UC San Diego

Research Theses and Dissertations

Title
Biology of the Red Abalone, Haliotis rufescens, in Northern California

Permalink
https://escholarship.org/uc/item/2n19n4s]

Author
Leaf, Robert T.

Publication Date
2005-12-01

Supplemental Material
ttps://escholarship.org/uc/item/2n19n4sl #supplementa

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2n19n4s1
https://escholarship.org/uc/item/2n19n4s1#supplemental
https://escholarship.org
http://www.cdlib.org/

BIOLOGY OF THE RED ABALONE, HALIOTIS RUFESCENS, IN NORTHERN
CALIFORNIA

A Thesis
Presented to
The Faculty of the Department of Marine Science

San Jose State University

In Partial Fulfillment
of the Requirements for the Degree

Master of Science

by
Robert Thomas Leaf

December 2005



© 2005

Robert Thomas Leaf

ALL RIGHTS RESERVED



ABSTRACT
BIOLOGY OF THE RED ABALONE, HALIOTIS RUFESCENS, IN NORTHERN
CALIFORNIA

By Robert Thomas Leaf

The red abalone, Haliotis rufescens Swainson 1822, supports the only recreational
free-dive abalone fishery in the United States. I examined annual survivorship of three
size classes (< 100 mm, 100.1 to 178 mm, and > 178 mm) of red abalone from five sites
in northern California and one site in southern California using capture-mark-recapture
data. Survival was variable spatially and among size classes. Survivorship values were
incorporated into a size based projection matrix model. Elasticity values were found to be
greatest for the sub-legal red abalone 150 mm to 178 mm (maximum shell length)
indicating that changes in the vital rates of this size class are most important to
population growth. Current methods to describe the age-at-length relationship of red

abalone are insufficient because shell lengths exceed those predicted by growth models. I

14
evaluated the utility of analyzing atomic bomb generated radioisotope C in shell to

validate this relationship.
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CHAPTER 1

Size-based annual survival probabilities for three size classes of red abalone, Haliotis
rufescens, using mark-recapture data from northern and southern California



ABSTRACT

Size specific mortality rates are currently not available for northern California red abalone,
Haliotis rufescens, the only recreational abalone fishery on the west coast. I examined
annual survivorship of three size classes (< 100 mm, 100.1 to 178 mm, and > 178 mm) of
red abalone from five sites in northern California and one site in southern California using
capture-mark-recapture data. The number of tagged individuals (n = 273 to 2,145), census
occasions (n = 3 to 7), and size composition of individuals (41.5 to 227 mm) were variable
at each site. Four models were specified for each size class at each site and were analyzed
using the Jolly-Seber-Cormack model. The annual survival probabilities of the smallest
size class in the study (< 100 mm) at one site in northern California was 0.52 y™' + (0.05
SE) and was 0.36 y"'+ (0.07 SE) to 0.51 y™ + (0.08 SE) in southern California. Annual
survival probabilities of the median size class (100.1 to 178 mm) from four sites at northern
California ranged from 0.47 y'1 +(0.05 SE) to 0.71 y'1 +(0.04 SE) and 0.55 y'1 +(0.05 SE)
t0 0.83 y' + (0.10 SE) in southern California. The largest size class designated in the study
(>178 mm) had annual survivorship values of 0.26 y'1 +(0.06 SE) to 0.95 y'1 +(0.08 SE) in
northern California and 0.42 y'1 +(0.07 SE) to 0.76 y'1 +(0.11 SE) in southern California.
These results indicate that annual survival was variable temporally, spatially, and among
size classes. This study is an example of how parsimonious models and conservative use
of available data can allow survivorship estimates from previously unutilized capture-
mark-recapture data. These results will be useful for managers to better sustain the

northern California fishery.



INTRODUCTION

Red abalone, Haliotis rufescens, is historically the most important commercial
species of abalone on the west coast of the United States and currently supports its only
recreational abalone fishery (Cox 1960, Karpov ef al. 2000). Concerns regarding the
decline of red abalone stocks in California have led to a prohibition of commercial fishing
throughout California and closure of recreational fishery south of San Francisco Bay in
1997. The recreational fishery in northern California is currently regulated through the use
of gear restrictions, a minimum legal size limit (178 mm, maximum shell length), seasonal
closures, and daily and annual bag limits (California Department of Fish and Game
(CDFG), Marine Region 2005).

Vital rates, such as annual survival, are difficult to quantify for wild populations but
are necessary for determination of conservation and fishery management strategies. The
effectiveness of minimum size limits for red abalone have been investigated using egg per
recruit (EPR) and yield per recruit (YPR) models of southern California populations
(Tegner et al. 1989). The results of EPR and YPR analysis of red and pink abalone (4.
corrugata) populations and blacklip abalone (H. rubra) are sensitive to changes in the
estimated annual survival (Nash 1989, Tegner et al. 1989). Furthermore, elasticity
analysis of a Lefkovitch matrix projection model of red and white abalone (H. sorenseni)
revealed that elasticity values are also sensitive to changes in annual survivorship (1 — e™),

where M is the instantaneous rate of mortality (Rogers-Bennett and Leaf in press).



Few estimates of annual survivorship of red abalone exist for California
populations. Tegner et al. (1989) used five years of length frequency distributions to
estimate instantaneous natural mortality of adult red abalone in southern California. They
estimated M = 0.15 (annual survival probability 0.86 y ). In central California, Hines and
Pearse (1982) found that mortality of red abalone in central California varied from 0.3 to
1.0 (annual survival probability 0.74 y"' t0 0.36 y). Estimates of size specific rates of
survival are lacking for northern California red abalone populations.

Abalone mortality has been shown to vary with age and size (Shepherd and Breen
1992). Therefore, the use of survival rate estimates from central and southern California
and one life stage may not be sufficient for management needs of northern California
populations. Cormack (1964), Jolly (1965), and Seber (1965), developed algorithms to
estimate survivorship of open populations based on capture-mark-recapture experiments.
Survivorship and recapture estimates are made by specifying biologically meaningful a
priori models, using tag-recapture data, performing goodness-of-fit (GOF) testing of data
conform to model assumptions, parameter estimate by the specified a priori models, and
selection of the best fit model(s) (Lebreton er al. 1992). In this study, I use capture-mark-
recapture data from five sites in northern and one site in southern California to estimate

size class specific annual survivorship rates of red abalone.



METHODS

Red abalone tagging and census surveys in northern California were performed by
personnel from the CDFG and Humboldt State University and in southern California by the
CDFG. Tagging was conducted at five sites in northern California: North Pt. Cabrillo Cove
(NC) and South Pt. Cabrillo Cove (SC) (39.364° N, 123.830° W), Van Damme State Park
(VD) (39.274° N, 123.791° W), Pt. Arena (PA) (39.269° N, 123.799° W), and Fort Ross
State Park (FR) (38.512° N, 123.244° W) (Figure 1) from 1971 to 1978 (Schultz et al.
unpublished manuscript 1980, Ault and DeMartini 1987). Each of these sites is open to
fishing with the exception of NC, a reserve where recreational and commercial fishing is
prohibited. Tagging in southern California was conducted from 1978 to 1984 and occurred
at a single location; Johnsons Lee (JL), which was open to recreational and commercial
fishing (Figure 1) (Haaker ef al. 1998). Each of these sites is characterized by rock and
boulder habitat with kelp canopies of Bull kelp (Nereocystis luetkeana) at the five northern
California sites and Giant kelp (Macrocystis pyrifera) in southern California.

Abalone were collected by SCUBA divers, brought to vessels or shore, measured
for maximum shell length (MSL), and tagged. Stainless steel tags were individually
numbered and were attached with steel wire threaded through the two respiratory pores
distal to the umbo. Tagged abalone were returned to the locations and habitats where they
were collected.

Annual tagging and recapture surveys were conducted throughout the year in
northern California and July at Johnsons Lee (Table 1). At each of the northern California

sites recapture history data of tagged red abalone were removed from analysis (Table 2).
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Tagged red abalone recovered between sampling periods were excluded from analysis
because frequently it was not possible to determine the fate of an individual after the tag
had been reported. Removal of these individuals also minimized the potential adverse
physiological effects associated with multiple handling between census periods.

Individual abalone tag-recapture histories were converted to a binary format
(Lebreton et al. 1992). Binary recapture histories were displayed as vectors which consist
of ones and zeros; a one represents the initial capture and subsequent re-sighting or
recapture and a zero represents an occasion where an individual was not tagged or if tagged
was not re-sighted. For example individuals with recapture history vector “101” were
tagged at occasion t;, not seen but were alive at t;, and were seen at t; (Burnham et al.
1987, Lebreton ef al. 1992). The presentation of recapture histories in this way is the
format of input for a variety of mark-recapture computer programs (Lebreton ez al. 1992).

Recapture history data from each site was partitioned into three size groups based
on maximum shell length: Those individuals < 100 mm (MSL), termed the “cryptic”
members of the population, those 100 to 178 mm (MSL), the “emergent sub-legal” sized
individuals, and those > 178 mm (MSL), the “emergent legal sized” individuals.

The recapture histories of each size class at each site was tested to determine if data
conformed to model assumptions; homogeneity of recapture and survivorship (Burnham et
al. 1987, Lebreton ef al. 1992). To do this I used Release Tests 2 and 3 which are a series
of linked chi-square contingency tables that are used to test the assumptions of the equality
of the probability of recapture (Test 2) and survival (Test 3) (Burnham et al. 1987).

Recapture histories from sites that failed Release goodness-of-fit tests were not analyzed.



Following the notation of White and Burnham (1999), a “global model” was
specified in which survivorship (¢) and recapture (p) probabilities were time dependent
(pp:). 1specified three additional models for analysis of each size class at each site: both
parameters constant in time (¢.p.), survival probability variable with time and recapture
probability constant (pp.), and survival probability constant and recapture probability
variable in time (¢.p;). Site specific recapture history data were analyzed by parametric re-
sampling to assess data dispersion, termed the quasi-likelihood parameter, ¢, of the global
model (¢pp,). Inflated values of ¢ reveals a lack of fit to assumptions of the Cormack
(1964), Jolly (1965), and Seber (1965) model. Site specific values of ¢ for each size class >
4.0 are considered over-dispersed (Burnham and Anderson 1998) and were eliminated from
analysis.

Candidate models from size classes with satisfactory global models and ¢ < 4.0
were examined using the “recaptures only” protocol in program MARK. This algorithm
estimates annual survivorship and recapture probabilities by multi-modal maximum
likelihood estimation. Numerical iteration is used to estimate the values of ¢ and p that
maximize the likelihood of the observed recapture frequencies. Thus the estimates of ¢ and
P, given their frequencies for a three capture study with recapture histories “101”, “110”,
“1117, and “100”, can be calculated in the following way (B is defined as pp and Xy are

the number of individuals with this recapture history):

L(p,p) = Xinln(e(1 - p) B) + Xiyoln(gp (1 - B)) + Xinln(pp B) + Xieoln(ep(1 - B))



Variances of recapture and survival parameters are derived from the shape of the curve at
the maximum likelihood estimate called the profile likelihood confidence interval (White
and Burnham 1999).

The fit of a candidate model to recapture history data were compared based on their
Akaike information criteria (AIC) values (Burnham and Anderson 1998). AIC is an
information index that is commonly used for model selection (Forster 2000). It balances
the fit of a particular candidate model to the data and the parsimony of the model, in terms
of the number of model parameters, K; AIC = -2log Likelihood + 2K. Recent
developments in model selection allow the data dispersion, evaluated as ¢, to be
incorporated into selection criteria. Each data set was evaluated using the four specified
models with the adjusted ¢ value of their respective global model. If the value of ¢ (global
model deviance/mean of re-sampled model deviance) is greater than 1.0, the recapture
histories are over-dispersed. The resulting information values are referred to as the QAIC,
the Quasi-AIC, (White and Burnham 1999):

QAIC = -2log Likelihood/ ¢ + 2K + 2K(K + 1)/(n - K - 1)
(n is the effective sample size). QAIC was used to rank candidate models (Burnham and
Anderson 1998). If competing models have QAIC values within 2.0 (AQAIC < 2.0) the
competing models are considered equivalent (Burnham and Anderson 1998). Weighted
parameter estimates can be computed for those models whose information criteria values
are similar. Parameter estimates are derived as weighted averages based on their QAIC

values (Buckland ez al. 1997).



RESULTS

Recapture histories of tagged individuals were removed from analysis at each of the
northern California sites (Table 2). South Cabrillo Cove Point (SC) had the fewest number
of individuals used for analysis although it initially had the greatest number of tagged
individuals, and only 54.2 % of individuals initially tagged were retained for analysis. No
recapture histories were removed from the Johnsons Lee (JL) data because no tags were
reported between the annual sampling periods at this site (Table 2).

The size range of tagged red abalone varied at each site and in some cases it was
not possible to analyze every size class (Table 2). No recapture histories for individuals <
100 mm were available at Van Damme State Park (VD). There were few recapture
histories < 100 mm at Point Arena (PA) (n = 16) and Fort Ross (FR) (n = 33), precluding
analysis of this size class at these sites (Figure 2). There were a sufficient number of
individuals to analyze recapture history data for each size class at JL, NC, and SC (Figure
2).

Tagging and census efforts were temporally variable at the study sites in northern
California (Table 2). SC was the most intensively sampled site; the occasions of tagging
and census of individuals had the fewest days between occasions and the shortest census
periods for each sampling occasion (Table 2). VD had the fewest number of tagged
individuals, less than half of any other site. NC, VD, PA, and FR had approximately

annual tagging and occasions although the number of census occasions varied for each site.



Recapture history data were eliminated from analysis of some size classes at some
sites by goodness-of-fit and ¢ criteria (Table 3). It was not possible to test recapture history
data for the size class < 100 mm for GOF Test 3 due to sparse data. However, the data
passed Test 2 satisfactorily. Size class 100 to 178 mm from NC passed Test 2 (p < 0.05)
but failed Test 3 (p > 0.05). The ¢ values were low at this site (1.04 to 1.17). It was not
possible to test any size class of the South Cabrillo Cove (SC) data for Test 3 because of
few numbers of recaptures of tagged individuals at this site (Table 2), however the large ¢
value revealed lack of fit to model assumptions for the < 100 mm and 100 to 178 mm size
classes. Only data from the > 178 mm size class had a ¢ value less than 4.0 at this site.
Recapture histories for this size class passed Release Test 2 but it was not possible to
analyze data using Test 3 because of sparse data. Recapture history data of the > 178 mm
size class at VD, PA, or FR could not be tested with Release GOF because of the few
numbers of individuals recaptured. However, over-dispersion, ¢, was evaluated for the
recapture history data at these sites, each had moderate ¢ values.

No single candidate model fit the recapture histories of each size class at each site.
In most cases more than one model was equivalent (AQAIC > 2) to describe the observed
data (Table 4). For each of the < 100 and > 178 mm size classes at NC the constant
survivorship (¢.) model was selected (AQAIC > 2) over competing models. Recapture
history data from the 100 to 178 mm size class supported three equivalent models (¢p.p, ¢p.
and ¢.p). Analysis of recapture history data from the single size class (> 178 mm) from SC
indicated a model with constant survival rate (¢.) provided the best fit. Two candidate

models were supported by QAIC criteria (¢.p;) and (pp.) for VD in the 100 to 178 mm size
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class. No single model candidate for PA (100 to 178 mm) was supported over competing
models (AQAIC < 1.72). Three models were equivalent (AQAIC < 0.01) for the recapture
history profiles (> 178 mm) at PA. No model fit was supported overwhelmingly for the
recapture history profiles for FR for the two size classes examined; 100 to 178 mm (AAIC
<1.93) and > 178 mm (AQAIC < 0.61). The recapture histories profiles for the smallest
size class, < 100 mm, favored three equivalent models (AQAIC < 0.89) over a fourth at JL.
Analysis of recapture profiles for the size classes 100 to 178 mm (AQAIC > 5.42) and >

178 mm (AQAIC < 4.65) both favored the models with time varying survival rates.

Survivorship Estimates

QAIC weighted annual survivorship estimates varied among size classes and sites
(Figure 3a,b). The annual survivorship estimate of the < 100 mm size class at NC, the only
estimate available for this size class in northern California, was 0.52 y™ + (0.05 SE).
Recapture history data from four sites permitted determination of annual survival estimates
for the 100 to 178 mm size class (NC, VD, PA, and FR) (Figure 3a). The average survival
estimate at NC ranged from 0.67 y'1 +(0.05 SE) to 0.71 y'1 +(0.04 SE). Candidate models
predicted lower annual survivorship estimates of red abalone at the other three sites;
ranging from 0.47 y™' + (0.05 SE) to 0.63 y™' + (0.10 SE). Annual survivorship of the > 178
mm size class in northern California (NC, SC, PA, and FR) was the most variable of any
size class (Figure 3a). Red abalone at South Pt. Cabrillo Cove (SC) had the greatest annual

survivorship 0.95 y' + (0.08 SE) while individuals at NC had annual survival of 0.71 y™' +
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(0.04 SE) and individuals at PA and FR had annual survival estimates ranged from 0.26 y
+(0.0.5 SE) t0 0.36 y™' +(0.05 SE).

Survivorship estimates of the recapture history profiles in southern California had a
similar pattern of size specific survivorship as the sites in northern California and also
exhibited within site variation in each size class (Figure 3b). Survivorship of individuals in
the > 178 mm size class had similar but generally lower annual survivorship values; 0.41 y°
'+ (0.07 SE) t0 0.76 + y"' (0.10 SE) to those in the median size class; 0.55 + y™ (0.05 SE)
to 0.83 y' + (0.10 SE) (Figure 3b). Individuals in the < 100 mm size class had estimated
annual survivorship values of 0.37 y + (0.07 SE) to 0.50 y™' + (0.10 SE).

Total mortality was variable at the three sites for which it was possible to estimate
survivorship of the > 178 mm size class. Average total mortality, fishing and natural
mortality (Z), at FR and PA was 1.34 and 1.02. Individuals at SC, although subjected to
fishing pressure, had greatly reduced mortality, Z = 0.05, for the > 178 mm size class.
Natural mortality of legal sized individuals, M, at NC the fishing reserve ranged from 0.41

to 0.34.

Recapture Estimates
Recapture estimates varied temporally at some sites and among size classes. The
best fit model for each of the size classes < 100 mm and > 178 mm at NC were those with
constant recapture rates, p. (Figure 4a). Recapture rates for the 100 to 178 mm size class
varied throughout the study period, 0.46 y"' + (0.05 SE) to 0.56 y"' + (0.04 SE). Recapture

rates of the > 178 mm size class at SC and 100 mm to 178 mm at VD also varied
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throughout the study period. Recapture estimates for the 100 to 178 mm size classes at PA
and FR were lower than those at NC; 0.29 y"' (+ 0.05 SE) to 0.51 y™' (+ 0.13 SE).
Estimates for recapture rates for individuals > 178 mm at FR and PA were similar: 0.51 y'
(+0.13 SE) t0 0.52 y™' (+ 0.08 SE). Estimated recapture rates varied for the < 100 mm and
100 to 178 mm size classes in northern California. Individuals in the < 100 mm size class
at NC had lower recapture rates, 0.37 y"' (+ 0.06 SE) than individuals in the 100 to 178 mm

and > 178 mm size class.

DISCUSSION

This study documents the variable nature of red abalone survivorship both spatially
and between size classes. Red abalone survival estimates generally increased with
increasing size but were heterogeneous temporally and between sites. Fishing mortality
was also variable among sites. Size specific survivorship estimates are especially
important for species, such as abalone, that are difficult to age or whose vital rates appear
to be determined by size and not age.

The largest size class designated in the study, the “emergent” legal sized individuals
(> 178 mm), are susceptible to direct and indirect fishing mortality. Individuals at the SC
site had the greatest annual survivorship which was surprising because this site was open to
recreational fishing during the course of the study. Emergent individuals at NC and SC had
greater annual survival rates than individuals at PA and FR. The difference among

survivorship estimates at these sites is likely due to fishing mortality. The difference in
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mortality between PA and FR in comparison to SC and NC is M = 0.93 to 1.29. Both PA
and FR are easily accessible to recreational divers, are generally shallow, and are relatively
protected from NW swell. The unique topography of SC, which is characterized by large
pinnacles that slope to deep depths (> 35 feet deep) may provide a depth refuge for tagged
abalone > 178 mm. Total mortality at this SC most likely represents natural mortality with
very light fishing pressure. NC is a reserve where fishing is not allowed and therefore the
mortality (M = 0.34 to 0.41) represents mortality without fishing. Annual survival
estimates from JL are variable annually and may be related to oceanic conditions and
heterogeneous fishing pressure. The annual survivorship estimates of this study were
similar to those found for adult, emergent red abalone by Hines and Pearse (1982) but are
less than those estimated by Tegner et al. (1989).

Individuals of the “emergent sub-legal” size class (100 to 178 mm) may differ from
those in the smaller size class because they reach a size refuge from benthic invertebrate
predators and are excluded from some of the rock cobble and crevice habitat. Individuals
in the emergent sub-legal size classes are visible to research divers and to recreational
fishers. Although members of this size class are not subject to direct fishing mortality they
are susceptible to incidental mortality in the form of “bar cuts” where recreational fishing is
allowed. During fishing, sub-legal individuals may be removed from the substrate by
recreational fishers but gauges show they are less than the legal size limit and must be
returned.

It is possible that removal of individuals for tagging and subsequent measuring may

be a source of tagging mortality although it is likely minimal. Mortality of red abalone
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caused by the census of individuals in this study by experienced divers on SCUBA, who
are not limited by dive time like a breath hold recreational fisher, is probably very low. No
statistical difference in growth was found for tagged red abalone in southern California, JL,
caught and released annually and those caught and released biennially (Haaker ez al. 1998)
indicating that experimental manipulation did not cause deleterious physiological effects.
Although the 100 to 178 mm size classes at each site failed Release test 2 and 3, ¢
values were sufficiently small to justify the inclusion of these data in analysis. Burnham e?
al. (1987) have noted that failures of release tests are frequent in studies with releases of
initially marked and previously marked individuals. In many studies experimenters
perform or present no release tests (Koenig et al. 1998, Tucker ef al. 2001, Mills et al.
2002, Doherty et al. 2004). In some cases this is because candidate models contain
parameters that are associated with individual covariates or because the inclusion of the
quasi-likelihood parameter into candidate models is considered sufficient if the recapture
history data fails Release GOF (Connolly and Miller 2001, Dinsmore and Collazo 2003).
The emergent sub-legal size class at NC in northern California, the fishing reserve,
had greater annual survival than individuals of this size class at the other sites with fishing.
Differences in estimated survivorship between the reserve and fished sites may represent
fishing mortality, site related differences, or may be a result of ad hoc size partitioning of
recapture histories. The differences in the number of individuals of sizes within the 100 to
178 mm size class differed between sites (Figure 2). NC had a relatively uniform
distribution of individuals within this size class. The composition of individual sizes at SC

was skewed toward smaller individuals and the composition of individuals at VD and PA
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are skewed toward larger individuals. The southern California site, JL., had comparable
survivorship to NC but showed greater temporal variability.

Of the three size classes defined in this study the smallest size class, the cryptic
members of the population, were the hardest to detect and were encountered on transects
only by divers closely inspecting the substrate. These individuals were found at the
smallest sizes as newly settled individuals in crustose coralline algae (Shepherd and Breen
1989) as well as among urchin spines (Rogers-Bennett and Pearse 2001) and in rock cobble
habitat. Parameter estimates of survival for individuals in this size class were available for
one site in northern California (NC) and the southern California site (JL). Although
survival estimates at JL exhibited more variation than those at NC the estimates are similar
and are low compared to individuals in the larger size classes.

The heterogeneity of recapture rates is indicative of the ecology of each size class
and the variable effort expended at each study site. The size specific recapture rates at NC
and JL reflect the difficulty of detecting small individuals because of their cryptic ecology
and the ability of divers to detect them. Recapture rates of the larger size classes at VD,
SC, FR, and PA are extremely variable and probably reflect the effort expended in
recapturing tagged individuals. Heterogeneity of effort is especially true for VD and FR
whose range of days of census were from ten to 100 and twelve to 68 days, respectively.

Studies such as this one and others that use previously unutilized mark and re-
capture data have the potential to be useful in the estimation of vital rates (Langtimm et al.
1998). These authors have shown that unbiased retrospective analysis can be performed

given consistent data collection and conservative criteria to censor data. In this study |
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used GOF and ¢ criteria to censor data and was conservative in the construction of a
posteriori candidate models. These data from capture-mark-recapture experiments,
previously used for determination of age and growth relationships, movement, and stage
transition probabilities (Ault and DeMartini 1987, Haaker et al. 1998, Rogers-Bennett and
Leaf in press) provide useful data for the description of size specific survivorship patterns
of red abalone. These results are invaluable in the use of egg-per-recuit analysis, the

current management tool for the fishery, and other conservation and fishery models.
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MENDOCINO CO

Cabrillo Point Cove
(north and south)
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Figure 1. Map of northern (A) and southern (B) California study sites
where tag-recapture work was performed. See text for
geographic coordinates of each study site.
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CHAPTER 2

A size-based projection matrix model and elasticity analysis of red abalone, Haliotis
rufescens, in northern California



ABSTRACT

Prospective elasticity analyses have been used to aid in the management of fished species.
A size-based projection matrix model of red abalone, Haliotis rufescens, in northern
California was constructed and elasticity values determined to evaluate the relative
contribution of vital rates of each size class (n = 8) to the population growth rate (A).
Annual growth transitions (gyx) were determined from tagged and recaptured individuals (n
= 560) from six locations. Fecundity, fx, the number of viable eggs produced per female
was determined from a four year reproduction study. Population growth rate (1) was set to
1.0 and the first year survival (larval survival through to the first size class) was estimated
by iteration. Elasticity values of survivorship and growth (summed py and gy) and
fecundity (fy) were determined for each size class. Elasticity values were found to be
greatest for the sub-legal red abalone 150 mm to 178 mm (MSL) indicating that changes in
the vital rates of this size class are most important to A. Alteration of size class divisions
and vital rates did not result in changes to the relative ranking of elasticity values,
suggesting that this model is robust to variations in model structure and vital rate data.
These results suggest that the 178 mm (MSL) recreational size limit is set appropriately and
that this size limit should not be decreased. This work is an example of how size-based
projection matrix models can be used to evaluate the efficacy of fishery management and

conservation strategies.
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INTRODUCTION

Matrix population models are powerful demographic tools for addressing
management and conservation issues (Crouse et al. 1987, Lande 1988, Heppell et al. 1994).
Quantitative vital rate information can be incorporated into matrix models to explore the
consequences of various management and conservation options (Caswell et al. 1998, Ebert
1999, Morris et al. 1999). Perturbations of these models, by simulation, allow comparison
of vital rates and the determination of those most important to population growth (Benton
and Grant 1999). This type of “forward looking” or prospective sensitivity analysis
(Caswell 2000) has been used to evaluate management strategies and life history patterns
for a variety of vertebrate and invertebrate taxa.

Perturbation analyses of loggerhead sea turtle matrix models lead to a redirection of
conservation efforts away from “headstarting” hatchlings (enhancing the survival of eggs in
nests) toward the use of turtle exclusion devices in fishing nets (reducing adult mortality)
(Crouse et al. 1987, Crowder et al. 1994). In an analysis of a size-structured matrix model
of red sea urchin, Ebert (1998) found that survivorship of the smallest sized individuals had
the least effect on population growth rate and need not be the focus of management efforts.
Long-lived, slow-growing species such as abalone may fit into a group of species that
respond to perturbations in a stereotypical way with low fertility elasticities and high
juvenile or adult survival elasticities (Heppell et al. 2000, Sether and Bakke 2000, Gerber
and Heppell 2004). For management and conservation of abalone it is important to

recognize those size classes that that are most important to population growth rates.
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Elasticity analysis, the proportional sensitivity of vital rates, can be used to evaluate
decisions regarding the management of red abalone, Haliotis rufescens in California. The
recreational red abalone fishery in northern California is now the only abalone fishery open
in the state. Recreational and commercial abalone fisheries in southern California were
closed in 1997 (California Senate Bill 463). Failure to manage individual species masked
serial depletion of the species complex by the fishery (Dugan and Davis 1993, Karpov et al.
2000). In addition, predatory sea otters expanded their range in central California (Wendell
1994, Vogel 2000) while there may have been unfavorable environmental conditions for
red abalone (Hobday and Tegner 2002). To date, there have been few quantitative
evaluations of the efficacy of the current size limits and the other management strategies
used in this fishery (but see Tegner et al. 1989). Assessments have been hindered by a lack
of vital rate information for red abalone in northern California.

I used vital rate information for red abalone from archived California Department
of Fish and Game data and published work to construct a deterministic size-structured
matrix model (Lefkovitch 1965). Growth and survival estimates were derived from an
extensive multi-year, multi-site tag-recapture study in northern California. Estimates of
size-specific fecundities were derived from a 4-year reproduction study that quantified egg
density (Rogers-Bennett et al. 2004). Because survival for the first year (from fertilized
egg to age one) is unknown for abalone [ assumed that population growth rate was stable
(the dominant eigenvalue of the projection matrix, A, was 1.0) and solved for first year
survival, po, by iteration (Vaughan and Saila 1976). Elasticity values (Caswell 1978, de

Kroon et al. 1986) were calculated to determine which size classes of red abalone had the
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greatest influence on the intrinsic rate of population increase in the model and to determine
if these size classes are being protected by the current fishery management regulations.
Identification of these sensitive size classes and vital rates are valuable for the quantitative
evaluation of research priorities, management policies and conservation strategies (Morris

and Doak 2003).

METHODS
Red Abalone Mark and Recapture Field Study
Red abalone were tagged at five sites in northern California: North Pt. Cabrillo
Cove (NC) and South Pt. Cabrillo Cove (SC) (39.364° N, 123.830° W), Van Damme State
Park (VD) (39.274° N, 123.791° W), Pt. Arena (PA) (39.269° N, 123.799° W), and Fort
Ross State Park (FR) (38.512° N, 123.244° W) (Figure 1). This tagging program was
initiated in 1971 and recaptures were conducted at approximately annual frequencies. Red
abalone were collected by divers, brought to the boat, maximum shell length (MSL)
measured, and tagged with individually labeled stainless steel disc tags. Tags were attached
with stainless wires inserted into the two open respiratory pores distal to the umbo and then
twist tied. Red abalone tagged at the five sites ranged in size from 41.5 to 227 mm MSL
(Table 1). Growth data from a total of 845 abalone recaptured at one year intervals plus or
minus 30 days (335 to 395 days) was used in the analysis of growth transition rates.
Growth was normalized for all individuals to one year by determining the daily growth rate

and then standardizing to 365 days.
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To supplement annual growth data for small (< 100 mm) individuals, data an
additional tagging studies (Rogers-Bennett and Pearse 1998) were used. Growth
information from this study were obtained from data from tagged juveniles out-planted at
five sites in northern California in October 1995 and juveniles were recaptured one year
later at Horseshoe Cove (38.316° N, 123.070° W). The size at the time of stocking from 5
to 29 mm (Table 1). The pale blue/green coloration allowed for the measurement of shell
length at the time of stocking (initial) and the difference between the initial and the final

shell length (blue plus red shell) gave a measure of growth during the year.

Growth Transition Matrix Construction

A growth transition matrix of the probability of an individual changing size classes
annually was constructed from the observed changes in lengths of recaptured abalone.
Columns are an individual abalone’s first length measure and rows are their sizes one year
later. The probability of transfer from one size class to another by an individual was
determined by assigning each abalone into the column representing the initial size and the
row representing the final size. This accounting for each is converted into a probability by
dividing the number of individuals in each row (the number in each size class att = 1) by
the sum the individuals in each column (total number of individuals in the size class at t =
0). The results yield a matrix in which diagonal elements represent the probability of
staying within a size class after 1 year and the elements in the sub-diagonal (below the

diagonal elements) are the probability of growing into (transferring to) the larger size class.
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Elements below this represent the probability of skipping a size class or growing into the
next largest size class.

Size categories were selected to minimize both sampling and distribution error
(Vandermeer 1978, Moloney 1986, Caswell 2001). Sampling errors arise when too few
animals are sampled within a size class. Size class divisions were restricted such that no
class contained fewer than 2 animals. Distribution errors arise because the model treats all
animals within a size class equally, when in fact, some are at the start of the size class (left
boundary) and some are closer to the end (right boundary) of the size class at the beginning
of the year. To minimize distribution errors, size classes should be as narrow as allowed by
sampling error.

I used the Moloney-Vandermeer algorithm (Vandermeer 1978, Moloney 1986,
Caswell 2001) to contribute more information to the size class determinations in an effort
to minimize both the sampling and the distribution errors. Sampling and distribution errors
were minimized at very large size classes such that the matrix would have had six size
classes (0.1 to 28 mm, 28.1 to 55 mm, 55.1 to 100 mm, 100.1 to 156 mm, 156.1 to 191
mm, and > 191 mm. These recommended size classes would not have allowed me to
address the elasticity values for those size classes less than or greater than the current size
limit, one objective of this study. Furthermore, the sampling and distribution errors reflect
only one of the vital rates (growth) and did little to account for the two other vital rates
(Caswell 2001).

The boundaries of the first size class were set such that they encompassed growth in

the first year from 0.1 mm, the size at settlement, to the size at one year approximately 25
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mm (Haaker et al. 1998, Rogers-Bennett et al. 2004). I set this as the size class interval, but
deviated slightly at the larger sizes adjusting the size category from 175 to 178 mm to allow
for a break at the minimum legal size for red abalone. The size at first reproduction is 105
mm (Rogers-Bennett et al. 2004) and is close to the boundary of the fourth size class of 100
mm. The structure of the growth data derived from the annual recaptures would not
support smaller size class widths such as 20 mm since no animals remained in the second
and third size classes and no animals remained or advanced in the largest size class.
Comparable growth transition results were obtained with 29, 30, 31, and 35 mm size
classes, matrices with these size class intervals resulted in no individuals transitioning to
the largest size classes resulting in truncated size distributions when these matrices were

numerically projected.

Annual Survival Probability Estimate

Survivorship was estimated using the tag-recapture profiles of 746 individually
tagged red abalone censused at approximately annual intervals (339 to 398 days) at North
Point Cabrillo Cove (39.364° N, 123.830° W), a no-fishing reserve, from March 1971 to
April 1977. Annual tagging and recapture surveys were restricted to periods ranging from
2 to 38 days each year during March, April, and May. Tagged red abalone that were
recovered between sampling periods were excluded from analysis because in many cases it
was not possible to determine the fates of these individuals. Tag-recapture histories (n =
746) were converted to a vector format of tagged (ones) and untagged (zeros) following

Lebreton et al. (1992).
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Two groups of a posteriori models were specified to examine the archived tagging
data. The first group consisted of two models in which the probability of survivorship (¢)
was constant, denoted (¢.), and rates of recapture were time-dependent (p;) and constant
(p.) for all individuals in each size class. The second model group consisted of partitioning
the data into three groups based on the size of individuals at the time of first tagging;
individuals < 100 mm (n = 179), 100 to 178 mm (n =470), and > 178 mm (n = 97). These
size classes were determined based on the ecology and fishery biology of the species such
that the classes represent respectively the “cryptic”, “emergent sub-legal” and “emergent
legal” size classes of the population. For each of the size classes a “global model” was
defined (@) for which all estimates of survival and probability were fully time dependent.
Each of the global models were tested for goodness-of-fit (GOF) with Program Release
GOF tests 2 and 3 to determine whether the observed recapture histories conformed to
Cormack (1964), Jolly (1965), and Seber (1965) assumptions; homogeneity of capture and
survivorship (Burnham et al. 1987). Parametric re-sampling was used to assess global
model dispersion, ¢. If the global model deviance/mean of re-sampled model deviance was
> 1, ¢ was adjusted for all models with this new estimate.

Model groups with satisfactory global models were examined using the ‘recaptures
only’ protocol in program MARK to determine annual survivorship and recapture rates by
maximum likelihood estimation of the population (White and Burnham 1999). The quasi-

likelihood criterion, QAIC, was used (Burnham and Anderson 1998) to rank candidate

models. Mean annual survivorship and variances for equivalent candidate models were
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computed using weighted averaging based on QAIC values of the two candidate models

(Buckland et al. 1997).

Fecundity

Size-specific red abalone fecundity was determined from published work of
Rogers-Bennett et al. (2004). Their work consisted of sampling gonad tissue from animals
collected at Van Damme State Park (39.274° N, 123.791° W) and Point Arena (39.269° N,
123.799° W) in northern California. Abalone ranged in size from 29-224 mm maximum
shell length (n = 107). Abalone were detached from the shell, weighed and dissected to
estimate the gonad volume and obtain gonad tissue samples. Gonad volumes were
estimated assuming that the gonad was cone shaped and wrapped around an inner cone of
digestive gland. The volume of gonad was equal to the gonad/digestive gland complex
minus the digestive gland cone (as per Tutschulte 1976).

To estimate the number of mature eggs in each female ovary, slide preparations
were made and used to quantify egg number (see methods Rogers-Bennett et al. 2004). The
number of eggs enumerated on each slide was then multiplied by the width of the tissue
section and the ovary volume to obtain the number of eggs spawned in one year for each
female. Fecundity was defined as the number of mature eggs present in the ovary (f5).
Mature oocytes averaged 170-190um diameter, were circular in shape and detached from
the trabeculae ready to be spawned.

The relationship between female size and mature egg number was modeled using a

three parameter Gaussian curve (Figure 2). This curve was used to estimate the number of
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mature eggs produced per year by in each size class. The relationship between shell length

(X) and egg number (Y) was modeled by the curve in the form:
(Y) _ Aef()rfﬂ)z/za2

A =2,850,000 eggs per female (SE = 1,079,000 eggs)
4 =215 mm,
o =38 mm,
A is defined as the maximum productivity, 4 is defined as the size at maximum

productivity, and o the standard deviation describes the width of the distribution of

maximum productivity vs. size.

Size-Based Red Abalone Matrix

A size-structured matrix model with 9 size classes, of 25 mm, was constructed for
red abalone, assuming a pre-breeding, birth-pulse population. First, growth transition rates
were determined using tag recapture data of abalone growing for one year (Table 4). In
some cases the data suggest some backward growth transitions for 6 and 12% of the two
largest size classes, respectively. Growth transition probabilities were then multiplied by
annual survivorship. Second, egg number for each size class was the mean fecundity for
the median sized females for each size category using the Gaussian curve estimates. The
number of mature eggs was then divided by two to be the number of female offspring
produced by a female in a year (f;) (assuming a 50/50 sex ratio). Third, the first row and
column of the size transition matrix representing growth and survival, py, of individuals 0.1

to size 25mm are subsequently dropped from the matrix. And fourth, in the pre-breeding
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census, (fy) is multiplied by po, which is equal to the fertilization success, survival in the
larval stage and post settlement stages in the first year. Then, po was solved by iteration by
assuming that the population growth rate A, is 1.0 (with a population growth rate, A =
1.0039), and is stable (Vaughan and Saila, 1976). First year survivorship, after iteration
was po = 1.53 x 10, and was incorporated into f; values to construct the population

projection matrix (Table 5).

Elasticity, Stable size distribution (SSD) and parameter uncertainty
The elasticity values of fecundity, which incorporated first year survival (f;* py),
and growth and survival were determined for each size class. Elasticity of a matrix
element, e;;, is the sensitivity value scaled to incorporate the magnitude of both A and the
matrix element. Elasticity is frequently used instead of sensitivity because reproduction
and growth transitions measures are measured on different scales and Ze;;= 1.0 (de Kroon
et al. 1986). Elasticity values of matrix elements were calculated using PopTools (G. Hood,

CSIRO http://www.dwe.csiro.au/vbe/poptools/).

_ar o4
A Oaij

€ijj
To examine how variation in the mean values of the parameters of fecundity and
survival contribute to uncertainty in elasticity values a number of matrix simulations were
performed. Elasticity values were determined from matrices that were constructed using

the minimum and maximum values of the fecundity and survival estimates (Mills et al.
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1999, Hunter et al. 2000). Minimum annual survival was calculated as the mean of the
estimated survivorship for each size class minus one standard error. Maximum annual
survival was calculated as the mean of the estimated annual survivorship plus one standard
error. The minimum and maximum fecundity estimates were calculated as the minimum or
maximum number of eggs produced for and individual in each size class.

To determine how variations in the width of the size classes of the growth transition
matrix with 25 mm increments may contribute to errors in the elasticity values of size
classes of the matrix projection model, I constructed a pre-breeding, post census model
based on the size classes recommended by the Moloney-Vandermeer algorithm. Fecundity
for each size class was determined using the Gaussian regression estimate of the median
sized individual for each size class. Elasticity values for fecundity and growth and
survivorship were calculated for each size class. To allow comparisons between the two
size-structured models, the 25 mm and the Moloney-Vandermeer specified model, I used

an annual survivorship rate of ¢ = 0.684 for all size classes for both models.

RESULTS
Annual survivorship estimates
The fit of the global survival model for recapture histories of all sizes of red
abalone as a group was poor based on binomial dispersion (¢) and Release GOF tests
(Table 2). Model fit was improved by partitioning the recapture data into the three size

classes. Binomial dispersion, ¢, of the global model was reduced for each of the partitioned
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size classes in comparison to the grouped recapture histories. The > 178 mm size class had
reduced ¢ values and non-significant GOF Tests 2 and 3. It was not possible to test data for
the size class < 100 mm for GOF Test 3 due to low sample sizes, however Test 2 fit the
data satisfactorily. Size class 100 to 178 mm passed Test 2 (p = 0.0783), however it failed
Test 3 (p=10.0011).

For those individuals less than 100 mm and > 178 mm the model with constant
survivorship (¢.) and recapture (p.) was favored over competing models. There was little
difference between the two models (¢.p.) and (¢.p;) for the 100 to 178 mm size class
(AQAIC < 2.0). For abalone less than 100 mm survival was estimated as ¢ = 0.526
(+0.051 SE), survival of 100 to 178 mm abalone was estimated as ¢ = 0.684 (£0.024 SE),

and survivorship of abalone > 178 mm was ¢ = 0.709 (+0.046 SE).

Red Abalone Matrix Construction: SSD, Elasticity, and Simulations

The stable size distribution predicted by the red abalone matrix was dominated by
small size classes and the proportion of individuals decrease with increasing size (Figure
3A). The relatively low survivorship predicted for each size class resulted in the projected
population to have very few individuals in largest size classes.

The larger sizes had the most reproductive value with individuals in the > 200 mm
size class having the most reproductive value (35%) based on the projected values of
reproduction (Figure 3B). The mean levels of reproduction per size class are greatly

increased for the larger size classes, after individuals reach 150 mm.
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The proportional elasticity of the red abalone matrix suggests that the matrix
element composed of vital rates of remaining in and surviving in the 7" size class (150-178
mm) had the largest summed elasticity (0.247) and therefore the most influence on
population growth rate A of the model (Figure 3C). Survival and growth made up 88% of
the elasticity value while reproduction comprised 12%. Elasticities for survival (px) were
much greater than for reproduction (f) for each size class. Eliminating the backward
growth transitions did not alter the relative ranking of size class elasticities and their
influence on A.

The relative rankings of the elasticity values of each size class is robust to changes
in vital rates over the range of minimum and maximum fecundity and annual survivorship
values examined in comparison to the mean vital rates (Figure 4). Simulations suggest that
changing fecundity values had minimal impact on elasticity values in the model as
compared with changing survival values from the mean to their minimum and maximum
values. Minimizing variability in survival estimates would improve model prediction more
than minimizing variability for fecundity.

Although the relative elasticity values for each size class changed when size class
divisions were altered from the 25 mm to the Moloney-Vandermeer divisions, there was a
correspondence of the general size-specific elasticity patterns (Figure 5). The largest size
classes for both matrices had the smallest summed elasticity values of each size class. The
median size classes for the Moloney-Vandermeer matrix (100.1 to 191 mm, n = 2) and the

25 mm division matrix (100.1 to 200 mm, n = 4) had greater summed elasticity values than
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the preceding size classes. The 55.1 to 100 mm (n = 1, 25 mm divisions) and 50.1 to 100

mm (n = 2, Moloney-Vandermeer divisions) had similarly low relative values.

DISCUSSION

Elasticity values of red abalone in northern California were determined using a
size-based Lefkovitch matrix population model. Lefkovitch models have been used to
explore the population dynamics of organisms whose vital rates co-vary with size or stage
(Ebert 1999). Lefkovitch models are also useful for organisms that are difficult to age such
as marine algae (Aberg 1990, 1992a,b, Ang and De Wreede 1993), urchins (Ebert 1998),
and gorgonians (Gotelli 1991). Mollet and Cailliet (2002) have documented that some
population dynamics, including reproductive rate and generation time, as estimated by
Lefkovitch models differ in comparison to those predicted by Leslie matrices and life-
history tables. Additionally, they noted that Lefkovitch models predict shorter recovery
times to the stable stage distribution, after perturbation, in comparison to age based
methods.

The differences in the observed dynamics of Lefkovitch models to their age-based
equivalents are a result of arbitrary selection, by the experimenter, of the widths of size
classes. The Moloney-Vandermeer algorithm (Vandermeer 1978, Moloney 1986, Caswell
2001) aids experimenters in reducing the error inherent in the structure of available growth
transition data. However, the Moloney-Vandermeer algorithm does not address how

changing the stage/size interval and by extension altering the number of resulting stage/size

48



classes influences the results of model projection. Examination of Lefkovitch models of
plant and elasmobranch populations, in which the designation of a few wide size classes
increase the probability of retention of individuals, results in greater elasticity values for
those classes (Enright et al. 1995, Mollet and Cailliet 2002). To remedy the potentially
spurious results of Lefkovitch matrices, Crouse et al. (1987) have incorporated intra-stage
probability distributions to more realistically model individual growth and survivorship. In
this study I have included enough size classes such that the minimum time for an individual
starting in the first stage to graduate to the minimum size to fishery (> 178 mm) is seven
years, which is biologically reasonable (Haaker et al. 1998).

Easterling (1998) and Easterling et al. (2000) presented a size-structured model that
eliminates the error in elasticity values associated with the arbitrary division of a population
into size classes. This model, called the ‘integral projection model’, treats growth,
fecundity, and survivorship of individuals as a continuous function of an individual’s size.
The integral projection model has been shown to be robust in comparison to traditional
matrix projection methods and has been used to describe the dynamics of plant populations
whose vital rates are size-related (Easterling 1998, Easterling et al. 2000, Rees and Rose et
al. 2002, Childs et al. 2003). This model is a promising method to explore for red abalone
population dynamics. However, it will be necessary to describe annual survivorship as a
continuous function of size for this method to be used.

Elasticity values of the projection matrix in this study are derived from mean values
of vital rates (annual survivorship, fecundity, and growth) incorporated into a deterministic

(time-invariant) matrix model. While little is known about temporal variability of vital rates
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in abalone populations (Shepherd and Breen 1992), the assumption that they are static is
unlikely (Benton and Grant 1996). I estimated annual survivorship from two models using
the Cormack-Jolly-Seber model (Cormack 1964, Jolly 1965, Seber 1965). In both models
the survivorship component was constrained to be constant (¢.). The fit of the time
invariant models (¢. p. and ¢. py) for each of the three size classes was favored over time
varying survivorship for the < 100 mm and > 178 mm size classes. The time invariant
models (¢.p. and ¢.p,) had an equivalent fit to the time varying model (¢p.). These model
selection results indicate that over the course of the tag and recapture study at North Point
Cabrillo Cove the recapture history data support models in which survivorship is constant
in time.

Rogers-Bennett et al. (2004) described size specific fecundity of red abalone and
documented the variability in the relationship of size to egg production (Figure 2).
However, they did not describe temporal variability in egg production. Dr. David Ebert
(MLML, personal communication) reported that in 1966-67 and 1995-96 few
reproductively active female red abalone throughout California could be found. The
majority of the red abalone in California had inactive gonads, indicating that in some years
there is poor egg production for these populations. Haaker et al. (1998) documented
significant changes in growth of red abalone that resulted in a range of time to attain 178
mm (MSL) from seven to 25 years. Pooled growth transition data from multiple years and
six sites does not allow description of the heterogeneity of this vital rate. However, a
Monte-Carlo approach could be used to generate growth transition matrices from available

data or from the observed variances of the Von Bertalanffy growth function to generate
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growth transitions. To address the robustness of the matrix model to variations in vital
rates, as might be expected in a stochastic environment, I used the high (mean + 1 SD),
mean, and low (mean — 1 SD) values of reproduction and survival estimates (Mills et al.
1998). These simulations did not affect the ranking of the elasticity values suggesting that
the static model is robust to stochastic changes in vital rates over the range of values
examined (Figure 3A).

Elasticity results in this study suggest that the current minimum legal size (178 mm)
in the recreational red abalone fishery is set appropriately; protecting the size class that
most influences population growth in the model. In a similar analysis of red sea urchins
(Ebert 1998) the largest size classes had the most influence on population growth rates. In
this case the commercial sea urchin fishery may benefit from an upper limit, in addition to
the existing lower size limit (Ebert 1998). Adult survival in other long-lived marine
organisms such as loggerhead sea turtles (Crouse et al. 1987) and gorgonians (Gotelli
1991) had the most influence on population growth supporting the hypothesis of a
relationship between life history strategy and elasticity values (Heppell et al. 2000, Cortes
2002).

The elasticity results of the red abalone model suggest that enhancement in survival
of sub-legal red abalone in the model would have the greatest impact on population growth.
Enforcement efforts, education, and research in this area could benefit the fishery. Abalone
have no blood clotting mechanism and will bleed to death if they are cut during fishing
with abalone irons. Research could be directed at uncovering the causes of mortality

including incidental mortality of sub-legal animals associated with fishing. Marine
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protected areas may be another tool which could benefit red abalone by reducing incidental

mortality of the critical size class from incidental mortality (Gerber and Heppell 2004).

52



LITERATURE CITED

Aberg, P. 1990. Measuring size and choosing category size for a transition matrix study of
the seaweed Ascophyllum nodosum. Marine Ecology Progress Series 63: 281-287.

Aberg, P. 1992a. A Demographic study of two populations of the seaweed Ascophyllum
nodosum. Ecology 73(4): 1473-1487.

Aberg, P. 1992b. Size based demography of the seaweed Ascophyllum nodosum, in
stochastic environments. Ecology 73(4): 1488-1501.

Ang, P.O., Jr. and R.E. De Wreede. 1993. Simulation and analysis of the dynamics of a
Fucus distichus (Phaeophyceae, Fucales) population. Marine Ecology Progress
Series 93: 253-265.

Benton, T. G. and A. Grant 1999. Elasticity analysis as an important tool in evolutionary
and population ecology. TREE 14:467-471.

Benton, T.G., and A. Grant 1996. How to keep fit in the real world: elasticity analyses and
selection pressures on life-histories in a variable environment. American Naturalist
147:115-139.

Buckland, S.T., K.P. Burnham, and N.H. Augustin. 1997. Model selection: an integral part
of inference. Biometrics 53: 603-618.

Burnham, K. P., and G. C. Anderson 1998. Model Selection and Multi-Model Inference: a
practical information-theoretic approach, 2nd edition. Springer, New York.

Burnham, K. P., D. R. Anderson, G. C. White, C. Brownie, and K. H. Pollock.
1987. Design and analysis methods for fish survival experiments based
on release-recapture. American Fisheries Society Monograph 5. 1-437.

Caswell, H. 2000. Prospective and retrospective perturbation analysis: Their roles in
conservation biology. Ecology 81:619-627.

Caswell, H. 2001. Matrix Population Models: Construction, Analysis, and Interpretation.
Sinauer Associates; 2nd edition. 722 pages

Caswell, H., Brault, S., Read, A. J., and T. D. Smith. 1998. Harbor porpoise and fisheries:

An uncertainty analysis of incidental mortality. Ecological Applications 8:1226-
1238.

53



Caswell, H. 1978. A general formula for the sensitivity of population growth rate to
changes in life history parameters. Theoretical Population Biology 14:215-230.

Childs, D.Z., Rees, M., Rose, K.E., Grubb, P.J., and S.P. Ellner. 2003. Evolution of
complex flowering strategies: an age- and size-structured integral projection model.
Proceedings of the Royal Society of London B 270: 1829-1838.

Cormack, R.M. 1964. estimates of survival from the sighting of marked individuals.
Biometrika 51:429-438.

Cortes, E. 2002. Incorporating uncertainty into demographic modeling: Application to
shark populations and their conservation. Conservation Biology 16:1048-1062.

Crouse, D. T., Crowder, L. B., and H. Caswell 1987. A stage-based population model for
loggerhead sea turtles and implications for conservation. Ecology 68:1412-1423.

Crowder, L. B., Crouse, D. T., Heppell, S. S., and T. H. Martin 1994. Predicting the impact
of turtle excluder devices on loggerhead sea turtle populations. Ecological
Applications 4:437-445.

de Kroon, H., Plaiser, A., van Groenendael, J. and H. Caswell 1986. Elasticity: The relative
contribution of demographic parameters to population growth rate. Ecology
67:1427-1431.

Dugan, J. E. and G. E. Davis. 1993. Applications of marine refugia to coastal fisheries
management. Canadian Journal of Fisheries and Aquatic Sciences 50:2029-2042.

Easterling, M.R. 1998. The integral projection model: Theory, analysis, and application.
University of North Carolina, Raleigh, PhD dissertation.

Easterling, M.R., Ellner, S.P. and P.M. Dixon. 2000. Size-specific sensitivity: Applying a
new structured population model. Ecology 81(3): 694-708.

Ebert, T. A. 1999. Plant and Animal Populations: Methods in Demography. Academic
Press, San Diego.

Ebert, T. A. 1998. An analysis of the importance of Allee effects in management of the red
sea urchin Stongylocentrotus franciscanus. Pages 619-627 in T. Mooi, editor.
Echinoderms: San Francisco. Balkema, Rotterdam.

Enright, N.J., Franco, F. and J. Silvertown 1995. Comparing plant life histories using
elasticity analysis: the importnace of life span and the number of life-cycle stages.
Oecologia 104:79-84.

54



Gerber, L. R. and S. S. Heppell 2004. The use of demographic sensitivity analysis in
marine species conservation planning. Biological Conservation 120:121-128.

Gotelli, N. J. 1991. Demographic models for Leptogorgia virgulata, a shallow-water
Gorgonian. Ecology 72:457-467.

Haaker, P. L., Parker, D.O., Barsky, K.C., and C. S. Chun 1998. Growth of the red abalone,
Haliotis rufescens (Swainson), at Johnsons Lee, Santa Rosa Island, California.
Journal of Shellfish Research 17:747-753.

Heppell, S. S., Walters JR. and L. B. Crowder 1994. Evaluating management alternatives
for red-cockaded woodpeckers - A modeling approach. Journal of Wildlife
Management 58:479-487.

Heppell, S. S., H. Caswell and L. B. Crowder 2000. Life histories and elasticity patterns:
perturbation analysis for species with minimal demographic data. Ecology 81:654-
665.

Hobday, A. J., and M. J. Tegner 2002. The warm and the cold: Influence of temperature
and fishing on local population dynamics of red abalone. CalCOFI 43:74-96.

Hunter, C. M., Moller, H., and Fletcher, D. 2000. Parameter uncertainty and elasticity
analyses of a population model: Setting research priorities for shearwaters.
Ecological Modelling 134:299-323.

Jolly, G.M. 1965. Explicit estimates from capture-recapture data with both dead and
immigration-stochastic model. Biometrika 52: 225-247.

Karpov, K. A., Haaker, P. L., Taniguchi, I. K., and Rogers-Bennett, L. 2000. Serial
depletion and the collapse of the California abalone (Haliotis spp.) fishery.
Canadian Journal of Fisheries and Aquatic Sciences 130:11-24.

Lande, R. 1988. Demographic models of the northern spotted owl (Strix occidentalis
caurina). Oecologia 75:601-607.

Lebreton, J. D., K.P. Burnham, J. Colbert, and D.R. Anderson 1992. Modeling survival and
testing biological hypotheses using marked animals: A unified approach with case

studies. Ecological Monographs 62:67-118.

Lefkovitch, L. P. 1965. The study of population growth in organisms grouped by stages.
Biometrics 21:1-18.

55



Mills, L. S., D. F. Doak, and M. J. Wisdom 1999. The reliability of conservation actions
based on elasticity analysis of matrix models. Conservation Biology 13:815-829.

Mollet, H.F. and G.M. Cailliet. 2002. Comparative population demography of
elasmobranchs using life history tables, Leslie matrices and stage-based matrix
models. Marine and Freshwater Research 53: 503-516

Morris, W. F. and D. F. Doak. 2003. Quantitative Conservation Biology: Theory and
Practice of Population Viability Analysis. Sinauer Associates. Sunderland,
Massachusetts.

Morris, W. F., D.F. Doak, M.Groom, P. Kareiva, J. Fieberg, L. Gerber, P. Murphy, and D.
Thomson 1999. A Practical Handbook for Population Viability Analysis, The
Nature Conservancy, Washington D.C.

Moloney,K.A. 1986. A generalized algorithm for determining category size. Oecologia
69:176-180.

Rees, M. and K.E. Rose. 2002. Evolution of flowering strategies in Oenothera glazioviana:
an integral projection model approach. Proceedings of the Royal Society of London
B 269: 1509-1515.

Rogers-Bennett, L., Dondanville, R.F. and J. V. Kashiwada. 2004. Size specific fecundity
of red abalone (Haliotis rufescens): Evidence for reproductive senescence? Journal
of Shellfish Research 23:553-560.

Rogers-Bennett, L. and J.S. Pearse. 1998. Experimental seeding of hatchery-reared juvenile
red abalone Haliotis rufescens in northern California. Journal of Shellfish Research
17:877-880.

Sather, B.-E. and O. Bakke 2000. Avian life history variation and contribution of
demographic traits to the population growth rate. Ecology 81:642-653.

Seber, G.A.F. 1965. A note on the multiple-recapture census. Biometrika 52:249-259.

Shepherd, S.A. and P.A. Breen 1992. Mortality in abalone: its estimation, variability and
causes. Abalones of the World: Biology, Fisheries and Culture. Fishing News
Books, Victoria Australia.

Tegner, M. J., Breen, P.A., and Lennert, C.E. 1989. Population biology of red abalones,

Haliotis rufescens, in Southern California and management of the red and pink, H.
corrugata, abalone fisheries. Fishery Bulletin 8§7:313-339.

56



Tutschulte, T.C. 1976. The comparative ecology of three sympatric abalones. Dissertation
U.C. San Diego, CA.

Vandermeer, J. 1978. Choosing category size in a stage projection matrix. Oecologia
32:79-84.

Vaughan, D. S., Saila, S.B. 1976. A method for determining mortality rates using the Leslie
matrix. Transactions of the American Fisheries Society 3:380-383.

Vogel G. 2000. Migrating otters push law to the limit. Science 289:1271.
Wendell, F. E. 1994. Relationship between sea otter range expansion and red abalone
abundance and size distribution in central California. California Department of Fish

and Game Bulletin 80:45-56.

White, G.C. and K. P. Burnham. 1999. Program MARK: Survival estimation from
populations of marked animals. Bird Study 46 Supplement, 120-138.

57



.88 1G69 [ejoL
G8Z-G l YA VN 9A0D 90UsasIOH sjue|d-1no ajiusAnp
G'8lc-8Y € Z6 0. swuweq uep
g8l - G'6V € 90¢ Syl (ssoy 1o4) youey mopad
§'€cc-9'Lv € 8§ VLl 9A0) OJ|uged yjinos
YRAA NN 4 L LEL €8 9A0Q O]|ugeD YHON
8lc-1. € 414 yx44" eualy 'id
(wuw) buibbey pajdwes buibbe) jenul
1841} 1e abuel azIg sJeah Jo JaquinN Ja)e Jeah auo painydesal # pabbes # oIS

($002) @siead pue nauuag-siaboy pue iuepag
pue Z}INYoS WOJ} BIUIOJI[BD UIBYLIOU WOl Sa)is Je sonsiels (YIND) ainydedal yiew ainyded jo Alewwng | a|qel

58



8¢ev¥0'L 96980 LI ZL0OC9 G¢el'0 L €eecy  9OlvlL0 v 1896°L 8Ll <
L2’ 80000 9l 9990°0¥ L1000 8 v626'SCc €800 8 €9¢L'vl 8.1 61 001

10S0'} - - - - - - GZ6vY'0 ¥ 6¥0v'E 00l >
ZLLG'L 100000> ZL G289 100000> 6 LZ29ly 96000 8 €020Z 1\
ey o d o X d o X d wp X

€188 + ZISe L gi1se z1se 1 (ww) ssep 8zIg

‘2oueInap “Ydt . ‘|opow |eqolb ayy Aq papialp sejdwesal
oujdweled JO SOUBINGD UBBW BY} ale sanjeA jey 9 (/861 |e 18 weyuing) 409 osea|ay welbold wolj paAlIap synsay
(9%7/ = U) 104 O||ligeD yuou wolj saloisiy ainydedsal-yiew-ainided JO 9oUBIASP [9pOW puUe }S8] }Ii-JO-SSauUpo09)

‘¢ 9lqel

59



€00 €00 €89 96°/92 i 'd .
00’} 160 0 €17192 z d e 16 8/l <
160 6£°0 900 1GLELL i 'd .
00’} o¥'0 0 LGLELL 4 d e 0¥ 8/1 0} 001
€€°0 ¥Z'0 2¢ 9/'1G¢ i 'd .
00’} zL0 0 GG'GGE 4 d e 6.1 o0l >
Ge0 910 80'C 0S'veet Z d e
00'L v¥°0 0 Zyzeel i 'd . av/ I

si9)oweled s|enplAlpul
pooyjei| |opo ybrem 09|y 201V ejed 20IV 10 JequinN [opPON 10 JoquinN (ww) ssepo ozig

*Jojoe) Bunyblem e se sanjeA 9Dy |[opouwl Jiay) Buisn paALiep a1am (§66] UOSISpUY pue weyuing)
(z > 9DIVD) Sl [opow 1usjeAinba Ylim S[8poW WOJJ [BAIAINS JO 82UBLIEA PUB UBSW 8y JO S8)eWNST "8A0) O||lge)
yrou woJj saLio)siy ainydesal-yiew-ainjdes wody sppow Bunedwoo Jo uonos|es [9pow Jo) Uoljewloyul Jo Alewwng "¢ a|qel

60



0880 clo0 0 0 0 0 0 0 0
0clL0 9260 €800 0 0 0 0 0 0
0 900 L1160 1190 ¢c00 0 0 0 0
0 0 0 €870 1190 0400 0 0 0
0 0 0 0 L0€0 6790 00L0 0 0
0 0 0 0 0 1820 0080 0 0
0 0 0 0 0 0 00L0 0050 Gco'o
0 0 0 0 0 0 0 0050 G.€0
0 0 0 0 0 0 0 0 0090

1'00¢ < 00C 0} 1'8LL 8L O} L°0GL 0GL O} L'GZL GCLOYL'0OL 00LOYL'GL GLO}L'OG 0G0}L'GZ GCO1L0

"Jeak auo Ja}je ‘WwW G/ O} L'0G ‘SSe|O 9ZIS 1Xau 8y} 0}

Buiuonsiuedy jo Aljigeqold 9,06 e pue ssejo azis ay) ul bulurewsad Jo Aljigeqgo.d 9,06 e sey SSejo 8zis W g
0} 1°GZ @Y} Ul BuiJe)s [enpialpul ue ajdwexs Jo4 "Jaje| Jeak auo sazis Jiay) 8Je SMOJ pue sNsuao Jsii je
auo|ege |enpiAlpul Ue Jo Yyibus| 8y} aie suwnjo) "S|enplAipul pa)Jew Jo sanljigeqo.d uonisuel) yimodb jenuuy

1'00¢ <
00C 01 L'8LL
8/1 0} L°0G1
0S1 03 L'6¢ClL
GZl 01 100l
001 03 L'GL
GL0} 108
0G0} 1'G¢
GZorLo
(ww)
sse[o azIg

v olqel

61



8090 6000 0 0 0 0 0 0 1002 <
€80°0 0¥9°0 1500 0 0 0 0 0 00C 0} L'8LL
0 €¥0°0 1290 ¥S€°0 GL00 0 0 0 8.1 01 L'0S1
0 0 0 oego €9¥°0 ,€0°0 0 0 061 0} L'GCl
0 0 0 0 9020 LPE0 €500 0 Gcl 01 1°00l
0 0 0 0 0 8¥L°0 Lev'o 0 001 0} L'GL
0 0 0 0 0 0 €500 €92°0 G. 01 170G
19°L¢ *TAVA" 98'8 clLe S0 0 0 €92°0 0G0} L'G¢C
L1'00Cc< 00203 1'8/L8LL0}L0GL QGL O} L'GZlGCL G100 00LOYL'GL GLO}L'OS (QSO}L'Ge (ww)
sse[o 8zIg

‘diysioninins oyoads azis Ag paidiyinw x6 ase jeuobelp gns pue jeuobelp ayj ul s||8)
'(0d x *6) Juesaidal ww |L"0Q| < SOSSE|D 9ZIS YIIM SUWN|Od Ul MOJ Isa1y 8y} ul s (xy) Alipunosy pue ‘(xB) suonisuely
ymoub ‘(*d) [eAIAINS uedW UO pase( eIUIOYIED UJBYHOU 10} Suojeqe paJ JO Xljew UolISUel} painioni)s azig 'G s|gqe|

62



MENDOCINO CO

Cabirillo Point Cove

(north and south)\

Van Damme ——
State Park

Point Arena

SONOMA CO

Fort Ross /

State Park

Horseshoe Cove
Bodega Marine Lab

Figure 1. Map of northern California study sites where tag-recapture work was
performed. See text for geographic coordinates of each study site.
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CHAPTER 3

Preliminary validation of the age-at-length relationship of red abalone, Haliotis
rufescens, by analysis of bomb radiocarbon in shell carbonate



ABSTRACT

Current methods to describe age-at-length relationships of red abalone (Haliotis rufescens)
are insufficient to determine the ages of large individuals because their shell lengths exceed
those predicted by model L, values. I evaluated the utility of analyzing atomic bomb
generated radioisotope '*C in shell as a method to validate the age-at-length relationship of
H. rufescens. Fabens’ (1965) method was used to determine von Bertalanffy growth
function (VBGF) parameters (L.,= 313 mm, k= 0.051 y"' (0.042 to 0.059, 95% CI)) based
on data from a multi-year, multi-site tag-recapture study. Shell carbonate was sampled at
four locations on a single shell (251 mm, maximum shell length (MSL)) with the objective
to bracket the rise of the radiocarbon signal, known to occur during ~1957 in the NE
Pacific. There was close correspondence to the radiocarbon values of extracted shell
carbonate and estimated dates of formation based on VBGF estimates. The 251 mm
(MSL) red abalone specimen was predicted to be 27 to 38 years old. This study presents
preliminary results from radiocarbon analysis of shell carbonate and demonstrates the

utility of validating the age-at-length relationship of red abalone with this method.
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INTRODUCTION

Abalone (Haliotis spp.) are susceptible to local extirpation by fishing because of
slow growth, aggregated near shore distribution, and demand for meat and shells
(Sluczanowski 1986, Jamieson 1993, Alvarez-Tinajero et al. 2001). Red abalone, Haliotis
rufescens, support an important recreational fishery in northern California and was once
commercially important (Karpov ez al. 2000). Historically, over-fishing in California of
the Haliotis spp. complex resulted in reduced abundances and closure of the commercial
fishery (Rogers-Bennett ef al. 2002). These depletions have led to concerns about the
sustainability of the recreational fishery. Regulations enacted by the California Department
of Fish and Game (CDFGQG) include gear restrictions, limit recreational fishing to free diving
only, regulate annual and daily bag limits, allow take of red abalone only with a minimum
size limit of 178 mm maximum shell length (MSL), and prohibit take south of San
Francisco Bay (CDFG, Marine Region 2005).

Because red abalone are thought to exhibit asymptotic growth with a maximum
recorded size of 313 mm (MSL, maximum shell length) the ages of the largest individuals
are unknown, and tag and recapture studies can provide only limited information (Ault
1985, Haaker et al. 1998). Current age-at-length estimates from northern California,
derived from tag-recapture data, indicate the largest individuals in the population would
reach an average maximum size (L)) of 170 mm to 236 mm MSL (Ault 1985). Predicted

values of L, in southern California range from 182 mm to 212 mm MSL (Haaker e? al.
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1998). These estimates indicate that age and growth determinations may need a more
realistic L, values.

Two alternative strategies for estimating age-at-length are counts of growth zones
(discontinuous rings, marks, or lines on the shell) and analysis of seasonal stable isotope
patterns in shell carbonate. Growth zones of abalone shells are often very irregular and
preclude any form of consistent quantification and annual zones may not be present.
(Forster 1967, Poore 1970). The second method of age estimation is the analysis of the
ratios of stable isotopes in shell carbonate (Cespuglio ef al. 1999, Richardson 2000, Gurney
et al. 2005). Oxygen isotopes, '*O and '°0, are incorporated into shell carbonates in
isotopic equilibrium with seawater and can be correlated with temperature, thereby
providing a measure of temperature change (Epstein e al. 1953). Seasonal patterns in
productivity, as evidenced by changes to the isotopic ratios of carbon, *C and '*C, can also
provide a seasonal proxy for shell formation (Fairbanks and Dodge 1979, Krantz et al.
1984, Romanek et al. 1987). To detect seasonal patterns of temperature and productivity,
carbonate is extracted from the shell along the growth axis. Cyclic patterns observed in
the ratios can then provide a temporal basis for growth. Analysis of stable isotopes has
proved useful for determining growth rates early in ontogeny when growth rates are
highest, but carbonate extraction cannot be performed at the resolution necessary to detect
seasonal patterns in older shell material (Romanek et al. 1987, L.J. Gurney, University of
Tasmania, personal communication). Because of the limitations of these strategies, an
independent chronometer for shell carbonate formation is needed for accurate age and

growth determination.
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The use of the time-specific bomb-radiocarbon (**C) marker preserved in
carbonates of organisms is a promising method for validating estimates of age-at-length
and longevity (Campana 2001). Atmospheric testing of thermonuclear devices during from
1953 to 1963 doubled the naturally occurring levels of '*C in the atmosphere, and
integrated into the oceans and organisms in the mixed layer. Identification of the initial rise
in "C in the skeletal structure of these organisms provides a chronological tool for
determining age. In this study, a series of carbonate samples from a single red abalone
shell were analyzed for '*C to investigate the feasibility of using the time-specific bomb-
radiocarbon (**C) marker to validate the age-at-length relationship and determine growth

rates of large abalone; a first attempt to use this technique on abalone.

METHODS

One red abalone shell (251 mm maximum shell length, MSL) was obtained and
sampled for '*C. The individual was collected in 1968 (+ 1 year) near Gualala River,
Mendocino, in northern California by Duane Shoemake (Duane Shoemake, 3870 Oakley
Road, Antioch, California 94509), a recreational abalone fisher. Based on the recollection
of the fisher the specimen was collected during 1968 (+ 1 year). To estimate age for the
four locations in the shell to be sampled, von Bertalanffy growth function (VBGF) was
used as a guide to sample the shell based on tag-recapture data from six sites in northern
California (Rogers-Bennett personal communication). Fabens’ method was used to derive

VBGEF estimates (Fabens 1965).
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Leccapuure = Liag *+ (Lo - Luag) (1 - €77%)
In which: 1)Liecapture 18 the MSL (mm) of an individual at the time of recapture; 2) Ly, is the
MSL (mm) of an individual at the time of tagging; 3) At is the duration between the time of
tagging and capture, in years; and 4) k is the von Bertalanffy rate constant, y”'. The mean
estimates and 95% confidence intervals for the rate constant, &, were derived using nlinfit, a
non-linear curve fitting protocol in MATLAB version 6.5 (The MathWorks 2002). The
value of L., was constrained for curve fitting to the maximum recorded size (313 mm
MSL). A Walford plot of the annual change in MSL of 641 individuals that were tagged
and recaptured in a 335 to 395 day interval (assumed to represent annual growth) was
constructed to estimate & for initial nlinfit iteration.

The von Bertalanfty growth function was evaluated qualitatively for goodness of fit
to tag and recapture data using the growth vector method of Cailliet e al. (1992). Vectors
are anchored to the growth curve by assuming that their lengths at first capture correspond
to the age predicted by the von Bertalanffy estimates. Vectors of growth, when individuals
are at liberty, are drawn based on their horizontal (At, years) and vertical (AL, mm)
components.

Two sources of variability were incorporated into the estimate of date of shell
formation at a given shell length. The first source of uncertainty is the date of collection
(1968 + 1 year). The second source of uncertainty was the 95% confidence intervals for
the growth constant (k). Estimated dates of shell formation were calculated to incorporate
both of these sources of variability. The dates of shell formation at a given length were

calculated for a minimum date: A small k£ value (mean value of £ — 95% CI) and a date of
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collection assumed to be 1967 and a large value of k£ (mean value of k£ + 95% CI) and a date
of collection assumed to be 1969. The mean date of shell formation at a given length was
estimated using the mean value of k& and the median estimate of the date of collection, 1968.

To obtain carbonate samples for '*C analyses, the shell was sectioned perpendicular
to the growth axis using a diamond bladed saw. Thin sections approximately 2 mm wide
were extracted and mounted on slides with Cytoseal or wax. Carbonate samples (~5 mg
per sample) were extracted from the prismatic layer in the mounted thin sections using a
New Wave® micromill. The first sample was taken at the margin of the abalone shell, 251
mm (MSL) for which the date of formation was known (1968 + 1 year). Three additional
samples were taken at 227 mm, 217 mm, and 75 mm (MSL).

In preparation for radiocarbon analysis, the work area at Moss Landing Marine
Laboratories and the shell were tested for potential radiocarbon contamination. Glass
filters were used to sample these areas (2 samples and two blanks). Samples were
submitted to the Center for Accelerator Mass Spectrometry (CAMS) at Lawrence
Livermore National Laboratory (LLNL) and revealed no radiocarbon contamination. Shell
samples were analyzed for radiocarbon, '*C, using accelerator mass spectrometry (AMS).
Results from AMS were reported as A'*C to enable comparison with other bomb

radiocarbon records (Stuiver and Pollach 1983).
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RESULTS

The specimen collected in 1968 (+ 1 year) is predicted to be 27 to 38 years old
(Figure 1). The VBGF, with a constrained L., value of 313 mm, predicted the growth
constant & to be 0.051 y™' (0.042 to 0.059, 95% CI) (Figure 1). This value is less than half
of the Walford plot predicted & value of 0.123 y”'. The mean von Bertalanffy growth
estimate has a poor fit when analyzed with growth vector data. The distribution of growth
vectors indicate that the VBGF underestimates growth of small individuals < 160 mm and
overestimates growth of individuals larger than this size. The distribution of growth
vectors for median sized individuals (~150 mm MSL) is relatively evenly distributed in
relation to the estimated mean growth estimates.

The back-calculated dates of shell formation based on the VBGF had the greatest
range estimate for the 75 mm MSL than for the carbonate extracted at 217 mm MSL and
227 mm MSL (Figure 2). Shell carbonate removed from the shell when the abalone was 75
mm (MSL) had an estimated date of formation of 1941 (1935 to 1946, 95% CI). Shell
carbonate removed from the shell when the abalone was 217 mm (MSL) and 227 mm
(MSL) had estimated mean dates of formation of 1959 (1956 to 1962, 95% CI) and 1961
(1959 to 1963, 95% CI). Shell carbonate removed from the margin of the abalone shell
would have been formed close to or during 1968 (+ 1 year).

There was a close correspondence to the radiocarbon values of extracted shell
carbonate and estimated dates of formation based on VBGF estimates to the chronometer

of yellow eye rockfish established by Kerr et al. (2004) (Figure 3). The back-calculated
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dates of formation for the samples taken at 217 mm and 227mm (MSL) may bracket or be

the point of the inception of the rise of bomb-derived radiocarbon in this specimen.

DISCUSSION

The value of the growth constant & in this study was much lower than previously
recorded for red abalone in northern or southern California. Ault (1985), using red abalone
collected in northern California and maintained in aquaria, predicted & values of 0.11 y™' to
0.19y"'. Haaker et al. (1998) reported growth constant values for tag and recaptured
individuals in southern California of 0.12 y™' to 0.27 y™'. The difference in estimated
growth rate predicted in this study and previous studies is a result of constraining the value
of L. Although the widespread use of the von Bertalanfty curve allows experimenters to
compare growth rates among populations and species, the co-variation of & to L., may limit
the utility of this curve to describe growth of some organisms. The poor fit of the von
Bertalanffy curve observed in this study for small abalone has been reported (Matsuishi et
al. 1995, Troynikov ef al. 1998). Ebert and Southon (2004) have used the Tanaka curve to
model red sea urchin, Strongylocentrotus franciscanus growth. Red sea urchin may have a
life history similar to red abalone in that both exhibit large juvenile growth rates and red
abalone, like red sea urchin, may be long lived. The best model to describe growth is one
in which the incorporation of a realistic fixed L., value does not necessarily estimate slow
juvenile growth when fit to data. Additionally the predicted L., value should reflect the

sizes obtained by individuals observed in the population.

76



Although the von Bertalanffy curve may not be optimal to describe abalone growth,
the correspondence of the radiocarbon concentration and estimated date of carbonate
formation for each of the samples corresponds well to the yelloweye rockfish chronometer
established by Kerr e al. (2004). The effect of the poor fit of the von Bertalanffy growth
curve, as indicated by the growth vectors, does result in greater heterogeneity in the
estimated date of formation for each of the carbonate samples. The 75 mm had a large
range of values for the estimated date of formation but was informative because its
radiocarbon concentration is in the range of background pre-bomb values validating its date
of formation before 1957. The radiocarbon concentration of the sample taken when the
specimen was collected (1968 + 1 year) records the elevated radiocarbon concentration in
surface waters after 1957 in the NE Pacific. Because of the variability in the estimated date
of formation and the few number of carbonate samples taken it is not possible to determine
whether either of the 217 mm or 227 mm MSL carbonate samples reflects the inception of
the rise in radiocarbon concentration.

Although increasing the number of samples taken from this individual may
decrease the error associated in locating the inception of the radiocarbon rise in shell
carbonate for this single individual, abalone growth is spatially and temporally variable
(McShane and Naylor 1995, Haaker ef al. 1998). Differences in abalone growth and
morphology may be due to local wave exposure and food availability as well as
temperature (Leighton 1974, McShane and Naylor 1995, David Ebert, MLML, personal
communication). Parameters to describe growth are therefore expected to be

heterogeneous for red abalone not only as a result of the ageing method but also individual
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variations in growth. It would be desirable to pursue a regional approach to quantify
growth for red abalone to enable geographic comparisons and describe local variability in
growth rates.

The application of the radiometric carbon method for validation of growth
parameters has not been performed for many species of mollusc (but see Turekian et al.
1982). The requirements for this technique are known dates of collection, lifetimes that
coincide with initiation of the rise of the “local” "*C pulse, and a regional reference series
of '*C values. For species that are not long lived these requirements may be prohibitive.
Red abalone, based on incidental re-capture, were previously known to live at least 16
years in the wild (Taniguchi and Haaker 1996) and therefore large individuals obtained in
the 1970’s and 1980’s are useful candidates for age validation using the radiometric
technique.

These preliminary results indicate that the analysis of radiocarbon concentrations in
red abalone shell carbonate can be used to validate the age-at-length relationship of red
abalone. A sampling strategy that enables determination of growth rates of all sized
individuals, using specimens with known dates of collection and isolating the inception of
the rise of radiocarbon in shell carbonate is recommended. Although tag-recapture work
has been performed for red abalone, the analysis of radiocarbon concentrations allows
determination of growth rates of large individuals, a necessary step to population

management.
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The von Bertalanffy growth curve (solid) with 95% confidence
intervals (dashed). The short lines are growth vectors of tagged
and recaptured red abalone following the method originally
presented by Cailliet et al. (1992). The initial age estimate is the
predicted age based on the von Bertalanffy function for the size at
tagging which provides the anchor point to the von Bertalanffy
growth curve.
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Figure 2. Estimated date of that the specimen reached its MSL based

on ‘slow’, ‘mean’, and ‘fast’ growth as derived from von
Bertalanffy parameters.
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Figure 3. Radiocarbon data, A'C, from yelloweye rockfish (Kerr et al.

2004) and one red abalone in relation to their estimated dates
formation. Vertical error bars represent accelerator mass
spectrometry analytical error. Horizontal error bars of Yelloweye
rockfish represent uncertainty associated with age determination
from growth zones and those of red abalone represent
uncertainty in the date of formation as derived from von

Bertalanffy estimates.
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