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Abstract:

Abalone populations in southern California have declined dramatically since the 1950s when they
supported a multispecies, commercial, and recreational fishery producing more than 3,000 t per
year. Today the commercial fishery is closed statewide and the recreational fishery is closed south
of San Francisco. In contrast, red abalone, Haliotis rufescens (Swainson, 1822), populations in
northern California continue to sustain a 1,100 1 per year free-diving recreational fishery. We used
standardized Abalone Recruitment Modules (ARMs) made of half cinder blocks (area = 2.6 m(2))
to compare the recruitment of juvenile abalone in northern California. where stocks are abundant,
with southern California where stocks have declined. We compared the abundance of abalone
inside ARMs (n = 12) in Van Damme State Park (VDSP). northern California with abalone inside
ARMs (n - 82) in the Channel Islands National Park from 2001 to 2003. Abalone densities on
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the reefs Surrounding the ARMs at VDSP, averaged 8300/ha compared with abalone densities
of 30/ha on reefs in three of the northern Channel Islands. Red, flat abalone, H. walallensis and
pinto abalone. H. kamstchatkana kamstchatkana were found in the northern ARMs, whereas in
the south red, pink, H. corrugata, threaded, H. kamtchatkana assimilis, and the endangered white
abalone, H. sorenseni, were rare in the southern ARMs. Abalone were 30 times more abundant
inside the ARMs in the north (5.30/ARM) compared with the south (0.18/ARM). Similar numbers of
abalone were found in all 3 years in the ARMs in northern (69, 69, and 53 abalone) and southern
California (14, 11, and 20 abalone). The maijority of abalone in both the north and the south were
less then 100 mm in shell length. Ironically, the rare flat abalone was more abundant in the north,
than pink abalone were in the south, a species which once supported a major fishery. Clearly.
abalone stocks in southern California are so low that recruitment is failing, despite their potential
high fecundity and the fishery closure. These results demonstrate that ARMs call be used to
monitor recruitment in the northern fishery, as well as establish quantitative recovery criteria to
assess abalone restoration efforts that are desperately needed in the south.
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MEASURING ABALONE (HALIOTIS SPP.) RECRUITMENT IN CALIFORNIA TO EXAMINE

RECRUITMENT OVERFISHING AND RECOVERY CRITERIA

LAURA ROGERS-BENNETT,"** BRIAN L. ALLEN"'* AND GARY E. DAVIS*

!California Department of Fish and Game, Bodega Bay, California 94923; *U.C. Bodega Marine
Laboratory, PO Box 247, Bodega Bay, California 94923; 3Squaxin Island Tribe, 2952 S.E. Old Olympic
Hwy, Shelton, Washington 98584, *Channel Islands National Park, 1901 Spinnaker Dr.,

Ventura, California 93001

ABSTRACT Abalone populations in southern California have declined dramatically since the 1950s when they supported a multi-
species, commercial, and recreational fishery producing more than 3,000 t per year. Today the commercial fishery is closed statewide
and the recreational fishery is closed south of San Francisco. In contrast, red abalone, Haliotis rufescens (Swainson, 1822), populations
in northern California continue to sustain a 1,100 t per year free-diving recreational fishery. We used standardized Abalone Recruitment
Modules (ARMs) made of half cinder blocks (area = 2.6 m?) to compare the recruitment of juvenile abalone in northern California,
where stocks are abundant, with southern California where stocks have declined. We compared the abundance of abalone inside ARMs
(n = 12) in Van Damme State Park (VDSP), northern California with abalone inside ARMs (n = 82) in the Channel Islands National
Park from 2001 to 2003. Abalone densities on the reefs surrounding the ARMs at VDSP, averaged 8300/ha compared with abalone
densities of 30/ha on reefs in three of the northern Channel Islands. Red, flat abalone, H. walallensis and pinto abalone, H. kam-
stchatkana kamstchatkana were found in the northern ARMs, whereas in the south red, pink, H. corrugata, threaded, H. kamtchatkana
assimilis, and the endangered white abalone, H. sorenseni, were rare in the southern ARMs. Abalone were 30 times more abundant
inside the ARMs in the north (5.30/ARM) compared with the south (0.18/ARM). Similar numbers of abalone were found in all 3 years
in the ARMs in northern (69, 69, and 53 abalone) and southern California (14, 11, and 20 abalone). The majority of abalone in both
the north and the south were less then 100 mm in shell length. Ironically, the rare flat abalone was more abundant in the north, than
pink abalone were in the south, a species which once supported a major fishery. Clearly, abalone stocks in southern California are so
low that recruitment is failing, despite their potential high fecundity and the fishery closure. These results demonstrate that ARMs can
be used to monitor recruitment in the northern fishery, as well as establish quantitative recovery criteria to assess abalone restoration

efforts that are desperately needed in the south.

KEY WORDS:

INTRODUCTION

Abalone populations in California once supported major fish-
eries, landing in excess of 3000 metric tons (t) per year (Cox
1962). Population declines, however forced the closure of both the
recreational fishery south of San Francisco and the commercial
fishery statewide in 1996. Populations in the south suffered serial
depletion of five species within the Haliotis spp complex (Dugan
& Davis 1993, Karpov et al. 2000). The white abalone, H. soren-
seni, is now on the endangered species list and the primary cause
of their decline has been attributed to overfishing (Hobday et al.
2001). In contrast, red abalone, H. rufescens, populations are still
abundant in northern California where there is an active free-
diving recreational fishery. Landings in the recreational fishery
have been stable, averaging 1165 t in the mid 1980s (Tegner et al.
1992) with little change in 2000 (1238 t) (CDFG unpubl. data).
Today, there is a need to quantify juvenile abalone recruitment in
California to better manage fished populations in the north and to
assess the status of depleted stocks in the south since the fishery
closure. Specifically, temporal patterns of juvenile abundance can
be used to assess the strength of future year classes entering the
fishery as well as set restoration targets for populations following
natural recovery or restoration efforts.

Recruitment of abalone, however, is difficult to quantify. Stud-
ies of larval dispersal and recruitment are rare (but see Sasaki &
Shepherd 1995), with only a handful of studies examining the
density and distribution of newly settled abalone (Prince et al.
1987, McShane & Smith 1991, Sasaki & Shepherd 2001). An
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examination of densities of newly settled abalone (recruiting to the
benthos) has been advocated for to quantify stock-recruitment re-
lationships and density dependent survival, but these studies are
impeded by the difficulties of sampling (McShane & Smith 1988).
Most recruitment studies focus on the abundance of juvenile or
young of the year abalone, sometime after settlement, when they
are visible to divers (Sainsbury 1982, Shepherd & Turner 1985,
Prince et al. 1988). Juveniles may be better predictors of the num-
bers of abalone surviving to become adults as compared with
larval and newly settled abalone. Juveniles however, are also dif-
ficult to census (Yamaguchi 1975) sometimes requiring habitat
destruction especially on complex rocky reefs.

Artificial structures made of cinder blocks have been used as
standardized sampling units (Davis 1985) for juvenile abalone in
southern California (Davis 1995). However, few juveniles have
been found within these modules suggesting either recruitment
failure, as is consistent with reef surveys showing little recruitment
and few adults, or the modules are poorly suited to assess juvenile
abalone in the wild. Recruitment overfishing may be difficult if not
impossible to quantify (Harrison 1986, McShane 1992) because a
sharp decrease in recruitment in species such as abalone with high
individual fecundities may not occur (Harrison 1986).

Here we compare the numbers of juvenile abalone inside stan-
dardized recruitment modules made of cinder blocks deployed in
northern California where densities of abalone are high, with
southern California where densities are low. We examine the spe-
cies composition, quantity, and size of juvenile abalone occurring
inside abalone recruitment modules in 2001 and 2003. We quantify
abalone populations on the natural rocky reefs surrounding the
recruitment modules in both the north and south and compare them
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with the abalone inside the modules. We highlight the usefulness
of collecting a time series of juvenile abalone recruitment infor-
mation in California to aid in fishery management and evaluate the
impacts of restoration programs. We examine the current status of
abalone recruitment in southern California by comparing modern
densities in the southern modules with the north and the south 10
years ago. We discuss the evidence for recruitment failure in
southern California and the need for establishing measurable res-
toration goals.

MATERIALS AND METHODS

Northern California

Standardized abalone recruitment modules (ARMs) were de-
ployed at Van Damme State Park (VDSP) (lat. 39°16’08"N, long.
123°47'58'W), northern California in August 2000 (Fig. 1). ARMs
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were originally designed by E. Ebert and were made of concrete
cinder blocks cut lengthwise, stacking the blocks five high and
enclosing them in a wire frame (Davis 1995). Here, the design was
modified to enhance resistance to intense wave action by using
welded rebar cages, widening the block cube to lower the profile,
stacking the blocks three high (rectangle measuring 813 mm x 610
mm X 305 mm high). The surface area of the blocks in each of the
modified northern ARMs was 4.8 m?, of which 2.6 m? was shel-
tered area created by the sides, top, and bottom of each “letter m.”

VDSP is a popular and productive recreational abalone diving
site dominated by rocky reef with seasonally abundant Nereocystis
kelp canopy, a subcanopy of Pterogophora and numerous subtidal
red algae including Cryptopleura, Gigartina, and Iridaea. Upright
and encrusting coralline algae are also abundant. An estimated
25,500 (£5,430) red abalone were taken from VDSP in 2002
(CDFG unpubl. data).

Twelve ARMs were deployed between 9 and 12 m in three

800 Kilometers W E
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Figure 1. A map of California showing sites in both northern and southern California where ARMs were deployed and abalone recruitment was

monitored.



ABALONE RECRUITMENT IN CALIFORNIA

groups of four. The modules were placed 3—6 m apart within the
cluster of four. The northern cluster was approximately 140 m
from the central cluster. The southern cluster was 710 m from the
central cluster. Each ARM was bolted into the rocky substrate
using 6-inch stainless lag bolts in each of the four corners and in
the center of the module. Holes for the 5 bolts were drilled using
a Chicago pneumatic drill with a 0.25 inch bit.

The ARMs were surveyed annually in August. ARMs were in
place 1 y before the surveys began in August 2001, 2002, and
2003. One dive team surveyed each ARM, opening the lid and
carefully removing each block counting and measuring all of the
invertebrates and fishes inside the ARMs. Organisms outside or on
the cage were not sampled. Organisms too numerous to count were
gently swept into fine mesh bags (2 mm) to be counted and mea-
sured at the surface. Organisms cemented to the brick were mea-
sured and quantified underwater. Each block was set to the side
while the next block was removed and the animals quantified.
When the survey was completed, divers reassembled the ARM and
replaced the lid securing it with wide cable ties. Each ARM took
two divers approximately 40 min to survey.

Abalone density on the adjacent natural reef was quantified
annually in August from 2000 using transects at depths between 8
and 16 m. Each transect (Im x 5m) was searched invasively for
abalone in 2000 (n = 29), 2001 (» = 13) and 2002 (n = 32).
Invasive searching targeted small cryptic abalone and included
looking in rock crevices, turning large rocks and small cobble, in
coralline algae, and under sea urchins.

Southern California

ARMSs have been deployed and surveyed by the National Parks
Service’s, Kelp Forest Monitoring Program in the northern Chan-
nel Islands since 1989 (Davis et al. 1997). These ARMs were cube
shaped and slightly taller and narrower than the ARMs deployed in
northern California (see details of the modifications required for
the northern modules above). Each cage is made of plastic coated
wire mesh (51 mm x 102 mm). The southern modules measured
600 mm x 600 mm x 500 mm high. Twenty half-cinder blocks
were arranged four in a layer and stacked 5 layers high leaving the
center core of the cube open. Each habitat provided 5.0 m? of
which 3.0 m? was sheltered habitat created by the inside arches of
the letter “m” which is comparable to the area of the northern
California modules. The major differences between the southern
and the northern module design was that the northern design had
a lower profile, 18 half blocks and was bolted into the substrate
whereas the southern modules were taller and more cube shaped,
with 20 half blocks, an open core and were not bolted in place.

In 2001, 82 ARMs were sampled from three sites on Anacapa
Island, five sites on Santa Cruz Island and two sites on Santa Rosa
Island using the methods described earlier (Fig. 1). Each site com-
prised between 6 and 15 ARMs. Sites with 15 ARMs had three
clusters of 5 ARMs each; at sites with only 6 or 7 all ARMs were
grouped together in a single cluster. The majority of these sites
were on the southern leeward side of the islands. In 2002, 84
ARMS were sampled and in 2003 at the same sites and islands 82
ARMs were sampled.

The density of adult red, pink, and green abalones were enu-
merated along transects on the natural reef. Adult abalone abun-
dances were determined at each of the three islands with the
ARMs. Depths of the transects at the three islands ranged from
5-16 m at Anacapa, 8-18 m at Santa Rosa and 4-18 m at Santa
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Cruz Island. Deep-water species such as white and threaded aba-
lone would not be found at these depths nor would shallow green
abalone. A fixed reference line 100 m in length was bolted to
substrate. Transects were placed perpendicular to this fixed refer-
ence line at random intervals. Transects covered an area 3 m x 20
m (60 m?). Twelve transects were completed at each site. Three
sites were monitored at each of Anacapa Island (total area searched
2,160 m?) and Santa Rosa Island (2,160 m?) whereas 5 sites were
monitored at Santa Cruz Island (total 3,600 m?).

The number of ARMs or replicates needed to detect “true”
differences in the mean number of abalone in the north compared
with the south was estimated using the test for sample size and the
iterative method (Sokal & Rohlf 1981).

RESULTS

Abalone in the ARMs

Many more abalone were found inside the ARMs in northern
compared with southern California in all 3 y (2001-2003) (Tables
1, 2). The number of abalone found inside the ARMs was consis-
tent over the 3-y period (Tables 1 and 2). In the north 5.3 abalone
were found per ARM. This was 30 times more abalone than ob-
served in the south where the average was 0.18/ARM. In the north,
three species of abalone were found inside the modules red flat and
pinto abalone, whereas in the south, three species and one subspe-
cies of abalone were found including two deep-water abalone
(white and threaded abalone), albeit in very low numbers. In south-
ern California, red, pink, white, and threaded abalone were found
inside the ARMs in 2001-2003. In previous years, green abalone,
H. fulgens, have also been observed in the ARMs (5 total in 10 y).

There was an 80% chance of detecting at least a 10% difference
in the means of juvenile abalone density in northern compared
with southern California at the 0.05 significance level with a
sample size of 9 or more ARMs in each region.

Abalone on the Natural Reef

Abalone density on the natural reef surrounding the ARMs
differed substantially between northern and southern California
(Table 3). In northern California, abalone were found at high den-
sities, while in southern California densities were near zero. Aba-
lone density in the north averaged nearly 8500 abalone/ha (SD
2,302/ha) between 2000 and 2002 (Table 3). Of the 679 abalone
measured in the north, 669 were red abalone, 9 were flat abalone
and 1 was a pinto abalone (Table 3). Furthermore, abalone were
abundant both shallower and deeper than the surveys. The density

TABLE 1.

Number and species of juvenile and adult abalone found within
ARMs in Van Damme State Park, northern California in Aug. 2001,
2002, and 2003. One pinto abalone 83 mm was found in 2003.

H. rufescens H. walallensis

Year #ARMs <50mm >50mm <50 mm >50 mm Total
2001 12 36 17 4 12 69
2002 12 25 25 3 16 69
2003 12 17 15 3 17 52
Total 36 78 57 10 45 190
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TABLE 2.
Number and species of abalone inside ARMs southern California in 2001 to 2003.
Island #ARMs H. rufescens H. corrugata H. sorrenseni H. k. assimilis
2001
Anacapa Is. 20 0 2 0 0
Santa Cruz Is. 47 4 1 1 4
Santa Rosa Is. 15 2 0 0 0
Subtotal 82 6 3 1 4
2002
Anacapa Is. 20 0 1 0 0
Santa Cruz Is. 48 1 0 0 5
Santa Rosa Is. 16 4 0 0 0
Subtotal 84 5 1 0 5
2003
Anacapa Is. 20 0 1 0 0
Santa Cruz Is. 46 1 0 0 8
Santa Rosa Is. 16 10 0 0 0
Subtotal 82 11 1 0 8
248 22 5 1 17

of flat abalone was higher in the ARMs (4.8 abalone m~2) than on
the surrounding natural reef (0.012 abalone m™2) in the north.
Few abalone were observed during the surveys at the three
Channel Islands. No abalone were observed at Santa Cruz Island
on any of the surveys. In the south, white and threaded abalone
were found inside the ARMs but were absent from the shallow
surveys of surrounding reef, at the depths surveyed (Tables 2 and
3). At Anacapa Island only 7 pink abalone were observed over the
3-y period during which 6,480 m? were searched. At Santa Rosa

Island abalone densities were slightly higher with 20 red abalone
observed (31/ha) in the same area searched (Table 3). In the south,
the numbers of adult abalones were consistently low, with abalone
found at a small fraction (3/11) of the total number of sites.

Size Frequency Distributions

Small (<50 mm) and large abalone were found inside the
ARMS in both northern and southern California. In the north, a

TABLE 3.

Average density of abalone, Haliotis spp. found in the vicinity of ARMs in northern and southern California from 2000 to 2002. Density in
northern California was determined along 2 m x 5 m (10 m?). Density in southern California was determined along 3 m x 2 m (60 m?).
Abalone in northern California included red, flat and pinto abalone with red and pink abalone in southern California.

Site Year Area m> Count Density/m? Density/Ha.
North
Van Damme State Park 2000 290 320 1.10 11,034
2001 130 71 0.55 5,462
2002 320 288 0.90 9,000
Average 247 226 0.85 8,499
South
Anacapa Island* 2000 2,160 2 0.001 9.26
2001 2,160 3 0.001 13.88
2002 2,160 2 0.001 9.26
Average 2.67 0.001 10.80
Santa Cruz Island 2000 3,600 0
2001 3,600 0
2002 3,600 0
Average 0
Santa Rosa Island** 2000 2,160 15 0.007 69.44
2001 2,160 2 0.001 9.26
2002 2,160 3 0.001 13.88
Average 6.67 30.86

Note: *All abalone found at Anacapa Island were pink abalone, H. corrugata.

**All abalone found at Santa Rosa Island were red abalone, H. rufescens.
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peak in young of the year abalone (<30 mm) was observed in 2001,
but this peak was less pronounced in 2002 when more midsize
juvenile abalone (50 mm) were observed in the size frequency
distribution (Fig. 2). In the south, all the abalone observed in the
ARMs were small except one adult (Fig. 2).

Qualitatively, the shape of the size frequency distribution at the
small end (left side) was relatively similar in 2002 inside the
ARMs compared with on the natural reef. This was not the case in
2001 when more juveniles in the 20-mm size class appeared in the
modules than in surveys of the natural reef (Fig. 3). Overall, many
more adult abalone (>100 mm) were observed on the transects
over the natural reef compared with the ARMs suggesting the
ARMs are not suitable for sampling adults. In southern California,
too few adult red (n = 20) and pink abalone (n = 7) were ob-
served on the natural reef to warrant comparing their size distri-
bution with the sizes of the juveniles inside the ARMs.

DISCUSSION

The dynamics of abalone recruitment and the nature of the
stock-recruitment relationship remains poorly understood, yet has
important implications for management and restoration. In this
study, we found recruitment failure (0.18/ARM) in southern Cali-
fornia where adult densities are two orders of magnitude below the
proposed minimum viable population size (2,000/ha) (Shepherd &
Brown 1993). Furthermore, we found that abalone recruitment in
southern California has declined 20-fold over the past decade,
despite the fishery closure. In 1990 (n = 161) and 1991 (n = 154)
densities inside 45 ARMs at Santa Rosa and Santa Cruz Islands in
the Channel Islands National Park (Davis 1995) were higher than

1205

today (3.6/ARM). If conditions remain unchanged in the south, we
may no longer be able to detect recruitment using <100 ARMs.
This suggests that adult densities may have declined to the point
where we are now observing recruitment overfishing.

In contrast, to the south higher numbers of juvenile abalone
(5.30/ARM) were found in northern California from 2001 to 2003
where adult red abalone densities were 8,000/ha on the natural
reefs. Similar numbers of juveniles in the north were found in the
ARMs as compared with the natural reef (Fig. 3), however too few
abalone were observed to make this comparison in the south. Else-
where higher densities have been found inside artificial habitats
than on the natural reef (Hayashi & Yamakawa 1988, DeFreitas
2003). The endangered white abalone (Hobday et al. 2001), the
pinto, and threaded abalone (Rogers-Bennett et al. 2002a) were all
found in ARMs indicating they are suitable for monitoring even
rare species. In the north, flat abalone were regularly observed
inside ARMs even though they make up less than 14% of the
population (Rogers-Bennett & Pearse 2001). Our results suggest
ARMs are a useful tool for monitoring juvenile abundance in an
active fishery as well as where populations have declined. The
numbers of juveniles within ARMs from healthy stocks in the
north (5.3/ARM) can be used as minimum targets for restoration
criteria in California.

We examined the abundance of juvenile abalone, some months
after settlement as previous studies have done (Sainsbury 1982,
Shepherd & Turner 1985, Prince et al. 1987). To assess year class
strength, a time series of these data could be collected encompass-
ing a variety of oceanographic conditions including high-
frequency environmental fluctuations such as El Nifios, as well as
low frequency environmental fluctuations such as regime shifts
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Figure 2. A comparison of the size frequency distributions of abalone Haliotis spp. found inside ARMs in southern and northern California in
2001, 2002, and 2003. The top two graphs are the abalone found in the ARMS in southern California and the bottom two graphs are the abalone
found in the ARMs in northern California. The length of the abalone in mm is on the X axis and the number of abalone of that size is shown

on the Y axis.
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Figure 3. A comparison of the size frequency distribution of red abalone, H. rufescens, found inside ARMs and on the natural reef in Van
Damme State Park, northern California in 2001 and 2002. No abalone measurements were made on the natural reef in 2003. The top two graphs
are abalone found inside the ARMs and the bottom two graphs are abalone found on the natural reef.

(Mantua et al. 1997). Furthermore, recruitment levels could be
assessed across a gradient of adult densities, in between the high
and low densities that we have examined, to reveal the relationship
between stock size and recruitment.

Establishing if there is a relationship between spawners and
recruits at the local level is vital for protecting against localized
recruitment overfishing. In southern Australia, where the longest
time series of stock-recruitment measures exist for abalone (ex-
amining 2-y-old juveniles), no clear relationship was found in a
reserve population (Shepherd 1990). Experimental adult removals
however, demonstrated that there was a positive correlation be-
tween local adult density and the number of newly settled abalone
(Prince et al. 1988). Either adult spawner density is linked with
local recruitment, or larvae from local and distant sources prefer-
entially settle and survive with high densities of adult abalone
(Breen 1992). Abalone unlike other invertebrates, such as sea ur-
chins, may have limited larval dispersal (Tegner & Butler 1985,
Prince et al. 1987). This suggests restoration programs should not
rely on natural larval dispersal to recover distant populations (Teg-
ner 1993). A minimum density threshold (allee effect), has been
suggested for abalone (Shepherd & Brown 1993) below which
recruitment fails precipitating either local or global extinction
(Roberts & Hawkins 1999). Our results in the south support this
threshold concept. One mechanism proposed to explain this thresh-
old is the significant drop in fertilization success at low densities
despite high fecundities (Babcock & Keesing 1999). This is rel-
evant not only for management of the recreational red abalone
fishery in the north, but also for restoration of endangered and
threatened species of abalone in southern California.

In conclusion, recent abalone population surveys (2002) in

southern California indicate that 98% of the remnant pink, green
and white abalone populations are comprised of large old adults
(CDFG unpubl. data). The absence of large juveniles and small
adults from the size frequency distributions suggests that there has
been little successful recruitment on these natural reefs in the past
decade (except for red abalone at San Miguel Island) (Rogers-
Bennett pers. obser.). Densities of pink abalone are low even inside
reserves in southern California (Rogers-Bennett et al. 2002b). To-
day, the white abalone in southern California is at dangerously low
population levels and the absence of small adults and juveniles
suggest there has been 2 decades of recruitment failure (Hobday et
al. 2001, Lafferty et al. 2004). Given the dire state of many abalone
populations in southern California today abalone restoration pro-
grams cannot delay. We recommend that abalone restoration pro-
grams (1) incorporate strategies to assess juvenile recruitment
(such as ARMS); (2) determine recruitment levels based on
healthy stocks; and (3) use measurable quantitative recovery cri-
teria (Gerber & Hatch 2002).
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