coast
that lack any history of exposure to the disease.

1.4.2 Northern Channel Islands

The long-term population monitoring program for black abalone was continued at the
northern Channel Islands (National Park Service unpublished data) in 2008. The 2008
data closely matched those collected from 2001 through 2007, and no major changes in
trends were detected. Densities at all sites with fixed plots remained at or near zero, less
than 1% of pre-disease levels at each site.

Only two monitoring sites (Willows Anchorage on Santa Cruz Island, and Middle
Anacapa Island) have shown recruitment and an overall increase in abundance in recent
years. Between 2004 and 2008, the number of abalone on the reef increased from 5 to 56
found during 30-minute timed searches (184 were found in extended searches of the
entire reef in December 2008). The mean size of black abalone at Willows Anchorage in
spring 2008 was 62 mm. Middle Anacapa Island has had a similar increase in
recruitment since 2006, however, total numbers still represent less than of 1% of the 1985
population there.

1.4.3 Mainland-North of Pt. Conception, California

Recent surveys conducted by Peter Raimondi and colleagues (unpublished data) indicate
that the progression of withering syndrome is slowly continuing up the mainland coast of
California, north of Pt. Conception, although currently disease progression is occurring
more slowly than that witnessed in Southern and south-central California. The
mainland can be divided into three regions, with respect to black abalone populations: (1)
North- all sites north of Point Sierra Nevada; (2) North-Central- sites from Point Sierra
Nevada in the north to Rancho Marino to the south; and (3) South-Central sites from
Cayucos (north) to Government Point (Pt Conception) in the South (Figure 1). In the
North sites, abundances have been steady since sampling initiated, recruitment is
common and there is no evidence of the impacts of withering syndrome. North-Central
sites are currently being affected by withering syndrome. Populations continue to
decline, but not at a catastrophic rate. No recruitment is occurring. At south-central
sites, populations have crashed due to withering syndrome, there has been no recruitment
and habitats once having abalone have been altered, making re-colonization increasingly
less likely. Overall there has been little no change over the last year.
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2.0  Taxonomy and Species Description

Abalone, members of the gastropod genus Haliotis, are prosobranch marine gastropods
that occur throughout most of the world (Cox 1962). There are approximately 60 extant
species (Geiger 1999) found in temperate to tropical waters from the intertidal zone to
depths of over 50 m. All are benthic, occurring on hard substrata, relatively sedentary,
and generally herbivorous, feeding on attached or drifting algal material. There are seven
extant species of abalone native to the west coast of North America (Geiger 1999). The
taxonomic classification of black abalone is as follows.

Phylum Mollusca

Class Gastropoda

Subclass Prosobranchia
Order Archaeogastropoda
Superfamily Pluerotomariacea
Family Haliotidae

Genus Haliotis

Species cracherodii

Leach (1814) gave the first formal description of this shallow-living (upper intertidal
zone to subtidal depths of 6 m) abalone, recounting the shell as smooth, circular, and
black to slate blue in color (Figure 2). There are five to nine open respiratory pores
(tremata) that are flush with the shell’s surface. Typically, the shell’s interior is white
(Haaker et al. 1986), with a poorly defined or no muscle scar (Howorth 1978). Adults
attain a maximum shell length of approximately 200 mm (within this document, abalone
size is indexed by linear measure of the maximum diameter of the elliptical shell). The
muscular foot of the black abalone allows the animal to clamp tightly to rocky surfaces
without being dislodged by wave action. Locomotion is accomplished by an undulating
motion of the foot. A column of shell muscle attaches the body to the shell. The mantle
and black epipodium, a sensory structure and extension of the foot which bears lobed
tentacles of the same color (Cox 1960), circle the foot and extend beyond the shell of a
healthy black abalone. The internal organs are arranged around the foot and under the
shell (Figure 3).

Bartsch (1940) recognizes two subspecies, H. cracherodii cracherodii Leach, 1814 and
H. cracherodii californiensis Swainson, 1822, and places several other described taxa in
synonymy with these two subspecies. These subspecies were differentiated on the basis
of H. c. cracherodii “having the [shell] perforations [= tremata] much larger and more
distantly placed, and consequently much less numerous” than H. cracherodii
californiensis, which had “small and numerous perforations” (Bartsch 1940, p. 56-57).
The subspecies H. cracherodii californiensis has been described at Guadalupe Island off
of the Baja California, Mexico coast (Abbott 1974, Howorth 1978).

In a recent reassessment of the species in the Family Haliotidae, Geiger (1998) considers

all the previously described subspecies of black abalone to be varieties that represent
either ecomorphs or examples of shell deformations, which are synonymous with a single

15



species, Haliotis cracherodii. Geiger (1998, p. 95-97) lists the taxa associated with H.
cracherodii, followed by their currently recognized valid species name, as follows:

cracherodii Leach, 1814: valid

californiensis Swainson, 1822: var., syn. of cracherodii Leach, 1814
bonita Orcutt, 1900: cracherodii var. californiensis Swainson, 1822
expansa Talmadge, 1954: cracherodii Leach, 1814

holzneri Hemphill, 1907: var. of cracherodii Leach, 1814
imperforata Dall, 1919: homonym, cracherodii Leach, 1814

lusus Finlay, 1927: var. of cracherodii Leach, 1814

rosea Orcutt, 1900: cracherodii Leach, 1814

splendidula Williamson, 1893: cracherodii Leach, 1814

Geiger (1998) considers the number of shell perforations or respiratory openings
(tremata) to be an invalid or erroneous diagnostic character for abalone at the species
level, since the number of perforations changes with growth of the shell and also varies
greatly between populations. In regards to subspecies of black abalone, Geiger (1998, p.
87-88) states that:

Taxa erected solely because of differences in the number of open tremata have to be
rejected, as in the case of ... H. cracherodii Leach, 1814, with its subspecies bonita
Orcutt, 1900, and californiensis Swainson, 1822. Specimens from some populations on
Guadalupe Island off Baja California show the morphology of H. cracherodii
californiensis. These specimens have more and smaller tremata, which are also more
closely spaced than in specimens from the mainland. Specimens from populations
having the californiensis morphology that have been cultured on the mainland of central
California changed the size and spacing of the tremata to those of typical H. cracherodii
cracherodii (B. Owen, pers. comm.); this indicates that these characters are under
environmental control.

3.0  Natural History of Black Abalone

3.1 Population Structure, Distribution, Habitat, and Abundance
3.1.1 Historical and Current Distribution

There is some debate regarding the historical range of black abalone. Many, beginning
with Oldroyd (1927, p. 230-231), have cited the historical range as extending from Coos
Bay, Oregon, to Cabo San Lucas, Southern Baja California (Geiger 2000). However, the
northernmost documented record of black abalone (based on museum specimens) is from
Crescent City (Del Norte County, California; Geiger 2004; Figure 3). Prior to Oldroyd
(1927)—who listed the range of black abalone as extending from Coos Bay, Oregon to
Santa Rosalia, Lower California—we were unable to locate any literature reference to the
occurrence of black abalone in Oregon. In his treatise on ‘The Mollusks of Western
North America’ the early conchologist Philip Pearsall Carpenter compiled in tabular
format all the then known distribution records of the Mollusca from Vancouver Island to
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San Diego (Carpenter 1872, p. 635-664). None of these early sources identified H.
cracherodii as occurring north of San Francisco or the Farallon Islands (Carpenter 1872,
p. 651). Pilsbry (1890, p. 79) in the “Manual of Conchology’ gives the range of H.
cracherodii as “Farallones [sic] Is. to San Diego, Cal.” In addition, Thompson (1920) in
an article on the abalone species of northern California stated that:

Haliotis cracherodii, the black abalone, reaches as far north as Point
Arena, where an occasional specimen is found by local men. But one was
obtained from that locality. They are also found at Duxbury Reef, and are
reputed to be found now and then in the regions between Point Arena and
San Francisco, but no actual evidence was obtained. In no locality in
northern California do they reach any abundance, however, which would
justify calling them anything but rarities until Duxbury Reef is reached...

McCauley and Marriage (1955) report upon a summer 1953 survey of the abalone
resources of Oregon’s coast by members of the shellfish staff of the Oregon Fish
Commission. Physical surveys and interviews of local residents familiar with the
intertidal fauna indicated that both the red abalone, Haliotis rufescens Swainson, 1822,
and the flat abalone, H. wallalensis Stearns, 1899, occurred in small numbers in southern
Oregon, but the black abalone “was not encountered during this survey” (McCauley and
Marriage 1955, p. 12). These authors cite Bonnot (1948), who in turn cites Oldroyd
(1927), for evidence that black abalone have “been found in the vicinity of Coos Bay,”
Oregon (McCauley and Marriage 1955, p. 12).

Most experts agree that the current range of black abalone extends from Point Arena
(Mendocino County, California) to Northern Baja California. Black abalone are rare,
however, north of San Francisco (Morris et al. 1980) and south of Punta Eugenia (P.
Raimondi, pers. comm.). Within this broad geographic range, black abalone generally
inhabit coastal and offshore island intertidal habitats on exposed rocky shores where
bedrock provides deep, protective crevice shelter (Leighton 2005).

3.1.2 Population Structure and Genetics

A common feature of marine invertebrate populations with pelagic larvae is limited
spatial variation in genetic structure, sometimes across large spatial scales (e.g., Lessios
et al. 1998). Such patterns pose substantial analytical and statistical challenges in efforts
to identify population structure (e.g., Waples 1998, Hellberg et al. 2002). However, in
species with limited dispersal capability of pelagic larvae, the probability of detecting
population structure using genetic data is improved. Application of multiple approaches
to genetic analyses also improves the ability to resolve population structure. Because
black abalone are thought to have a limited pelagic larval duration and limited dispersal
capability in space, it follows that a range of appropriate genetically based approaches to
determination of population structure should provide evidence for the existence of, and
contributing environmental factors to, population structure.
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Three separate recent studies have evaluated population structure in black abalone, using
genetic approaches. Hamm and Burton (2000), using two methods to assess relatedness
among populations of black abalone (i.e. allozymes and cytochrome c¢ oxidase | (COIl)
from mitochondrial DNA), concluded that patterns of population-scale genetic diversity
in samples of seven populations between Point Conception and Scott’s Creek (north of
Monterey Bay) indicated minimal gene flow among populations and thus a low degree of
interchange via larval dispersal. These analyses suggest that these black abalone
populations are composed predominantly of individuals that were spawned locally.
Populations of black abalone over a 300 km range in central California showed
population differentiation at allozyme loci which was three times greater than for red
abalone populations studied over the entire extent of California (Burton and Tegner
2000). Chambers et al. (2006) examined the genetic structure of mainland and island
black abalone populations using allozymes. Mainland and island locations were
genetically differentiated based on allele frequency differences. Among the island
populations, evidence for genetic differentiation still existed, but was weaker than that
exhibited between mainland and island populations. These data are generally consistent
with local recruitment augmented by relatively more gene flow among island populations
than among island and mainland populations. Gruenthal and Burton (2007) used COI
DNA sequences, nuclear microsatellites, and amplified fragment length polymorphisms
(AFLP) to evaluate levels of connectivity in black abalone populations from the central
California mainland coast, and from four of the southern California Islands. Significant
divergence among populations was found in COI and in 142 AFLP loci. The pattern of
divergence among loci suggested isolation by distance, consistent with a stepping-stone
model of connectivity as defined by Kimura and Weiss (1964). Patterns of differentiation
were positively associated with the ocean current field during the abalone spawning
season. Overall connectivity was described as low and may be linked to posited limited
dispersal distances in black abalone larvae. Gruenthal and Burton’s (2007) data are
generally consistent with those of the earlier studies by Hamm and Burton (2000) and
Chambers et al. (2006).

3.1.3 Depth Range and Patterns

Of the seven species of abalone found in California (Geiger 1999), black abalone is
bathymetrically the most shallow species, occurring primarily in rocky intertidal habitats
(Morris et al. 1980). Black abalone range vertically from the high intertidal zone to 6 m
depth, with most animals found in middle and lower intertidal. In highly exposed
locations downwind of large offshore kelp beds, the majority of abalone may be found in
the high intertidal where drift kelp fragments tend to be concentrated by breaking surf.
This pattern may be a response to food availability, given that kelp tends to dominate the
diet throughout the range of the species. This pattern is common on the north- and west-
facing shores of San Nicolas Island (VanBlaricom, unpublished observations).

Leighton (1959) found evidence for ontogenetic shifts in depth distribution among
juvenile abalone on the Palos Verdes Peninsula. Juvenile black abalone (10-30 mm)
were found at mid-intertidal depths on undersides of rock providing clear beneath-rock
open space while juveniles in the 5-10 mm size range were found at higher intertidal
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zones in narrow crevices and in depressions abraded into rock surfaces by the intertidal
chiton, Nutallina californica (Reeve, 1847). Black abalone observed at greater depths (3-
6 m) typically were mature adults.

3.1.4 Habitat

As discussed above, black abalone occur over a broad latitudinal range, although the
range appears to have narrowed somewhat from historic times. This broad range, in
addition to their small-scale distribution (high intertidal to 6 m depth), is associated with
an evolved capability to withstand extreme variation in environmental conditions such as
temperature, salinity, moisture, and wave action.

Black abalone occur on a variety of rock types, including igneous, metamorphic, and
sedimentary rocks at a number of locations. Complex surfaces with cracks and crevices
in upper and middle intertidal zones may be crucial recruitment habitat and appear to be
important for adult survival as well (Leighton 1959, Leighton and Boolootian 1963,
Douros 1985, 1987, Miller and Lawrenz-Miller 1993, VanBlaricom et al. 1993, Haaker et
al. 1995). Complex configurations of rock surfaces likely afford protection from
predators, direct impacts of breaking waves, wave-born projectiles, and excessive solar
heating during daytime low tides.

3.1.5 Abundance

There are two types of data that can be examined to provide a better understanding of
variation in black abalone abundance over time: fishery-dependent and fishery-
independent data. Based on a detailed examination of these two data types, Tissot (2007)
evaluated trends in black abalone abundance over the last 3 decades. Specific
methodologies and results from this study are reviewed in section 5.4.1, but several
points are relevant here.

3.1.5.1 Fishery-dependent Information

Human exploitation of abalone has been occurring in the southern California Islands
since the late Pleistocene (~10,500 years ago (ya)) and in central California for about
5,000 years. To date it has not been possible to reconstruct species-specific harvest
information based on abalone shells observed in middens (Erlandson et al. 1996). An
intertidal fishery focused on red, green (Haliotis fulgens Philippi, 1845), and black
abalone began in the 1850s in California and in the 1880s in Baja California, Mexico
(Bonnot 1930, Lundy 1997). The California fishery peaked at 1,860 metric tons in 1879
(Cox 1962). By 1913, the intertidal fishery was closed because of concerns regarding
overfishing (Bonnot 1930). From 1913-1928, commercial and recreational dive fisheries
developed, but black abalone were not documented prior to 1940. Prior to this time
during the 18" and 19™ centuries, two consumers of black abalone populations in
Southern California had been removed. First, the Native American Chumash and
Gabrielino/Tongva cultures of the southern California Islands were disrupted and
ultimately destroyed by immigrants of largely European origin or by fur hunters of
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Russian, European, and American origins. The last remnants of indigenous human
populations on the islands were relocated to the mainland by missionaries in the middle
19" century. Second, the aforementioned fur hunters were responsible for the
annihilation of southern sea otter populations south of Point Conception by the time of
the U.S. Civil War. As noted in section 3.5.3 of this Status Review, there is uncertainty
regarding the ecological importance of sea otter predation on black abalone, but the
potential for strong interactions is substantial given known effects of sea otter predation
on red abalone.

California Department of Fish and Game (CDFG) landings data (1940-1993) indicate that
black abalone were intensively exploited only after other more marketable species had
been largely depleted (see also section 3.5.1 of this Status Review). Black abalone
landings peaked in 1973 at 868 metric tons (mt). During the peak decade of black
abalone fishing from 1972-1981, Rogers-Bennett et al. (2002) estimate that
approximately 3.5 million individuals were taken in the commercial fishery and an
additional 6,729 animals were taken in the recreational fishery. By 1993 both fisheries
for black abalone were closed due to concerns regarding severe population declines
(Haaker et al. 1992).

Rogers-Bennett et al. (2002) estimated baseline abundance (i.e., abundance prior to
overfishing and mass mortalities due to withering syndrome) for black abalone using
landings data from the peak of the commercial and recreational fisheries (1972-1981),
assuming that the population was at least as large as the number taken in the fishery, that
the fishery “sampled” all size classes, and that no new individuals were added to the
population during the ten-year peak of the fishery. With these assumptions, the baseline
minimum estimate of abundance for black abalone prior to overexploitation and
withering syndrome was 3.54 million animals. This estimate provides a historic
perspective on patterns in abundance, defines a relevant baseline abundance against
which to compare modern day trends, and helps to assess the species’ current status and
risks. However, the utility of the estimate is somewhat limited for defining recovery
criteria, because the estimate was calculated using data from a period of time when black
abalone reached extraordinary abundance levels, particularly in the islands off southern
California, possibly in response to the elimination of subsistence harvests by indigenous
peoples and predation by sea otters.

The abalone fishery in Mexico dates to approximately 1860, but modern commercial
harvests did not develop until the 1940s. The fishery is pursued by 22 fishing
cooperatives, distributed across four management zones on the Pacific coast of the Baja
California peninsula (Figure 5). Five cooperatives are present in management zone 1,
which is the northernmost of the zones and extends from the U.S.-Mexico border and de
Islotes Coronado, to Punta Malarrimo, Baja California Sur, and includes Isla Cedros.
Reported commercial fishery data for black abalone, 1990-2003, comes entirely from
management zone 1. The harvest season in zone 1 is 1 July through 30 November.
Black abalone are also reported to occur on Islas Guadalupe and San Jerénimo. The
commercial catch of black abalone in Mexico declined from a high of 28 mt in 1990, to
<0.5 mt in 2003, an overall decline of >98% (J. Palleiro, unpublished data, Sierra-
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Rodriguez et al. 2006). These data suggest similar fishery declines to those in California.
The decline in Mexico is attributed primarily to large mortality events associated with
withering syndrome.

3.1.5.2 Fishery-independent Information

The earliest fishery-independent black abalone abundance estimates are from 1975 at
survey stations on the Palos Verdes Peninsula in Los Angeles County, California (Miller
and Lawrenz-Miller 1993). Black abalone densities ranged from 1.0 to 6.8 m?, but
declined throughout the survey interval to less than 0.3 m™ by 1987. Douros (1987)
reported densities as great as 127 m™ in certain surge channels at Santa Cruz Island in
1983-1984, but typical densities within a study site ranged from 30 to 90 m™. Other field
studies during the 1980s on Santa Cruz Island surveyed fixed sample areas using a
stratified sampling program wherein quadrats were placed randomly within zones. These
surveys yielded black abalone densities of 0 to 50 m™ (Haaker et al. 1992). Tissot
(1995), also studying black abalone populations on Santa Cruz Island, found averages of
43 to 58 mfor surf-exposed and protected subpopulations respectively in 1987. These
densities declined over the next six years due to withering syndrome, dropping to less
than 1 m by 1993.

Several studies monitoring black abalone abundance at other Channel Islands found
similar declines through the late 1980s and early 1990s. From 1985 to 1989, mean
densities for black abalone populations on Anacapa, Santa Rosa, Santa Barbara, and San
Miguel islands were obtained annually along permanent transects established by the
Channel Islands National Park (Richards and Davis 1993). Densities ranged from 20 to
50 m™ on early visits, but fell to < 10 m™ by 1989 for all islands except San Miguel, as
mass mortalities associated with withering syndrome occurred in the interim (see also
section 3.5.2 of this Status Review).

Densities and other attributes of black abalone populations have been monitored at nine
locations distributed around the periphery of San Nicolas Island since 1981 (map and
methods in VanBlaricom 1993). Prior to 1992 mean abalone densities by site (based on
mean survey areas of 230 m? per site) ranged from 4 to over 30 m™. The highest local
density of black abalone recorded among the several studies of island populations in the
1980s was 296 individuals, primarily adults, in a single 1 m? quadrat at San Nicolas
Island on 23 November 1988 at site 7 (VanBlaricom 1993 and unpublished data). Major
declines in abundance due to withering syndrome occurred at San Nicolas Island between
1992 and 1996 when densities dropped to < 1 m™ at all sites except site 8.

Abundance of black abalone has been monitored in central and northern California since
the early 1990s (Raimondi et al., 2002; Miner et al., 2006; Raimondi, unpublished data).
Abundances have been steady at northern California sites. Populations are declining at a
slow, but not catastrophic rate in northern areas of central California, while severe
population declines have been documented at southern central California sites. There is
no evidence of recruitment at central California sites.
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In recent years, three fishery-independent surveys for black abalone have been conducted
along the mainland coast and offshore islands of Baja California, Mexico. In 2002 a
survey for black abalone was conducted at Bahia Tortugas, just south of Punta Eugenia
and located at the north end of management zone 2 (Figure 5). Only four individuals
were found, ranging in size from 121 to 152 mm (Sierra Rodriguez et al. 2006). A
second survey was conducted in 2004. Black abalone were found at low densities where
they occurred, with 98% of located animals measuring < 120 mm in size. No animals
were found with signs of withering syndrome during the 2004 survey. Black abalone
were found along the mainland coast of management zone 1, and on Isla Guadalupe and
Isla San Jerénimo. The only black abalone found in Baja California Sur were at Bahia
Tortugas (Sierra-Rodriguez et al. 2006).

Peter Raimondi and colleagues (Raimondi, unpublished data) conducted surveys in
regions of upwelling on rocky intertidal benches along the northern Baja California coast
from Costa Azul to Punta Baja (Figure 5) in 2005. Twelve sites, suspected to have been
affected by withering syndrome, were surveyed for suitable habitat (rocky crevices) in
the mid to low intertidal and then timed searches were conducted for black abalone.
Fresh shells and every live animal were measured to the nearest 5 mm (< 40 mm) or 10
mm (>40 mm). Black abalone were not densely aggregated at any site surveyed in this
study, however, a large proportion of the individuals found were small individuals (<50
mm). This evidence of recent recruitment in northern Baja California is promising given
that there is no evidence of successful recruitment to mainland California sites affected
by withering syndrome (south of Pt. Piedras Blancas, located just south of the boundary
of Monterey and San Luis Obispo Counties; Figure 1). Raimondi offers two hypotheses
to explain the discrepancy between the patterns of recruitment in the two regions: 1)
healthy populations exist somewhere in Mexico (perhaps on offshore islands) and these
are seeding northern areas; or 2) recruitment dynamics are different for withering
syndrome-impacted sites in Mexico versus those in California. Fresh shells, in some
cases with remnant flesh still attached, were found at three of the twelve sites suggesting
that withering syndrome may still be impacting areas of Northern Baja California. Large
numbers of older shells were identified at a few sites suggesting that black abalone were
abundant in these areas in the past.

3.1.5.3 Summary

Both the fishery data and fishery-independent long-term monitoring data indicate
significant declines of black abalone abundance beginning in southern California in the
mid-1980s. The first evidence of this decline came from Palos Verdes in the late 1970s
(Miller and Lawrenz-Miller 1993) and early 1980s. By 1986, declining populations and
associated observations of withering syndrome had spread to the northern Channel Islands,
starting at Anacapa, progressing to Santa Rosa, Santa Cruz, and Santa Barbara islands and
finally reaching San Miguel Island in 1989 (Tissot 1991, Davis et al. 1992, Tissot 1995).
By the early 1990s, declines were observed on San Nicolas Island (\VanBlaricom et al. 1993)
and north of Point Conception on the mainland to Government Point, Santa Barbara County
(Altstatt et al. 1996). During the 1990s, declines in abundance were noted north of
Government Point to Cayucos in San Luis Obispo County (Altstatt et al. 1996, Raimondi et
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al. 2002). Noted declines were also observed in central Baja California, Mexico, around
Bahia Tortugas during El Nifio events in the late 1980°s and 1990s (Altstatt et al. 1996,
Tissot 2007). Recent fishery-independent surveys along the Northern Baja California coast
suggest that densities remain low and withering syndrome has affected, and may still be
impacting, some mainland areas (Raimondi, unpublished data).

3.1.6 Movement

Little is known about movement patterns of larval or juvenile black abalone anywhere in
their range (Miner et al. 2006). Planktonic larval abalone movement is almost certainly
determined primarily by patterns of water movement in nearshore habitats near spawning
sites. Individual larvae may be able to influence movement to some degree by adjusting
vertical position in the water column, but to our knowledge the ability of black abalone
larvae to move in this way has not been documented. Movement behavior of post-
metamorphic juvenile black abalone is likewise unknown. Leighton (1959) and Leighton
and Boolootian (1963) indicate that black abalone larvae may settle and metamorphose in
the upper intertidal, using crevices and depressions (including those formed by abrasive
action of other intertidal mollusks) as habitat. Leighton and Boolootian (1963) suggest
that young black abalone move lower in the intertidal as they begin to grow, occupying
the undersides of large boulders that have free space below. To our knowledge there is
no published information on direct observations of movement behavior of small (< 20
mm) juvenile black abalone in the field.

Adult black abalone generally appear to be immobile when viewed at low tide.
Observations during high tide are difficult because of the breaking surf that typifies black
abalone habitat. A few limited qualitative observations have been made at high tide
during periods of relative calm. Leighton (2005) reported observing actively moving
black abalone during night dives at the Mission Bay entrance jetty near San Diego. At
San Nicolas Island, limited qualitative observations have been made of intertidal habitats
during daytime high tides (VanBlaricom, unpublished observations). No observed
abalone were moving, and all generally were located in the same microhabitats as
typically observed during low tides. In a few cases it has been possible to stimulate
movement of adult black abalone at low tide at San Nicolas Island, by persistent prodding
(VanBlaricom, unpublished observations). In a few such cases, abalone have been
observed to move in directed fashion at rates up to 2 m per minute over distances of 5-10
m. Thus, black abalone are capable of substantial movement over short time spans.

We are aware of four quantitative studies of movement of black abalone. Bergen (1971)
tagged 72 black abalone at Santa Cruz Island. The size range of tagged abalone was 35
to 148 mm. Movements were monitored over a period of 60 days using photographic
methods on successive visits. Abalone < 65 mm in size moved more frequently than
those larger than 100 mm, and movement was more frequent during night hours as
compared to daylight hours. The larger animals moved only infrequently over short
distances. Blecha et al. (1992) studied movements of 416 tagged juvenile and adult black
abalone from 1979 to 1984 at one study site near Diablo Canyon, on the central
California mainland coast. Positions were determined on successive visits in relation to
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fixed reference points. Data were recorded on two time scales. Long-term information
represented movements over periods of tens to hundreds of days. Short-term movements
were those observed on successive visits to study sites over periods of 2-3 days. Blecha
et al. (1992) found that smaller adult abalone (< 65 mm) moved more frequently than
large animals on both time scales. Smaller abalone also moved at higher rates (83-387
cm per day) than larger animals (54-119 cm/day) on the short time scale. Rates of
movement were not reported for the longer time scale. Blecha et al. (1992) reported
observations of large individual abalone remaining in exactly the same location for
periods up to 12 years. Blecha et al. (1992) also did an experimental evaluation of
linkages of size, movement rate, and potential for recovery from localized disturbance.
All abalone were removed from an isolated crevice in 1980, and the crevice was
monitored for abalone recolonization for five subsequent years. Recolonizing animals
ranged in size from 45 to 95 mm, suggesting that immigration by juvenile and smaller
adult size classes was the primary mechanism for recovery. The pattern suggests that
restoration of large adult animals in a disturbed location occurs by growth of smaller
colonizing animals rather than direct immigration by larger animals.

VanBlaricom and Ashworth (In preparation) studied movements of 413 tagged adult
black abalone at two locations (sites 1 and 7 as described in VanBlaricom 1993) on San
Nicolas Island from 1981 through 1990, with occasional qualitative observations
continuing until 2001. Tagged animals were all larger than 70 mm in size, with most
animals > 100 mm. At each visit to the survey sites, the location of each relocated tagged
abalone was determined using polar coordinates (distance and compass heading) relative
to a stainless steel eyebolt embedded in solid rock and secured with marine epoxy
compound. All locations during the study were recorded during daytime low tides. Net
movements between successive relocations were calculated trigonometrically.

Movement rates were reported as cm/month. The modal movement rate interval at both
sites was 0-5 cm per month. Some individuals were not observed to move during the
quantitative portion of the study, including one that was seen repeatedly at exactly the
same location over a period of 11 years. Movement rates exceeding 50 cm per month
were quite rare. Maximum observed movement during the study was approximately 20
m. The distribution of movement rates was quite similar at both study sites. The data are
minimum net movements per unit time, as observations could not be made continuously.
Thus, significant components of movement behavior could have been overlooked,
including those that might occur during times other than daytime low tides.

California Department of Fish and Game and National Park Service biologists tagged 278
black abalone at Middle Anacapa Island in 1985 (Richards, unpublished data). Abalone
were tagged inside fixed irregular plots (1.1-2.3 m?) and presence was noted on
subsequent surveys. After 18 months, 48 were still within the same plot. An additional 19
were found nearby, often within two meters of their original plot, and none were found
more than eight meters away. One abalone was found still in the same plot after 36
months.

3.2 Diet
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Early dietary characterizations of black abalone indicated that benthic diatoms were the
primary food category consumed (Bonnot 1930, Croker 1931, Phillips 1937, Bonnot
1948, Campbell 1949). Later studies recognized that macrophytes are the predominant
food for black abalone (Leighton 1959, Cox 1962, Leighton and Boolootian 1963).
Leighton and Boolootian (1963) indicated that kelps and a few species of red algae are
common food of black abalone in the field, and that laboratory animals grew most rapidly
when fed brown algae. Webber and Giese (1969), Bergen (1971), Hines and Pearse
(1982), and Douros (1987) have all confirmed the importance of large kelps in the diet of
black abalone. The primary food species are said to be Macrocystis pyrifera (Linnaeus,
1771) and Egregia menziesii (Turner, 1808) in southern California (i.e., south of Pt.
Conception) habitats, and Nereocystis leutkeana (Gmelin, 1768) in central and northern
California habitats.

Categories of plant material ingested by free-ranging animals almost certainly link to
ontogenetic trends in microhabitat use. Larvae are lecithotrophic and apparently do not
feed. From the time of post-larval metamorphosis to a size of about 20 mm, black
abalone are highly cryptic, occurring primarily on the undersides of large boulders with
free space below, or in deep narrow crevices in solid rocky substrata. In such locations
the primary food sources are thought to be epilithic microbial and possibly diatom films
(Leighton 1959, Leighton and Boolootian 1963, Bergen 1971). At roughly 20 mm black
abalone move to more open locations, albeit still relatively cryptic throughout much of
their range, gaining access to both attached macrophytes and to pieces of drift plants cast
into the intertidal zone by waves and currents. As black abalone continue to grow, the
most commonly observed feeding method is entrapment of drift plant fragments.
Feeding by entrapment involves elevation of the anterior portion of the foot during high
tides, when animals are swept by water surges associated with breaking waves. When
drifting algal pieces are pushed against the abalone, the foot clamps down against the
rock, pinning algal fragments under the foot, where they can easily be abraded by the
radula and ingested (Leighton and Boolootian 1963). Leighton and Boolootian (1963)
also reported that black abalone may feed on attached living plants in their intertidal
habitats. Although black abalone are primarily herbivorous, data from the southern
California Islands indicate that abalone will, on occasion, entrap and attempt to ingest a
range of novel items, including live pelagic red crabs, dead seabirds and salps, molted
lobster carapaces, terrestrial iceplant, and fast food wrappers (VanBlaricom and Stewart
1986, VanBlaricom 2003). Such observations indicate that the entrapment response of
black abalone, when feeding on drift material, may be non-selective and stimulated by
tactile rather than chemical cues.

To our knowledge the only quantitative account of adult black abalone diet by plant
species is that of VanBlaricom (2003). Entrapped plant materials were identified during
black abalone population surveys at nine sites distributed around the shoreline of San
Nicolas Island from 1983 through 2003, with 1,552 entrapped items observed. Kelps
were by far the most commonly observed entrapped items, and the giant kelp,
Macrocystis pyrifera (78% of total sample by frequency), was the predominant entrapped
species. Other important food species observed were the kelps Egregia menziesii (10%)
and Eisenia arborea Areschoug, 1876 (7%). Ten other plant species were observed at
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low frequencies (all < 1%). The data suggest that browsing on attached living intertidal
plants may provide only a small portion of overall diet. Importance of kelp in black
abalone diet was reported to vary with location in the sample at San Nicolas Island. At
locations with large upwind offshore kelp forests, frequencies of Macrocystis in the
sample of entrapped material were highest (to 89%). Locations that did not have large
offshore kelp forests or were not downwind of the forests indicated lower frequencies of
entrapped Macrocystis (as low as 33%), with correspondingly higher frequencies of other
kelps.

3.3  Reproduction

Black abalone have separate sexes and are “broadcast” spawners (see also section 5.4.1.3
of this Status Review). Gametes from both parents are shed into the sea, and fertilization
is entirely external. Resulting embryos and larvae are minute and defenseless, receive no
parental care or protection of any kind, and are probably subject to a broad array of
physical and biological sources of mortality. Species with a broadcast-spawning
reproductive system are subject to strong selection for maximum fecundity of both sexes.
Only through production of large numbers of gametes can broadcast spawners overcome
high mortality of gametes and larvae and survive across generations. It is not uncommon
for broadcast-spawning marine species, a group including many taxa of fish and
invertebrates, to produce millions of eggs or sperm per individual per year. Broadcast
spawners are also subject to other kinds of selection for certain traits associated with
reproduction, including spatial and temporal synchrony in spawning and mechanisms that
increase probabilities for union of spawned gametes.

3.3.1 Fecundity

Female black abalone become reproductively mature at a size of about 50 mm, and males
at about 40 mm (Leighton 1959, Ault 1985). Fecundity is poorly known for female black
abalone and, to our knowledge, has not been estimated for males. Ault (1985) has
estimated that adult female black abalone may release > 2 x 10° eggs per spawning
episode. Black abalone are capable of a number of spawning episodes per spawning
season. Parker et al. (1992) indicate that fecundity in female pink (Haliotis corrugata
Wood, 1828) and green abalone ranges from 3.5 to 6.5 x 10° eggs per individual per year,
and suggest that fecundity in black abalone is comparable. Leighton (2005) described
results of studies by Gonzales and Ortiz (1986), including fecundity estimates of 0.8 x
10° eggs for a female of 106 mm in size and 1.2 x 10’ eggs for a female of 140 mm.
Gonzales and Ortiz (1986) are said by Leighton (2005) to report that fecundity declines in
larger black abalone, suggesting senescence in older animals.

3.3.2 Spawning period and length
Three studies have been made of gonadal maturation patterns and spawning periods in
black abalone. Boolootian et al. (1962) reported data on maturation cycles for black

abalone in Monterey Bay, based on data collected in 1956 and 1957. A second study of
maturation and spawning cycles in Monterey Bay was reported by Webber and Giese
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(1969). Data collectively indicate that black abalone gonads reach maximum volumes
from April through September in Monterey Bay. Webber and Giese (1969) reported that
mature gametes could be found in both sexes most of the year at Cypress Point, located
just south of Monterey Bay on the central California mainland coast. Gonadal indices
decline substantially in fall and winter, increasing again in spring. Leighton (2005)
concluded from Webber and Giese’s (1969) data that the peak period for spawning in
black abalone at Cypress Point is probably mid-summer. Leighton (1959) and Leighton
and Boolootian (1963) evaluated maturation and spawning cycles in black abalone at Pt.
Dume on the southern California mainland coast near Los Angeles, finding that peak
spawning season was late summer and early autumn.

Some black abalone apparently retain the ability to spawn during winter. VanBlaricom
(unpublished) has noted that male black abalone at San Nicolas Island may spawn during
daytime low tides in winter, often, but not always, directly following minor tactile
disturbance incidental to population survey activity. In such cases spawning is most
often observed in abalone that are in tide pools or otherwise submerged. Spawning by
females has not been observed during winter survey work. The significance of apparent
retention of mid-winter spawning capability by males is unknown.

3.3.3 Spawning density

Broadcast-spawning marine invertebrates with separate sexes, such as black abalone,
must spawn in temporal and spatial synchrony in order to maximize the probability of
successful production of progeny. As intertidal organisms on exposed rocky shores,
black abalone typically release gametes into environments of extreme turbulence. As a
consequence, eggs and sperm must be released from adults in relatively close spatial and
temporal proximity in order to have any chance of union and fertilization before rapid
dispersal and loss of opportunity.

Standard population models predict that a reduction in adult density should be associated
with a decrease in intraspecific competition leading to an increase in growth rate,
survival, and gamete production. However, these advantages may be countered by
decreases in the rate of successful fertilization among sparsely distributed broadcast-
spawning marine invertebrates (Levitan 1995, Levitan and Sewell 1998, Gascoigne and
Lipcius 2004). Fertilization success may be a limiting factor in reproduction, and hence
recruitment, especially for sessile or semi-sessile broadcast-spawning species with
limited larval dispersal (Smith and Rago 2004). Since Pennington’s (1985) field and
laboratory experiments on fertilization success in the green sea urchin Strongylocentrotus
droebachiensis (Mdller, 1776), numerous empirical (for reviews, see Levitan 1995,
Levitan and Sewell 1998) and modeling (see references in Lundquist and Botsford 2004,
Lauzon-Guay and Scheibling 2007) studies have investigated the effects of spawner
number and density, flow rate, and gamete age on fertilization success in broadcast-
spawning marine invertebrates. However, among managers of invertebrate fisheries
these types of studies “have long been considered theoretical aspects with little practical
use” (Lovatelli et al. 2004, p. 5).
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Managers of virtually all invertebrate fisheries have long assumed that broadcast-
spawners with high fecundity were capable of recovering from low adult densities and
that there was little or no effective relationship between local adult density or abundance
and local recruitment (Hancock 1973, Caddy and Defeo 2003). It has also been generally
accepted that planktotrophic larvae are typically dispersed considerable distances away
from adult populations and have little impact on recruitment to the natal habitat.
Consequently, until recently, few studies have directly studied the impact of adult density
on future recruitment in broadcast-spawning invertebrates.

The central problem for conservation of black abalone is dramatic reduction in densities
over the past quarter-century in almost the entire geographic range of the species.
Reductions in density are so extreme and widespread that considerable attention is now
focused on assessment of critical density thresholds for successful reproduction,
recruitment, and population sustainability. In our view this situation justifies an
expansive consideration of the concept of critical density thresholds, including review of
empirical data for other species of broadcast spawners. Here we review the literature that
attempts to identify a critical threshold of adult density below which recruitment failure
occurs in species other than abalone.

Sea urchins

The tropical long-spined sea urchin, Diadema antillarum Philippi, 1845, experienced
mass mortalities throughout the Caribbean in 1983-1984 (presumably due to spread of an
unknown pathogen) resulting in a rangewide reduction in adult densities and recruitment
rates (Lessios et al. 1983, Levitan 1988). This urchin species disperses via planktotrophic
echinopluteus larvae that remain in the water column for four to six weeks prior to
settlement.

In the following studies population density was measured by using SCUBA. All urchins
were counted at several sites using one of the following methods: (1) 15 or 1,000 m?
transects (depending on urchin abundance) located along a 3-m depth contour (Levitan
1988, Karlson and Levitan 1990); (2) 1 m* quadrats (n=20) located randomly along a 40-
m transect placed along a depth contour (Carpenter and Edmunds 2006); or (3) a scale
bar that gave a 0.4 m swath along paired transects within several survey blocks in
different depths and habitats that resulted in a total survey area of either 32 or 80 m® per
block, depending on the habitat (Chiappone et al. 2002).

Evidence presented by Karlson and Levitan (1990) indicated that populations of Diadema
continued to decline at adult densities of about 0.25 m™. The critical threshold for this
species appears to lie somewhere between 0.25 m™ and the pre-mortality-event densities
of 5-15 m~ (Quinn et al. 1993, Chiappone et al. 2002). In the Florida Keys (where pre-
mortality adult densities were up to 5 m™), densities as of the year 2000 were no greater
than 0.05 m™, which was attributed to “low numbers of larger individuals available for
reproduction, reduced fertilization success due to low densities and hence, inadequate
numbers of larvae available for settlement to offset post-settlement mortality from storms
and predation” (Chiappone et al. 2002, p. 125).
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During the 1990s certain populations of Diadema in the southern Caribbean “reached
densities sufficient to overcome” an Allee effect (Carpenter and Edmunds 2006, p. 277)
and mean densities ranging from 1.7 to 8.9 m™were observed in localized urchin zones
(Carpenter and Edmunds 2006), indicating a region-wide recovery had begun (see also
Myhre and Acevedo-Gutiérrez 2007). Carpenter and Edmunds (2006, p. 275) reported
that recruitment of Diadema was “not correlated with local population density” and that
the combined ecological effects of “gradual larval delivery from upstream populations,
episodic recruitment, and positive interactions between local population densities and
larval supply ... may result in nonlinear, threshold responses of recruitment as population
sizes increase” (Carpenter and Edmunds 2006, p. 277). Recent studies (Miller et al.
2007) indicate that persistence of newly settled D. antillarum is significantly higher in the
presence of high adult densities, suggesting that adult density has a potential positive
effect on juveniles that escape predation under an adult spine-canopy refuge.

Sea cucumbers

Shepherd et al. (2004) reported on the decline in the sea cucumber (Isostichopus fuscus
[Lugwig, 1875]; locally known as pepino) fishery in the Galapagos Islands that began in
1992-1993 when survey-derived mean densities in index areas of the western islands
averaged 3.1 m™. Isostichopus fuscus inhabits rocky reef areas from 2 to 40 m depth,
develops through a feeding auricularia larval stage, and settles and metamorphoses after
22-27 days (Hearn et al. 2005). In the following studies, sea cucumber density was
measured using SCUBA and by collecting all individuals present, both on and under
rocks, in a circular area of 100 m? at depths of from 5 to 15 m (Hearn et al. 2005).

Mean densities of individuals greater than 200 mm in length declined to 0.1 m™ by 1998,
rose to 0.35 m™2 in 2002 due to a recruitment event that began in 2000, and declined to
0.04 m™ by 2003 (Shepherd et al. 2004). Similarly, adult densities in the eastern
Galépagos Islands declined to a low of only 0.06 individuals m™ between 1999 and 2003,
with no evidence of additional recruitment. Shepherd et al. (2004, p. 106) suggested that
spawning aggregations of pepino were unlikely to occur at densities below about 0.1 m™,
and that “mean within-patch densities to achieve 50% fertilization success were estimated
to be 1.2 pepino m™2.” Furthermore, Shepherd et al. (2004, p. 106) stated that “the mean
adult densities of pepinos on the eastern islands have been so low since 1999 that the
effect of low density on fertilization success (Allee effect) is probably sufficient to have
caused widespread recruitment failure.” Although the strong recruitment of pepinos in
2000-2002 in the western islands supported the local fishery, based on immature animals,
this cohort has subsequently been fished out with no evidence of new recruitment
(Shepherd et al. 2004, Toral-Granda 2005).

Hard clams
Peterson (2002) examined density of northern quahog (aka hard clam), Mercenaria

mercenaria (Linnaeus, 1758), adults and recruits in 1 m? enclosures in 11 years spanning
the period from 1978 to 2001 on clam fishing grounds of central North Carolina.
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Statistically significant recruitment declines of 65—-72% and declines in total clam
densities in three representative habitats from 6.4 t0 0.3 m™, 1.6t0 1.3 m™, and 9.0to 1.1
m™2 over the study period “strongly implies that recruitment overfishing is the cause of
unsustainable yields of hard clams in the central district of North Carolina” (Peterson
2002, p. 102).

From data collected between 1977 and 2004, Kraeuter et al. (2005, p. 1045) analyzed
“correlations between the average number of adults m™ and the average number of 1-
year-old clams m™ (recruits) with the appropriate lag time” for M. mercenaria, in Great
South Bay, New York. Average density of adult clams over this time period decreased
from approximately 5 to 0.86 m™. These fisheries-independent data consisted of 350
duplicate samples taken each year with a 1 m? clam shell bucket. Sediment was sieved to
6.4 mm and clams of age-2 and older were considered to be the spawning stock (Kraeuter
et al. 2005). After analysis of appropriate spawner recruit curves (2™ order polynomial
and log), Kraeuter et al. (2005, p. 1050) suggested “that in Great South Bay under current
conditions recruitment is limited at clam population densities below about 0.75
individuals m™.” Hard clams are protandric hermaphrodites and produce planktotrophic
veliger larvae that remain in the plankton for 12-14 days.

Scallops

Although some authors have suggested that a stock-recruitment relationship exists in
some scallop species (Summerson and Peterson 1990, Peterson and Summerson 1992,
McGarvey et al. 1993, Arnold et al. 1998), data are not available that could confirm or
refute the concept of recruitment overfishing for sea scallops, Placopecten magellanicus
(Gmelin, 1791), in the Northeast Atlantic (Smith and Rago 2004). A protracted spawning
period, a greater than 30 d pelagic larval period, cannibalism of larvae by filter-feeding
adults, and competition for food and space with adult scallops, coupled with
environmental effects on larval survival would likely obscure any relationship between
stock size or density and recruitment for this species (Smith and Rago 2004).

The bay scallop, Argopecten irradians (Lamarck, 1819), has planktotrophic larvae that
are in the water column for no more than 2 weeks. The entire life cycle generally takes
less than 18 months, and, being hermaphroditic, bay scallops may potentially self-
fertilize. Even with this long larval duration, in some situations, larvae may be retained
in the vicinity of the natal habitat (Arnold et al. 1998). Peterson and Summerson (1992,
p. 269) suggested “that the bay scallop in North Carolina may represent a collection of
recruitment limited subpopulations on a scale of water basins.”

Marelli et al. (1999) reported upon a Gulf Coast of Florida population of the bay scallop,
which was abundant prior to 1990 but declined to a point where adult densities were on
the order of 0.01 m™ by 1997. In this study, adult scallop density was estimated at 37
randomly located survey sites by deploying a 300-m weighted transect line in a roughly
equilateral triangle and having a pair of SCUBA divers count all scallops within 1 m of
either side of the transect line (Marelli et al. 1999). Scallop recruitment was monitored in
regularly monitored recruitment traps (half-bushel citrus bags containing a bundle of
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polypropylene mesh suspended 0.5 m above the substrate) randomly placed in up to 20
locations (Marelli et al. 1999). These researchers were unable to identify a relationship
between adult density and subsequent recruitment; however, low levels of recruitment
and low adult density with minor pulses of recruitment “may suggest population
collapse” (Marelli et al. 1999, p. 397). Marelli et al. (1999, p. 397) concluded that the
reduced probability of fertilization success at low adult densities likely explains the
“persistent low stock levels,” although A. irradians is likely buffered from reproductive
Allee effects “because they are simultaneous hermaphrodites and capable of self-
fertilization” (although this may rarely occur in the wild) and also have the potential to
aggregate at spawning.

Giant clams — Tridacnidae

Although the critical density threshold below which recruitment failure occurs in various
species of giant clams has not been determined, Munro (1993, p. 440) stated that “it is a
feature of giant clam biology that stocks will become non-sustaining when densities fall
below certain undefined levels” due to a “collapse in fertilization rates and consequent
reduction in recruitment rates.” The larger species (Tridacna gigas [Linnaeus, 1758], T.
derasa [RdAding, 1819], Hippopus hippopus Linnaeus, 1758, and H. porcellanus
Rosewater 1982) are highly cryptic and difficult to enumerate in diver surveys of
quadrats until a shell length of about 200 mm, whereas the smaller species (T. squamosa
Lamarck, 1819, T. maxima [R&ding, 1798], and T. crocea Lamarck, 1819) can be located
at a smaller size due to their conspicuous mantle coloration (Munro 1993). On lightly
exploited reefs, T. gigas and T. derasa can occur at densities of five to several hundred
per hectare, whereas normal densities of H. hippopus range from 30-90 per hectare
(0.003-0.009 m™). The smaller species can reach much higher densities, to about 1,390
ha™ (0.139 m™) for T. crocea and T. maxima, and to over 3,000 ha™ (0.3 m™) in
exceptional cases for T. crocea (Munro 1993). Tropical giant clams are likely buffered
from reproductive Allee effects, because they become simultaneous hermaphrodites and
may be capable of self-fertilization (Munro 1993). Larvae are planktotrophic and larval
duration ranges from 5 to 15 days.

Geoducks

Given that geoduck clams, Panopea abrupta (Conrad, 1849), in the Pacific Northwest
have a pelagic larval phase that extends to at least 25 d, Orensanz et al. (2004, p. 1358)
suggested that “there is virtually no connection between the reproductive contribution of
a given site and recruitment to that site.” Zhang and Hand (2006, p. 451) also
emphasized that until more is understood concerning larval movement, links between
“recruitment in one spot to stock biomass in another” cannot be made for geoducks. Data
are also lacking concerning the effect of low adult density on fertilization success in
geoducks; however, given their sedentary adult existence “these processes may be
important depending on the concentration profile of the populations” (Orensanz et al.
2004, p. 1358).

Relevance to Black Abalone

31



In the above review, several patterns are apparent. First, evidence for critical density
thresholds has been found for broadcast-spawning species across a broad taxonomic
range. Second, despite apparent risks of local extinction when critical density thresholds
seem to be violated, there are several cases where combinations of circumstances allow
populations to recover to densities above the critical thresholds. The potential for
recovery seems most evident in species with a lengthy larval period (> ten days) and the
associated ability to disperse over long distances (> 10 km). Thus, for black abalone the
key conservation issues are identification of critical density thresholds and an
understanding of larval longevity and capacity for dispersal across long distances.

Prince et al. (1988), McShane (1992), and Morgan and Shepherd (2006) have
demonstrated correlations between densities of adult and newly recruited juvenile
abalone at study locations on the southern Australian coast. These patterns are consistent
with models in which larval dispersal from natal populations is limited, a relatively
common circumstance in broadcast-spawning marine invertebrates with lecithotrophic
larvae. It follows that depleted abalone populations below critical density thresholds, and
as a result unable to sustain themselves with locally based recruitment, are unlikely to
benefit from larval immigration from distant populations. Available information on the
genetic structure of black abalone populations is also consistent with limited dispersal
beyond the immediate proximity of natal populations. Thus, black abalone populations
face substantial increases in extinction probability if they fall below critical density
thresholds.

Babcock and Keesing (1999) estimated critical density thresholds at 0.15-0.20 m™ for
Haliotis laevigata Donovan, 1808. Shepherd et al. (2001) and Shepherd and Rodda
(2001) identified threshold densities below which recruitment fails for H. laevigata and
noted that threshold density can vary according to coastal topography. For example,
coastal topography can create larval retention areas where threshold density may be lower
than in areas where larvae are more easily dispersed. Tissot (2007) reviewed recruitment
patterns in three long-term data sets for black abalone in California. In each case,
recruitment failed when declining population densities fell below 0.75-1.1 m. Tissot
(2007) notes that densities in most black abalone populations south of Cayucos,
California, have fallen below the densities noted. Recent evidence suggests that disease-
induced increases in mortality rate of black abalone continue to move northward along
the mainland coast of California (e.g., Raimondi et al. 2002, Miner et al. 2006). Critical
density thresholds may have been violated for most of the black abalone populations in
California, and the number and geographic scope of populations with densities falling
below sustainable levels may be increasing.

VanBlaricom (unpublished data) measured nearest neighbor distances for abalone
encountered during population surveys at San Nicolas Island in annual surveys beginning
in 2004. Despite dramatic disease-induced reductions in population density beginning in
1992, most animals in surveyed populations remain in close proximity to conspecifics. In
the nearest neighbor sample (n=1565 total measurements from 2004-2007), 94% of
measurements were within 2 m, 88% within 1 m, and 62% within 10 cm. The data
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indicate that black abalone have remained strongly aggregated despite reductions in
density averaging nearly 99% at nine separate sites on San Nicolas Island since 1992.
The mechanism for maintaining close proximity to other animals may involve behavioral
responses to the presence of conspecifics, or alternatively may reflect active selection of
particular microhabitat types that facilitates aggregation as a side effect. The data
indicate that virtually all black abalone observed in study plots were found in crevice or
cryptic microhabitats since the onset of disease-induced mass mortalities in 1992,
whereas about one-third of the surveyed abalone typically occurred on open horizontal or
inclined substrata prior to 1992. Regardless of the cause, it appears that persistent
gregarious distributions in black abalone have the potential to forestall negative
population-level effects of drastic reductions in density. These data emphasize the value
of assessing the variance structure in density data as well as the mean values when
considering critical density thresholds. However, the ability of given black abalone
aggregations to contribute to population growth on large spatial scales is dependent on
longevity and spatial dispersal capability of black abalone larvae.

As noted in sections 1.4.1 above and 3.4.3 of this Status Review, the black abalone
population at one known location at San Nicolas Island may remain above a critical
density threshold and is experiencing ongoing successful recruitment (VanBlaricom,
unpublished data). Also noted in section 1.4.1 of this Status Review is a second location
at Santa Cruz Island, where recent recruitments have occurred despite the virtual absence
of local spawning adults (Richards, unpublished data). The San Nicolas Island location is
known to be characterized by small local sea surface temperature anomalies, with typical
temperatures slightly lower (< 1° C on average) than at other monitored sites at the Island
(VanBlaricom, unpublished data). Thus, anomalous local oceanographic features may
contribute in some way to local population sustainability. It is also possible that the San
Nicolas Island site includes animals that have developed genetically-based resistance to
withering syndrome, thereby experiencing lower mortality rates and higher probabilities
of population-scale persistence. The latter possibility is currently under experimental
evaluation in the laboratory of C.S. Friedman at the University of Washington, Seattle.

3.3.4 Fertilization

Cox (1962) reports that release of gametes at spawning in abalone begins with discharge
from the gonad into the right renal cavity. The gametes then pass through the external
renal opening, moving into the respiratory chamber from which they are expelled through
the tremata into the surrounding waters.

To our knowledge, the process of fertilization has not been studied in black abalone.
Recent efforts to induce spawning in laboratories have been largely unsuccessful
(Friedman, personal communication). Clavier (1992) has reported laboratory
experiments involving induced spawning of the ormer (Haliotis tuberculata Linnaeus,
1758) of coastal western Europe and Africa. Adult females were found to have
instantaneous fecundities of 0.2 to 1.6 x 10° eggs per induced spawn, with fecundities
increasing with body mass of the spawning individuals. Adult male instantaneous
fecundities ranged from 0.5 to 20 x 10'° sperm per induced spawn, but the relationship of
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fecundity to body mass was unclear for males. Clavier (1992) also evaluated the
relationship of sperm concentrations per unit volume of sea water to fertilization rate.
Fertilizations were not observed at sperm concentrations < 10° cells mI™. Fertilization
rate was found to increase steadily as sperm concentration increased above 10°cells ml™,
approaching 100% fertilization at approximately 10° cells mI™. Fertilization rates fell to
zero at sperm concentrations above 10° cells mI™. Apparently, excessively high sperm
concentrations cause lysis of the vitelline layer of the ovum, leading to its destruction. In
some cases excessively high sperm concentrations were also associated with abnormal
embryonic development.

To the extent that Clavier’s (1992) result may be applicable to black abalone, it seems
apparent that effective fertilization at high rates in wild black abalone populations must
involve a challenging problem of optimization (see also section 5.4.1.3 of this Status
Review). The highly turbulent environment in which black abalone dwell demands close
proximity of male and female individuals and precise temporal synchrony in gamete
release. However, excessive concentrations of sperm near spawned ova may cause
production of damaged embryos and larvae (polyspermy). It is likely that delivery of
effective spawning pulses in black abalone reflect simultaneous and instantaneous
perceptions of proximity to conspecifics, spawning status of adjacent conspecifics of the
opposite sex, and pattern of water flow.

3.4  Settlement, Recruitment, and Growth
3.4.1 Settlement

Keough and Downes (1982) define settlement of the larvae of marine benthic
invertebrates, including abalone, as contact with the post-larval substratum, resulting in
metamorphosis from the larval to the post-larval form. A series of studies over the past
two decades have provided insight to the chemical and physiological processes in abalone
larvae that are associated with settlement. The work collectively involves a number of
abalone species, but there is sufficient empirical evidence to suggest that the mechanisms
described below apply in general form to the settlement process in black abalone.

Morse (1990) has presented evidence that abalone larvae require exogenous chemical
induction for settlement and metamorphosis. Morse et al. (1979) and Morse and Morse
(1984) reported that y-aminobutyric acid, a simple and well-known neurotransmitter,
stimulates the settlement and metamorphosis of planktonic abalone larvae. Douros
(1985) showed that crustose coralline algae enhance substratum-specific settlement rates
by larvae of black abalone. Douros (1985) also provided evidence that potential chemical
cues associated directly with the presence of adult conspecifics, such as mucous, do not
influence rates of settlement and metamorphosis by black abalone larvae. Morse and
Morse (1984) suggested that settlement cues associated with crustose coralline algae are
related specifically to certain chemicals present only on algal surfaces. Trapido-
Rosenthal and Morse (1986) reported that specific receptors on the surfaces of abalone
larvae bind to y-aminobutyric acid mimetics produced on the surface of the algae. Itis
further reported that the receptors develop on the larval surface incrementally over time
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following fertilization, and that appearance of the receptors precedes and is required for
the emergence of the capability in the larvae to respond to settlement-inducing chemicals
on algal surfaces. Morse (1992) reported that the y-aminobutyric acid-mimetic settlement
cues are produced by crustose algae and not by associated microorganisms. Of 33 strains
of associated microorganisms screened for chemical settlement cues, none produced
positive results. Miner et al. (2006) suggested that presence of adult black abalone may
facilitate larval settlement and metamorphosis, because the activities and presence of the
abalone favor the maintenance of substantial substratum cover by crustose coralline
algae.

Morse (1984) determined that optimal concentrations of y-aminobutyric acid for
induction of settlement and metamorphosis of larvae are approximately 10° mol I'* for
most species of abalone tested. Morse (1992) indicated that detection of y-aminobutyric
acid-mimetic chemicals by surface receptors on larvae activates signal transduction
pathways that translate the chemical signal from the environment to electrochemical
signals propagated by the larval nervous system. Two such pathways have been
described, termed regulatory and morphogenetic (Morse 1992). The regulatory pathway
causes an increase in sensitivity in those sensors linked to the morphogenetic pathway.
The morphogenetic pathway induces attachment and metamorphosis by larvae.

Morse (1992) describes metamorphosis in abalone as relatively slow compared to other
gastropod mollusks, although a specific timeline is not reported. The speed of
metamorphosis is said to be inversely related to the relative need for new gene expression
at the time of metamorphosis. In the case of abalone, new gene expression is required for
synthesis of the adult-form shell and for synthesis of digestive enzymes as the animal
shifts from a non-feeding larva to a feeding juvenile.

The sequence of studies and discoveries summarized above suggests that availability of
crustose coralline algae in appropriate intertidal habitats may be significant to the success
of the larval recruitment process in black abalone. Although crustose coralline algae are
ubiquitous in rocky benthic habitats along the west coast of North America, a mechanistic
understanding of processes that sustain subject algal populations has not been established
to our knowledge. If the presence of black abalone serves an important role in facilitating
abundance of crustose coralline algae, it follows that the question of critical density
thresholds (see section 3.2 of this Status Review) takes on a new dimension. That is, the
critical density concept may apply to minimum densities needed to maintain community
structure and function, including promotion of crustose coralline algal abundance, as well
as to maintain minimum local abalone densities required for fertilization rates adequate to
forestall local extinction.

3.4.2 Larval dispersal distances
Direct measurement of larval travel patterns typically is not tractable for broadcast-
spawning marine invertebrates. Planktonic larvae generally are so small and fragile that

effective methods for marking and direct tracking of movements do not exist (e.g.,
McShane et al. 1988). Three indirect alternative methods are used to estimate larval
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dispersal distances empirically, and all have been applied to the problem of determining
dispersal distances in abalone. The first is to use objects such as drift cards or drift
bottles, labeled with appropriate identifying information, as surrogates for larvae (e.g.,
Tegner and Butler 1985, Chambers et al. 2005). The objects ideally are released in
spatial and temporal synchrony with the spawning species of interest. Data are then
collected on recovery times and locations of individual drift objects, allowing analysis
and inference about larval dispersal distances. Studies of movement of surrogate objects
may be strongly biased in several ways. It is rarely possible to design a surrogate object
that can duplicate larval behaviors, such as directed vertical movements in the water
column, that may have significant effects on dispersal rate and pathway (e.g., Forward Jr.
et al. 1989). Surrogate objects are in all cases much larger than the larvae they are
intended to represent, also raising the potential for significant, potentially misleading
scale-dependent departures from dispersal patterns in actual larvae. Finally, as with
living larvae, surrogate objects have such a large range of potential destinations post-
release that unbiased and comprehensive surveys to determine dispersal endpoints are
rarely practical. More often, dispersal endpoints are identified by a combination of
directed searches in areas thought to have a high probability of receiving dispersed
objects, together with information from chance discovery of stranded objects in other
locations by shoreline visitors. Reliance on data of this kind poses the risk of several
types of bias.

The second approach is to use molecular tools to establish relatedness of adult
populations and newly recruited cohorts, allowing inferences about dispersal pattern (e.g.,
Hamm and Burton 2000, Chambers et al. 2006). This type of approach has been applied
using allozyme electrophoretic methods along with a number of methods involving
nucleic acids, including analyses of mitochondrial DNA, nuclear DNA microsatellites,
and AFLPs. Each specific method has somewhat different capabilities for resolution of
population structure that reflects dispersal patterns, and each has its own potential biases
(e.g., Gruenthal 2007). Most recent research on dispersal distances in marine invertebrate
larvae relies on molecular tools. The nearly continuous emergence of new molecular
approaches holds the promise of an ability to measure dispersal characteristics with
improved accuracy and reduced biases.

The third approach is to examine the spatial relationship of newly recruited cohorts to
known aggregations of breeding adults (e.g., Prince et al. 1988). Dispersal distance is
estimated based on the range of distances measured between sites occupied by adults and
sites occupied by groups of juveniles. This approach probably is most likely to provide
accurate results along linear coastlines with relatively simple nearshore current patterns.
Complex topography, such as in island archipelagos, or complex nearshore flows, such as
in eastern boundary currents, have the potential to confound the interpretation of spatial
relationships of adults and young cohorts as a tool for estimating dispersal distances. In
this approach errors of interpretation are likely to increase as dispersal distance capability
of the subject species increases.

Larval surrogates and molecular methods have been used to assess dispersal distances in
black abalone. Chambers et al. (2005) reported the release and tracking of labeled
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buoyant drift cards (plywood rectangles, 70 x 100 x 7 mm) on two different dates during
the black abalone breeding season at San Nicolas Island. Release dates were August
2002 (1,170 cards) and June 2003 (1,430 cards). Cards were released at high tides just
beyond the surf zone at a number of shoreline locations on the Island. Fates of released
drift cards were tracked by intensive post-release shoreline surveys on foot at the Island,
but surveys were not possible at other locations. As a consequence, cards dispersing to
shores other than San Nicolas Island were located only if they were subject to chance
discovery and the requested reporting response (written on the label of each card) by
shoreline visitors. Card recovery rate was 62% following the August 2002 release and
53% for the June 2003 release. A large majority of recovered cards (78% in August
2002, 99.7% in June 2003) moved directly downwind and stranded within 2 km of
respective release sites on San Nicolas Island. A small proportion of released cards
stranded on other southern California Islands or on the southern California mainland, as
indexed by chance discovery. Cards dispersing on the larger spatial scales (> 10 km)
followed pathways consistent with influence by prevailing winds and by regional-scale
surface current patterns. The drift card data are consistent with primarily local dispersal,
together with occasional long-distance dispersal by a few individual larvae (see also
section 5.4.1.3 of this Status Review).

Molecular methods for assessment of dispersal distance in black abalone have been
described in section 3.1 of this Status Review under the subheading “Population structure
and genetics”. Chambers et al. (2006) utilized allozyme electrophoresis, whereas Hamm
and Burton (2000) used both allozyme data and data from mitochondrial DNA. The most
recent work (Gruenthal 2007) was based primarily on methods involving nuclear DNA.
The drift card study described above, and all the molecular studies noted here and in
section 3.1 of this Status Review, point to a similar perception of dispersal distances in
black abalone. Larval dispersal distance is thought to be minimal, most often occurring
on scales of a few km or less. Dispersal over greater distances is viewed as infrequent,
but nevertheless detectable in the molecular data. As noted in section 3.1 of this Status
Review, Gruenthal and Burton (2007) has characterized larval dispersal in black abalone
as consistent with the stepping-stone model of dispersal (Kimura and Weiss 1964).

Studies of the spatial juxtaposition of breeding adults and cohorts of young animals have
not been applied to black abalone. Prince et al. (1987, 1988), McShane et al. (1988), and
McShane (1992) have described correlations in space between adult populations and
juvenile cohorts of blacklip abalone (Haliotis rubra Leach, 1814) along the shores of
southern Australia, interpreting the data as evidence of limited dispersal distances in local
abalone populations.

Overall, the three indirect methods for assessing larval dispersal in abalone point to
consistent results. Given that most abalone larvae are in the plankton for a period of
about 3-10 days before settlement and metamorphosis (e.g., McShane 1992), it seems
clear that abalone in general and black abalone in particular have limited capacity for
dispersal over distances beyond a few kilometers, and are able to do so only rarely.

3.4.3 Recruitment
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In the context of our Status Review we define recruitment as the appearance in one or
more locations of measurable numbers of new post-metamorphic individuals. Our
definition recognizes the possibility that recruitment may occur regardless of the local
presence of breeding adults. Our definition is ecologically based, and should not be
confused with the traditional and familiar recruitment definition used in the context of
fisheries management. In the latter, recruitment is defined as the appearance in one or
more harvested populations of new individuals that have reached a size large enough for
legal harvest.

Leighton (1959, 2005) reported that small (< 5 mm maximum shell diameter) juvenile
black abalone can be found on the undersides of large intertidal boulders with free space
below, and in small depressions in rock caused by abrasive actions of the common
intertidal chiton Nutallina californica. These observations were made in mainland
intertidal habitats of southern California. Leighton (2005) noted that juveniles in such
habitats are cryptically-colored and difficult to detect visually. VanBlaricom
(unpublished observations) has also observed small (< 10 mm maximum shell diameter)
black abalone at San Nicolas Island in large boulder habitats similar to those described by
Leighton (2005). In addition, small black abalone were observed clustered adjacent to
the bases of the common epilithic intertidal anemone, Anthopleura xanthogrammica
(Brandt, 1835), at study site 8 (see also sections 1.4.1 and 3.3.3 of this Status Review) at
San Nicolas Island (VanBlaricom, unpublished observations). It is apparent that newly
settled black abalone undergo ontogenetic habitat shifts as they grow, and that the
sequence of habitats used by young post-metamorphic animals appears to be relatively
cryptic throughout much of the species range. As a consequence, episodes of recruitment
are not detected until abalone of a new cohort reach the appropriate size for emergence
into more open habitats where they are readily detected in conventional sampling efforts.

Abundance surveys for black abalone in Southern California rarely detect individuals less
than about 20 mm in size, and relatively few abalone at less than 40 mm. For example,
of 1,628 black abalone located and measured during standard population surveys at San
Nicolas Island from 2001 through 2007, 15 (0.9%) were 20 mm or less and 185 (11.4%)
were 40 mm or less (VanBlaricom, unpublished data). Available growth data suggest
that black abalone at 20 mm are approaching 1 year of age, and at 40 mm are about 2
years of age (Leighton 2005). Because the surveys at San Nicolas Island were typically
conducted during daytime low tides in northern winter months (January through March),
abalone at 20 mm were likely young of the previous summer or autumn. Because
animals in the vicinity of 20 mm in size do not appear to be fully emerged on a cohort
scale, the sampling protocol likely would not detect a significant recruitment at San
Nicolas Island at least until the cohort’s second winter post-metamorphosis. Age of
emergence of black abalone to more open and readily surveyed habitats at San Nicolas
Island may typically be 2-3 years.

As noted above, Prince et al. (1987, 1988), McShane et al. (1988), and McShane (1992)

have presented evidence that recruitment of abalone is most likely to occur in relatively
close spatial proximity to aggregations of breeding adults, at least in part a consequence
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of the relatively short duration of the planktonic larval phase in abalone. McShane
(1992) reviewed literature emphasizing the significance of coastal current regimes,
including eddies and other regional-scale flow patterns, in distributing planktonic larvae
and influencing locations of settlement and recruitment. Some flow features apparently
serve to concentrate larvae and may foster the development of recruited cohorts at high
density in appropriate benthic habitat (e.g., McShane et al. 1988). In contrast, flow
patterns that disperse larvae of benthic species to inappropriate habitats, such as the open
sea, may ultimately increase larval mortality rates and diminish recruitment rates (e.g.,
Strathmann 1985). Predation and starvation may also influence numbers and distribution
of planktonic larval abalone (Strathmann 1985), but to our knowledge there are no data
available to provide a basis for associating mortality rates to either of these processes.

An overriding problem in quantifying movement and fate of planktonic phase larvae of
abalone is the virtual absence of data on abalone larval distribution in the water column,
for any abalone species in any location on any scale (e.g., McShane 1992). As a result,
effects of larval-phase population dynamics on recruitment processes for abalone can be
evaluated only on the basis of various indirect measures. As noted above and in previous
sections, abalone recruitment appears to be influenced by distribution of breeding adults,
densities of adults on a local scale, availability of benthic recruitment substrata that
provide appropriate chemical cues for settlement and metamorphosis of larvae, regional
and local flow regimes that control larval dispersal from natal sites, and possibly
predation and starvation of larvae.

As noted in section 3.3.3 of this Status Review, Tissot (2007) has estimated empirically
that successful recruitment of black abalone requires the presence of local adult
populations at densities of 0.75-1.1 m™ or greater, and that the number of known
populations of adult black abalone at or above putative threshold densities is diminishing
over time in a geographically progressive manner (see also section 5.4.1.3 of this Status
Review). Tissot (2007) further noted that the majority of monitored black abalone
populations continue to decrease in mean density over time. This combination of
observations emphasizes the importance of critical density thresholds as a major issue in
the sustainability and conservation of black abalone populations throughout their range.
Patterns of aggregation may mitigate effects of decline below a critical density threshold
(see section 3.3.3 of this Status Review; VanBlaricom, unpublished data). However, only
a few populations in California are known to be increasing in numbers (see sections 1.4.1
and 3.3.3 of this Status Review). Thus, a tendency for abalone to aggregate may not be
sufficient to facilitate recruitment at rates or spatial scales sufficient for population
sustainability under current environmental conditions.

Black abalone densities in sites monitored at San Nicolas Island since 1981 reached a
minimum in 2001, and have been increasing slowly since then (VanBlaricom,
unpublished data). The increase is driven almost entirely by growth of densities at study
site 8 (see map in VanBlaricom 1993). Mean densities at all sites were well above the
apparent critical density threshold range of 0.75-1.1 m™ (Tissot 2007) until 1992, falling
below the threshold between 1992 and 2001. Densities at all sites across all years, except
for site 8, have remained below the apparent critical threshold since 2001 (range 0-0.48
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mby site). Densities at site 8 have averaged 1.22 abalone m™ since 2001 (annual means
have ranged from 0.70 to 1.61 m™), with evidence of significant recruitment each year
since 2001. Densities doubled between 2002 and 2006 at site 8 before dropping 8%
between 2006 and 2007. Densities in the most recent survey (winter 2007) were 1.39
abalone m2. Among quadrats (n=278 quadrats at 1 m?) within site 8 in 2007, counts
ranged from O to 26 abalone. Twenty-four of the 278 quadrats surveyed (8.6%)
contained five or more abalone. Assuming equal sex ratios and a random spatial
distribution of each sex among quadrats, the probability that a quadrat with five abalone
will contain at least one animal of each sex is 0.96. Thus, it is plausible that there are a
number of patches at site 8 that have the potential to produce larvae. In contrast, at the
other eight sites combined (n=1,776 quadrats at 1 m?) only three quadrats (0.17%) had
counts of five abalone, and none had more than five. Two of the three quadrats were at
site 7, and the remaining one was at site 5.

Size frequency distributions in black abalone have been monitored at all nine study sites
on San Nicolas Island since 1981 (VanBlaricom, unpublished data). Evidence of nine
recruitment events has been observed at sites other than site 8 at San Nicolas Island since
2001 in size frequency and density data sets, but none of the young cohorts survived into
a second year. Recruitment events were detected at two locations (sites 5 and 7) in 2002
and again at the same two sites in 2003, at site 3 in 2004, at three sites in 2005 (sites 2, 5,
and 7), and at site 5 in 2006. Collectively, the data suggest four patterns of particular
interest:

1) Densities at site 8 appear, based on patterns of local recruitment, to have been at
or above the local critical density threshold since 2001,

2) Recruitments can and do occur at sites located >10 km (along-shore distance)
away from the single population (site 8) that has sustained densities at the
apparent critical density threshold;

3) Recruitments have been most common at sites 5 (four events detected) and 7
(three events detected), both of which are southeastward and directly downwind
of site 8 on the south shore of the Island. Given the results of drift card studies at
the Island (Chambers et al. 2005) it is quite plausible that recruitments at sites 5
and 7 result from larvae produced at site 8 that were transported along shore by
prevailing local flow patterns. On the same basis, it is only barely plausible that
recruitments at sites 2 (detected in 2005) and 3 (detected in 2004) arose from
larvae produced at site 8. Local production of larvae at sites 5 and 7 is modestly
plausible as variance in density is relatively high and dense local aggregations of
adults can be found at both sites (both had at least one aggregation of five adult
abalone within a plot of 1 m?during 2007 population surveys, as noted above).
Local production of larvae at sites 2 and 3 is only marginally plausible because of
chronically low adult densities (< 0.25 m™ in all years at both sites since 2001)
and the absence of substantial local adult aggregations at either site (no quadrat
counts were as high as five animals since 2001; n=274 quadrats at 1 m? at site 2;
n=300 quadrats at 1 m? at site 3).
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4) Post-recruitment mortalities clearly are limiting the incorporation of recruited
cohorts into the local breeding populations at sites other than site 8.

As noted in section 1.4.1 of this Status Review, Richards (unpublished data) has detected
substantial recruitment of young abalone at Willows Anchorage, Santa Cruz Island, in the
absence of significant numbers of adults. This recruitment event was first detected in
2004, and the recruited cohort has survived in significant numbers since then, with the
mean maximum shell diameter at 62 mm in winter 2007. In summary, the data from
studies in the California Islands indicate temporal variability in the occurrence of
detectable recruitment events, the potential for long-distance recruitment, the reasonably
high probability that most recruitments emerge from local or nearby adult aggregations,
and spatial variability in survival in recruited cohorts post-detection. Data on population
growth patterns on the Islands are generally consistent with the proposed critical density
threshold values proposed by Tissot (2007).

Stock-recruitment relationships and models (e.g., Ricker 1954, Beverton and Holt 1957)
are often a staple of fishery management research and have substantial influence on
management decisions such as harvest quotas and size limits. Such models attempt to
link stock size to recruitment potential in exploited populations. Application of stock-
recruitment theory to marine invertebrate populations, for whatever purpose, has often
been ineffective, likely because factors such as spatially and temporally variable flow
regimes can disperse larvae in complex patterns, effectively confounding and possibly
negating existing relationships between adult breeding population size and recruitment
potential (e.g., McShane 1992). Prince et al. (1988) proposed a stock-recruitment
relationship for H. rubra, but McShane (1991) countered that patterns in data used as
evidence were more likely a reflection of differences in post-settlement mortality than in
stock-recruitment relationships. McShane and Smith (1988) found high temporal
variance in a single population of abalone over time, despite little temporal variation in
the size of the breeding stock. Thus, McShane (1992) argued that there is little
quantitative incentive or value in applying stock-recruitment theory to the
characterization of abalone population dynamics. To our knowledge, stock-recruitment
theory has not been applied to the management of any populations of black abalone.

3.4.4 Growth rate and maximum size

In a conservation context, growth rate of abalone is important because of linkages of size,
age, and reproductive potential. Growth is also important to understand because body
size may be an important determinant of vulnerability to predation. Growth may also be
a useful indicator of abalone health and may reflect patterns of temperature, food supply,
and other environmental features that can be monitored in the interest of abalone
conservation. Growth rate data are clearly of value in the context of fishery management
as well (e.g., Day and Fleming 1992).

As noted previously, young post-metamorphic abalone are often cryptic in coloration and
habitat use, making direct measurements of growth rate in the field difficult. The
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problem is compounded by the small size of young animals, such that tag attachment is
largely intractable and, if attempted, may cause disturbance, injury or death of the subject
animal.

Leighton (2005) suggests that black abalone reach a size of about 20 mm during their
first year. During the second year black abalone begin to emerge (at approximately > 40
mm) from highly cryptic habitats to more open locations, probably in order to improve
access to detached drifting algal pieces that dominate the diet, and perhaps as well to join
aggregations of other abalone for eventual breeding purposes. Once emerged, most black
abalone are of sufficient size and accessibility that tagging studies for growth
measurement become practical.

There are a number of studies of post-emergent black abalone growth in the published
literature. Leighton (1959) and Leighton and Boolootian (1963) tagged groups of black
abalone at two sites on the mainland coast of southern California in spring 1958.
Relocation surveys were done quarterly through February 1959 and involved
measurement of relocated individuals. Sixteen relocations were made. Growth rates
were found to vary by season (highest in summer and fall), and between locations
(growth at Pt. Dume higher than at the Palos Verdes Peninsula). Growth rates ranged
from 0.5 to 2.6 mm month™ by individual at Pt. Dume, and from 0 to 1.62 mm month™ at
the Palos Verdes Peninsula. Leighton (1959) and Leighton and Boolootian (1963) also
estimated growth rates from size frequency distributions. A cohort of small animals (17-
26 mm) at the Palos Verdes Peninsula study site grew about 15 mm between August
1958 and April 1959. Bergen (1971) and Bergen Wright (1975; same individual)
reported growth rates for tagged black abalone at Santa Cruz Island over a period of 12
months. Bergen Wright (1975) indexed size by measuring the distance from the shell
spire to the shell edge, rather than the maximum shell diameter. Thus, growth rate data
are not directly comparable to those reported in other published studies. Bergen Wright’s
(1975) study involved 71 recaptures of tagged individuals. Mean asymptotic size was
estimated at 125 mm (Bergen Wright, 1975, as cited in Day and Fleming, 1992). Day
and Fleming (1992) estimated von Bertalanffy growth parameters from data provided in a
study at Santa Cruz Island by Douros (1985) over a period of 8 months, based on 57
recaptures of tagged animals. Growth coefficients for two groups of tagged abalone were
estimated at 0.37 and 0.47. Mean asymptotic sizes were estimated at 117 mm and 139
mm for the same two groups, respectively. Blecha et al. (1992) estimated growth
coefficients to range from 0.12 to 0.23 for black abalone populations at four sites near
Diablo Cove on the central California mainland, and asymptotic sizes at 97 to 150 mm
for the same sites. Study duration was about 20 months and 760 recaptures were made.
Haaker et al. (1995) measured growth at several locations on San Miguel Island and at Pt.
Arguello (on the central California mainland coast just north of Pt. Conception) over
periods of two (Pt. Arguello) and four years (San Miguel Island). During the study, 769
black abalone were recaptured. Growth coefficients and asymptotic sizes were estimated
at 0.19 and 134 mm for San Miguel Island and 0.11 and 135 mm for Pt. Arguello.
Leighton (2005) summarized unpublished data from tagging work done with black
abalone at Pt. Estero, on the central California mainland, over a period of 15 months in
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1972. Tag relocation was minimal, but the growth coefficient was estimated at between
0.1 and 0.2, and the asymptotic size at 140 mm.

VanBlaricom and Monti (In preparation) studied growth in 413 tagged adult black
abalone at two sites (sites 1 and 7 as described in VVanBlaricom 1993) on San Nicolas
Island from 1981 through 1996. The same groups of tagged animals were also used for
the movement studies described in section 3.1.6 of this Status Review. Relocations
totaled 3,232 (2,425 at site 1; 807 at site 7). Abalone <100 mm in size at tagging
typically grew at about 1 mm per month until size reached 110-120 mm, when growth
slowed. Abalone of 100-130 mm at tagging showed very little positive growth, even in
cases of multiple relocations over a number of years (maximum longevity of an animal
post-tagging was 14 years). Abalone with shell lengths > 130 mm at tagging most often
showed negative growth during the study. Analyses by site of net growth per unit time as
a function of length at tagging indicated statistically significant (p<0.05) linear
regressions with negative slopes. X-intercept values for the regressions were 121 mm at
both sites. The data indicate that black abalone effectively have determinant growth at
San Nicolas Island. X-intercept values for linear regressions appear to be the empirical
equivalent of asymptotic size estimates from fitted von Bertalanffy growth models.
Growth slowed with age and size in the tagged population. The observations of negative
growth indicate that individual animals may exceed a local asymptotic size temporarily,
but that shell erosion rates inevitably overtake shell growth rates as animals age. The
result is convergence from both directions of black abalone shell size toward a fixed
value that represents the long-term maximum shell size for a given location (see also
section 5.4.1.3 of this Status Review). Long-term maximum shell lengths may vary by
location, although they were similar between the two study sites at San Nicolas Island.

In summary, available data on black abalone growth suggest that young animals reach
maximum shell diameters of about 20 mm in their first year, then grow at rates of 10-20
mm per year for the next several years. Growth begins to slow at lengths of about 100
mm, corresponding to an age range of 4-8 yrs. Beyond this point, growth is less
predictable, shell erosion may become a significant factor, and size distributions for older
animals may vary according to local conditions. Growth and erosion of shells may come
into equilibrium in older black abalone, such that growth can be viewed as facultatively
determinant.

Maximum recorded shell length for black abalone was listed at 213 mm by Wagner and
Abbott (1990). Ault (1985) reported a maximum shell length of black abalone at 215
mm. Leighton (2005) indicated a shell length of 216 mm reported by Owen (unpublished
observation). At least two black abalone of approximately 220 mm maximum shell
length were known to be alive at San Nicolas Island in January 2007 (VanBlaricom,
Neuman, and Witting, unpublished observations), but the cryptic locations of the animals
have made measurements awkward and possibly not accurate. Monitoring and
measurement of these individuals will continue in association with ongoing population
surveys.

3.5 Mortality
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Shepherd and Breen (1992) provide an excellent review of mortality in abalone, and note
that an understanding of mortality rates in the three phases of natural abalone populations
(larvae, juveniles, and adults) is essential to appropriate population modeling and
management. As with most marine species, the various categories of mortality rates
often are poorly known in abalone.

Mortalities of abalone larvae

Mortality processes in larval abalone are particularly difficult to evaluate for wild
populations in natural settings. Shepherd and Breen’s (1992) review of abalone mortality
lists a number of factors that may influence mortality rates and provides a number of
supporting references to the published literature. Among physical oceanographic factors,
fluctuation beyond species-specific tolerance ranges in temperature and salinity have
been identified as possible sources of mortality. As noted previously, larvae that are
distributed to inappropriate habitats by ocean currents likely experience high mortality
rates as a result of physiological stress, starvation or predation, although documentation
of such processes is lacking to our knowledge. Based on the drift card study of
Chambers et al. (2005), it is also likely that larvae of nearshore abalone species may be
lost as a consequence of entrainment in the surf zone and violent impacts or abrasion
against solid rocky or sandy substrata. Many predators have the capacity for ingestion of
abalone larvae in the marine water column, including planktivorous fishes and
zooplankton, but rates of mortality associated with planktonic predation are also
unknown. Given known fecundities for abalone, including black abalone (see section
3.4.4 of this Status Review), and in consideration of the largest of estimated post-
metamorphic abalone population sizes, it is likely that larval mortality rates in abalone
are high even in pristine settings.

Mortalities of minute newly metamorphosed abalone

As described above, available information indicates that crustose coralline algae are
particularly important recruitment habitats for black abalone as well as for other abalone
species. Shepherd and Breen (1992) indicate that little is known about predation on
newly metamorphosed abalone in this habitat type. It is speculated that a broad range of
small benthic invertebrates are capable of consuming new abalone recruits, including
polychaetes, nematodes, polyclad flatworms, and anemones. Small, newly-recruited
abalone may also be susceptible to mortalities associated with disturbances such as
substratum movement or disruption, deposition of sediment, influx of low-salinity waters
associated with heavy rainfall and river discharge, and local seawater temperature
anomalies associated with local weather events or larger-scale oceanographic
perturbations. To our knowledge there are no published data capable of supporting
meaningful estimates of mortality rates in newly recruited juvenile abalone in response to
any of the listed processes or events, or to any other form of predation or disturbance.

Mortalities of small (<40-50 mm shell length) cryptic abalone
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As abalone grow, associated mortality processes become somewhat more tractable
research topics. Larger animals can be more easily located and monitored in the field as
compared to smaller life history phases, allowing an understanding of certain types of
mortality processes based on direct observation or tagging methods. In addition, the post
mortem persistence of robust shells typical of larger animals often provides useful
information on mortality sources and rates. Post-metamorphic abalone still small enough
to remain highly cryptic may require cracks or crevices of appropriate dimensions to
provide refuge from foraging crabs (e.g, Shepherd 1973). Abalone in this size range (<
40-50 mm) face predatory pressure from a number of other consumer species as well.
Ault (1985) and Shepherd and Breen (1992) list gastropods, octopuses, lobsters, sea stars,
and fishes as predators capable of ingesting small abalone. At San Nicolas Island,
VanBlaricom (unpublished observations) has observed directed predation on black
abalone in rocky intertidal habitats by the ochre sea star Pisaster ochraceus (Brandt,
1835), an octopus (Octopus bimaculatus Verrill, 1883), a large cottid fish, the cabezon
(Scorpaenichthys marmoratus Girard, 1854), and a shorebird, the black oystercatcher
Haematopus bachmani Audubon, 1838. In addition, VanBlaricom (unpublished
observations) has observed ingestion of small black abalone by three taxa normally
viewed as herbivores: the lined shore crab Pachygrapsus crassipes Randall, 1839; the
purple sea urchin Strongylocentrotus purpuratus (Stimpson, 1857); and the turban snails
Tegula spp. Consumption of black abalone by normally herbivorous species may involve
scavenging on dead or moribund animals, such as those afflicted by disease, rather than
directed predatory activity. Despite the large number of identified predators on small
cryptic abalone, we are aware of no studies that estimate mortality rates of black abalone
in association with the predator species that have been identified. Tegner and Butler
(1985) were able to provide some indication of predation rates by octopuses on
outplanted small green abalone as part of a restoration study off southern California.

Cryptic abalone < 40-50 mm in size may also suffer mortalities from the same range of
physical disturbances listed above for minute post-metamorphic abalone, although
estimates of rates of mortality from such sources are not available for black abalone. In
addition, abalone in this size range are large enough to experience illegal harvest by
people in some locations. Finally, abalone in this category are susceptible to mortalities
caused by the recently-emerged lethal disease known as abalone withering syndrome.
Mortalities caused by human removals and diseases are reviewed in sections 3.4.5.1 and
3.5.2 of this Status Review.

Mortalities of emergent abalone

Mortality patterns for large, emergent abalone (> 40-50 mm in size) are reasonably well-

known for some species. Identified categories of mortality include predation, variation in
food supply, physical disturbance, pollution, disease, and human removal (e.g., Shepherd
and Breen 1992).

Emergent black abalone are known to be killed and consumed by sea otters, sea stars, and

fishes. Predation by sea otters is considered in section 3.5.3 of this Status Review. The
ochre sea star is a known predator of black abalone, and appears to be capable of killing
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and consuming the largest abalone typically present in populations (VanBlaricom,
unpublished observations). Ault (1985) indicated that rates of abalone consumption by
ochre sea stars probably are too low to be significant ecologically. The same is likely
true for consumption by cabezon, also capable of ingesting large black abalone.

As noted in section 3.2 of this Status Review, the diet of black abalone is dominated by
large kelps, especially the giant kelp Macrocystis californica in southern and central
California and the bull kelp Nereocystis leutkeana in central and northern California.
Large kelps are also known to be important in the diets of other abalone species in
California. During the second half of the twentieth century storm disturbances associated
with EI Nifio events occurred with increasing frequency along the California coast, and
with a broadening awareness of ecological consequences to nearshore ecosystems.
Severe El Nifio events in 1957-1959, 1982-1984, and 1997-1999, each more intensive
than the previous, caused substantial temporary reductions in the sizes of kelp forests
along the California coast. Published evidence indicate red and green abalone
populations experienced reduced individual growth rates, reduced gonadal growth,
diminished recruitment, and starvation as a consequence of the events of 1957-1959 and
1982-1984 (e.g., Cox 1962, Dayton and Tegner 1984, Tegner and Dayton 1987, Shepherd
and Breen 1992). Black abalone may have suffered from nutritional deficiencies during
the 1957-1959 event (Leighton 2005). However, nutritional consequences of later events
for black abalone are less clear. Data from San Nicolas Island indicate no evident change
in black abalone abundance in response to the 1982-1984 event, except in association
with substratum disturbances, despite obvious reductions in sizes of offshore kelp forests
in the vicinity of the Island (VanBlaricom 1993). The 1997-1999 event also reduced
sizes of offshore kelp canopies near San Nicolas Island and elsewhere. Black abalone
densities were in decline during the late 1990s (VanBlaricom, unpublished data), such
that linkages to storm disturbance and possible food shortages are confounded by
mortalities associated with disease during the same time period. As a result, the
significance of variable food supply to black abalone population dynamics in California
is not clear.

As noted above, substratum disturbance was observed at San Nicolas Island during the
1982-1984 EI Nifio event (VanBlaricom 1993). On one permanent transect of 30 x 2 m
dimensions at site 3, severe wave impacts during storms in winter 1983 caused separation
of inclined sandstone beds, resulting in creation and movement (over distances of 10 m or
more) of rock pieces ~2 m in thickness and up to 5 m across. Changes in configuration
of the substratum caused some mortality and relocation of abalone on a small local scale.
Despite the visually dramatic nature of the disturbances, changes in substratum
configuration were not enough to produce a noticeable signal in the time series of density
data for black abalone at the site.

Shanks and Wright (1986) described the role of breaking waves in suspending and
moving pebbles and cobbles in intertidal habitats at San Nicolas Island. In moderate or
larger surf conditions, the displaced stones effectively become projectiles that can
damage or kill intertidal invertebrates. Chipped and fractured abalone shells, either in
beach wrack or on living black abalone, have been observed in sites at San Nicolas Island
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where cobbles and pebbles are available for suspension as potentially destructive
projectiles (VanBlaricom, unpublished observations). Rates of mortality caused by
projectile impacts are probably low for black abalone using protective cryptic
microhabitats, but may be significant in groups of animals using open, unprotected
habitats. Quantitative estimation of black abalone mortality rates associated with
projectile impacts has not been reported in the literature.

Shepherd and Breen (1992) note one published instance of abalone mortality associated
with a pollution event, described by Martin et al. (1977). Toxic levels of copper in the
cooling water effluent of a nuclear power plant near Diablo Canyon, California, were
associated with abalone mortalities in a nearshore cove that received significant effluent
flows. There is ongoing concern that accidentally spilled oil from offshore drilling
platforms or various types of commercial vessels could occur near shore in California,
could spread through a significant proportion of black abalone habitat, and could cause
significant black abalone mortalities on shorelines. VanBlaricom and Jameson (1982)
evaluated movement of a large quantity of lumber accidentally spilled from a barge
during a winter storm off central California, using the spilled lumber as a surrogate for
spilled oil. The spilled lumber was equivalent in volume to ~30,000 bbl of oil. Lumber
dispersed from the Monterey Peninsula southward to San Miguel Island. Much of the
spilled material stranded on shore in excellent black abalone habitat. While there is no
direct published evidence of potential damage to black abalone from spilled oil, the
lumber surrogate study emphasized the significant risk of potential damage to black
abalone populations on a large spatial scale, should a large spill occur. Besides the
potential direct damage to black abalone from oil spills, the current methods of large
scale oil clean up in the rocky intertidal area (ie. steam pressure washing as in the Exxon
Valdes spill) could also adversely affect black abalone.

3.5.1 Competitive interactions and anthropogenic mortality

Abalone and sea urchins often share habitats and food preferences. Tegner et al. (1992)
noted that sea urchins can have negative effects on other herbivorous marine
invertebrates in cases of limited food supply. Tegner and Levin (1982) evaluated
possible competitive interactions of red abalone and red sea urchins (Strongylocentrotus
franciscanus Agassiz, 1879), finding minimal evidence for strong competition for food
resources. Tegner (1989) noted that purple sea urchins may also be abundant in red
abalone habitats in California, and may be capable of destructive overgrazing of kelp
populations at a level that could be nutritionally detrimental to abalone, potentially
contributing to increased mortality rates.

In California’s rocky intertidal habitats, high densities of purple sea urchins and small
numbers of red sea urchins often occur in close proximity (< 1 m) to black abalone.
Purple urchin aggregations may reach several hundred individuals or more per m? in
tidepools in high-quality black abalone habitat on the islands off southern California, and
urchins are commonly seen holding and ingesting drift fragments of the same kelp
species used as food by black abalone (Richards and VVanBlaricom, unpublished
observations). Thus, the potential for food competition between black abalone and sea
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urchins is plausible. To our knowledge, potential competitive interactions of black
abalone and purple sea urchins have not been investigated. VanBlaricom (unpublished
observations) observed that purple urchins were quite abundant in rocky intertidal
habitats at San Nicolas Island during years (1981-1991) of high black abalone abundance.
The decline in black abalone densities from 1992 to 2001 was not accompanied by
noticeable changes in distribution or densities of purple sea urchins. These observations
are consistent with insignificant competitive interactions between black abalone and
purple sea urchins, but are not definitive. The strength of the potential interaction
remains unresolved.

Mortalities associated with human removals

Mortalities of black abalone associated with human removals fall into five major
categories:

Subsistence harvest by indigenous peoples;
Commercial harvest;

Recreational harvest;

Purposeful illegal harvest;

Accidental lethal injury.

P00 T

There is a substantial technical literature on harvests of black abalone by indigenous
peoples, particularly for the southern California Islands where extensive shell middens
have survived, in many cases with minimal disturbance (see also section 3.1.5.1 of this
Status Review). There are also informative technical reports on commercial harvest and
at least one report relevant to the issue of accidental lethal injury to black abalone
resulting from human activity in rocky intertidal habitats. To our knowledge there are no
published data detailing direct effects of legal recreational harvests or of purposeful
illegal harvests of black abalone, although it is plausible that both have been important
sources of black abalone mortality in the recent past. One study considered the effects of
legal recreational harvest by contrasting abundances and recruitment frequencies among
black abalone populations in locations with varying levels of formal and de facto
prohibition of harvest.

1. Subsistence harvest by indigenous peoples

Well-preserved shell middens are common in the southern California islands. Many of
the middens contain large numbers of black abalone shells, particularly at sites of ages
less than ~4,500 calendar years before present (Glassow 1993). In earlier sites the
predominant abalone is the red abalone. Red abalone occur in habitats with lower
seawater temperatures than black abalone. Glassow et al. (1994) have used oxygen
isotope data from middens on Santa Cruz Island to support the argument that the shift in
favor of black abalone was associated with an ocean warming event of about 2.5° C at the
time of the shift. Salls (1992) and Sharp (2002) claimed instead that available evidence
favors cultural changes in hunting practices by native people as the explanation for the
shift.
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Middens with large numbers of black abalone present have been reported for San Miguel
(e.g., Vellanoweth et al. 2002), Santa Rosa (e.g., Orr 1967), Santa Cruz (e.g., Douros
1993), Santa Catalina (e.g., Meighan 1959), and San Nicolas Islands (e.g., Reinman
1964), and likely occur on the other southern California islands as well. The striking
abundance of black abalone in middens is evidence of large populations of black abalone
at the Islands and high harvest rates of black abalone by native human communities, at
least episodically if not continuously. However, none of the indigenous human
communities of the islands survived the immigration of European cultures to western
North America in the latter part of the second millennium AD. Mainland native
communities in coastal California also harvested shellfish from nearshore environments,
but the mainland communities likewise suffered cultural disruption and population
reduction, such that subsistence indigenous harvest of black abalone and other nearshore
marine invertebrates was effectively terminated by the early twentieth century.

In some regions of the U.S., traditional native rights to shellfish harvests have been
argued in the U.S. federal court system, and in some cases the courts have ruled in favor
of tribal claims. The best-known example is a ruling in 1994 by a U.S. District Court,
commonly known as the Rafeedie Decision (U.S. v. Washington, 873 F. Supp. 1422,
W.D. Wa 1994), and a related subsequent federal District Court order and judgement
(U.S. v. Washington, 898 F. Supp. 1453, W.D. Wa 1995). The ruling pertained to a
claim by native tribes in Washington State of traditional rights of access to shellfish
resources on a commercial scale. The favorable ruling for the tribes was made on the
basis of a Treaty signed by tribal representatives and the U.S. federal government in the
middle nineteenth century. The ruling established protocols for sharing of harvest quotas
among tribal and non-tribal entities, marking a significant shift in shellfishery
management at the State level, and modifying the impact of human harvests on shellfish
populations in coastal waters of Washington.

To our knowledge, surviving tribal entities in California have not formally indicated an
interest in exploring legal options for restoration of traditional harvest activity on black
abalone or other marine invertebrate species. However, there can be no argument
regarding the importance of black abalone as a traditional food resource for some
indigenous communities in California. The extent to which tribal harvests of black
abalone may emerge in the future likely will turn on perceptions by the court system of
formal agreements, if any, among tribal and U.S. territorial and federal authorities
regarding the disposition of resource harvest rights at the time tribes were displaced from
traditional harvest locations.

In the case of Washington State, agreements in question were in the form of treaties,
viewed by the court as having the same authority as any international treaty. Often,
however, such agreements have more ambiguous status and may be documented in vague
language subject to a wide variety of interpretations. It has been noted that U.S. federal
courts traditionally interpret such agreements as they were perceived, or thought to have
been perceived, by tribal parties to the agreements. This protocol acknowledges the
disadvantageous position of signatory tribes because of language barriers. The courts
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have further ruled that it is within the rights of tribal fishers to use modern techniques
(e.g., scuba diving) that may not have been available during pre-Columbian times, and to
pursue commercial as well as