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The illusion of plenty: hyperstability masks
collapses in two recreational fisheries that target
fish spawning aggregations

Brad E. Erisman, Larry G. Allen, Jeremy T. Claisse, Daniel J. Pondella Il,
Eric F. Miller, and Jason H. Murray

Abstract: Fisheries that target fish spawning aggregations can exhibit hyperstability, in which catch per unit effort (CPUE)
remains elevated as stock abundance declines, but empirical support is limited. We compiled several fishery-dependent and
fishery-independent data sets to assess stock trends in the barred sand bass (Paralabrax nebulifer) and the kelp bass (Paral-
abrax clathratus) in southern California, USA, evaluate the interaction between spawning aggregations and fishing activities,
and test for hyperstability. Annual and seasonal trends from fisheries and population data indicate that regional stocks of
both species have collapsed in response to overfishing of spawning aggregations and changes in environmental conditions.
The aggregating behavior of fish and persistent targeting of spawning aggregations by recreational fisheries combined to
produce a hyperstable relationship between CPUE and stock abundance in both species, which created the illusion that pop-
ulation levels were stable and masked fishery collapses. Differences in the rate of decline between the two species may be
related to the size, duration, and spatial distribution of their spawning aggregations. Results of this study provide empirical
evidence of hyperstability in aggregation-based fisheries and demonstrate that CPUE data be used with caution and given
low weight when fishery-independent data are available.

Résumé : Les péches commerciales qui ciblent les rassemblements de fraie des poissons peuvent présenter une hyperstabi-
lité, dans laquelle la capture par unité d’effort (CPUE) reste élevée pendant que 1’abondance du stock diminue; il n’existe
cependant que peu de données empiriques pour prouver 1’existence de ce phénomene. Nous avons compilé plusieurs ensem-
bles de données reliées aux péches et indépendantes de la péche pour évaluer les tendances des stocks chez le serran farlot
(Paralabrax nebulifer) et le serran des algues (Paralabrax clathratus) dans le sud de la Californie, E.-U., pour mesurer les
interactions entre les rassemblements de fraie et les activités de péche et pour tester I’hyperstabilité. Les tendances annuelles
et saisonnieres dans les données de péche et les données démographiques indiquent que les stocks régionaux des deux espe-
ces se sont effondrés a cause de la surpéche dans les rassemblements de fraie et a cause des changements dans les condi-
tions du milieu. La combinaison du comportement de rassemblement des poissons et du ciblage persistant des
rassemblements de fraie par les pécheurs sportifs produit une relation hyperstable entre CPUE et 1’abondance du stock chez
les deux especes; cela a créé I'illusion que les niveaux de population étaient stables et a masqué 1’effondrement de la péche.
Les différences dans le taux de déclin entre les deux especes peuvent étre reliées a la taille, la durée et la répartition spatiale
de leurs rassemblements de fraie. Les résultats de notre étude fournissent des données empiriques qui prouvent I’existence
d’une hyperstabilité dans les péches basées sur les rassemblements et démontrent que les données de CPUE doivent étre uti-
lisées avec prudence et qu’on doit leur donner une importance réduite lorsqu’il existe des données indépendantes de la pé-
che.

[Traduit par la Rédaction]

Introduction rately reflect changes in abundance, because the relationship

Fishery-dependent proxies such as catch per unit effort  between these two parameters is often disproportional and
(CPUE) are assumed to be proportional to population size  nonlinear (Bannerot and Austin 1983; Harley et al. 2001).
and are regularly employed to diagnose stock condition One common form of disproportionality involves hyper-
(Quinn and Deriso 1999). However, CPUE may not accu- stability (Hilborn and Walters 1992), in which CPUE remains
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stable while true abundance declines, leading to an overesti-
mation of biomass and underestimation of fishing mortality
(Crecco and Overholtz 1990). The relationship between
CPUE data and stock abundance is dependent upon the spa-
tial and temporal distribution of fish and the allocation and
type of fishing effort, such that both fish and fisher behavior
can lead to hyperstability (Harley et al. 2001; Post et al.
2002; Salthaug and Aanes 2003).

Fisheries that target fish spawning aggregations (i.e., tem-
porary gatherings of conspecific fish that form for the pur-
pose of reproduction; Colin et al. 2003) are thought to
exhibit hyperstability (Sadovy de Mitcheson and Erisman
2011). Aggregations tend to occur at predictable and specific
sites and times, and the high concentration of fish contained
in such gatherings serve as easy opportunities for fishers to
harvest large amounts of fish quickly and with little effort
(Sadovy de Mitcheson et al. 2008). Consequently, CPUE can
remain high or even increase as true population abundance
declines if fishers are capable of repeatedly locating aggrega-
tions and exploiting them (Rose and Kulka 1999; Walters
2003). The result is an “illusion of plenty”; the stock is pre-
sumed to be healthy, fishing activities continue unabated, and
no management actions are taken until both the fishery and the
population collapse (Post et al. 2002). Hyperstability has been
demonstrated in only a few species that form spawning aggrega-
tions (e.g., Gadus morhua, Hoplostethus antlanticus), because
coincident, long-term CPUE and fishery-independent data of
stock abundance for the same aggregation fishery are rare
(Clark 2001; Harley et al. 2001; Sadovy and Domeier 2005).

Barred sand bass (Paralabrax nebulifer) and kelp bass
(Paralabrax clathratus) have comprised the two most impor-
tant marine recreational fisheries of southern California,
USA, for the last three decades (Dotson and Charter 2003;
Jarvis et al. 2004; Love 2006), and both species form sea-
sonal spawning aggregations that are heavily exploited by
recreational fishers (Love et al. 1996a; Erisman and Allen
2006). Owing to their exclusion from commercial fishing,
high annual catches from the 1970s through the mid-1990s,
and the dominance of multiple age classes of adult fish in
catch reports, both fisheries were long deemed as sustainable
(Love et al. 1996a). However, catch and CPUE for both spe-
cies have declined considerably since the late 1990s (Dotson
and Charter 2003; Sweetnam 2010).

In this study, recreational fishery data and two sets of
fishery-independent data were compiled to analyze seasonal
and long-term fishery and population trends for barred sand
bass and kelp bass in southern California. We evaluated the
relationship between the timing of spawning aggregations
and fishing activities for both species to assess the potential
effects of fishing aggregations on stock condition. We then
compared coincident time series of CPUE and fishery-
independent estimates of population abundance to test for hy-
perstability, which we hypothesized to result from the aggre-
gating behavior of fish and the targeting of aggregations by
recreational fishers.

Materials and methods

Species information
In southern California, barred sand bass are most abundant
in small groups over inshore, low-relief areas and ecotone
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habitats adjacent to reefs (Mason and Lowe 2010; Jarvis et
al. 2011). Adults form large spawning aggregations of several
thousand fish over offshore sand flats from June through Au-
gust (Turner et al. 1969; Allen and Hovey 2001a). Kelp bass
inhabit kelp beds, rocky reefs, and other nearshore habitats
with high structural relief (Young 1963; Quast 1968). Adults
spawn within aggregations of tens to several hundred fish on
kelp beds and rocky reefs from May to September but also
form aggregations of 50 or more fish during nonspawning
periods (Quast 1968; Erisman and Allen 2006). Males and
females of both species become sexually mature at 22—
24 cm in total length (TL) and 2—4 years of age (Love et al.
1996b).

Barred sand bass and kelp bass are exploited exclusively
by recreational fisheries in southern California, as commer-
cial harvest bans were enacted in 1953 because of concerns
about population and fishery declines (Young 1963). There
are three species of Paralabrax (P. nebulifer, P. clathratus,
and P. maculatofasciatus) in the region, which have been
managed collectively by a 10-fish daily bag limit and a
12 inch (1 inch = 2.5 cm) minimum size limit since 1959
(Allen and Hovey 2001a, 20015). Together, barred sand bass
and kelp bass rank as the most important recreational fishery
in southern California in terms of the number of fish taken
by commercial passenger fishing vessel (CPFV) fisheries
since 1959 (Dotson and Charter 2003). Individually, they
rank as the second (kelp bass) and fourth (barred sand bass)
most important species in terms of total catch of all recrea-
tional marine fisheries in the region since 1980 (Jarvis et al.
2004), and both have tallied the highest catch of any species
taken by the CPFV fleet on numerous years during that pe-
riod (Allen and Hovey 2001a, 20015; Love 2006).

Fisheries data

We used monthly catch and effort data of the CPFV fleet
from two databases to assess temporal trends in the recrea-
tional fishery of both species from 1963 to 2008 in southern
California. Data from 1963 to 2003 were from an electronic
database of the Los Angeles Times (http://swfscdata.nmfs.
noaa.gov/Latimes/), and data from 2004 to 2008 were from
the California Recreational Fisheries Survey (CRFS) database
(http://data.recfin.org/forms/est2004.html). The databases
were deemed compatible, because CRFS data were gathered
from official CPFV logbook records maintained by the Cali-
fornia Department of Fish and Game, and previous studies
have shown a significant correlation (r2 = 0.85; p < 0.01)
between daily catch reports from CPFV logbook records and
daily CPFV catch reports of the Los Angeles Times for these
species (Hill and Barnes 1998; Dotson and Charter 2003).

We compiled catch and effort data for both Paralabrax spe-
cies for all months from 1963 to 2008 and for the entire
Southern California Bight. Catch was recorded as the number
of fish landed or discarded, effort was recorded as number of
angler trips, and CPUE was calculated as number of fish
caught per angler trip. Data were restricted to catch and effort
for the CPFV fleet because (i) data available for the entire rec-
reational fishery (see http://www.recfin.org) were considered
unreliable (Jarvis et al. 2004) and did not provide monthly
data prior to 2003; and (i/) data collection methods for non-
CPFV fishing activities for the two databases were different
and incompatible (http://data.recfin.org/forms/est2004.html).
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Fig. 1. Map of the Southern California Bight, showing the location of entrapment (generating stations) and underwater visual census sites

(inset shows location of study region on USA west coast).

1 1 T
d Generating station
Santa Barbara
Pt. Conception * Transects
Ventura
San Miguel I. Santa Cruz I.
- ° —
* “ b, W, -
Anacapa . Los Angeles
Santa Rosa l.
<
[+}]
©
E Santa Barbara I
=
©
" ‘ﬁ
Santa Catalina |
San Nicolas I.
- 33° N ul
San * B
Clemente l\ Diego
0 km
|—|
121° 120° 119° 118°
1 L L 1
Longitude (W)

Data prior to 1963 were excluded because of gaps and incon-
sistencies in reporting (Dotson and Charter 2003). We esti-
mated the mean proportion of annual CPFV catch taken from
spawning aggregations by summing the mean total catch re-
corded during spawning months, because both species form
aggregations that persist throughout their spawning seasons
(Turner et al. 1969; Erisman and Allen 2006).

Fisheries-independent data

Two sets of fisheries-independent data were used to ap-
proximate trends in population abundance of either species
within the Southern California Bight (Fig. 1): entrapment sur-
veys (1980-2008) and underwater visual censuses (1974—
2008). Electrical generating stations utilizing once-through
cooling systems occur along the southern California coastline
and entrain a wide variety of fishes in their cooling waters
during normal operating activities. We obtained data on the
abundance, masses, and lengths collected during routine en-
trapment surveys at three electrical generating stations (EI Se-
gundo, Huntington Beach, San Onofre) in the region from
1980 to 2008 (Miller et al. 2009; Field et al. 2010). Among
the three plants, an average of 37 surveys per year and a total
of 1086 surveys were conducted during the 29-year period.
The entrapment rate was derived to standardize across differ-
ences in cooling water flow among power plants and years.
Entrapment data were used to estimate fish biomass per unit
water volume circulated and calculate annual means of fish
biomass (kg-10® m3).

Underwater visual censuses of adult (>25 cm TL) kelp bass
conducted at two rocky reef sites (King Harbor breakwater,

Palos Verdes Point) in southern California from 1974 to 2008
were used to assess long-term trends in abundance. Fish
abundance at these sites has been surveyed quarterly using
SCUBA continually since 1974 following standard band-
transect methodology described in previous studies (Stephens
et al. 1984; Pondella et al. 2002). Thirty-four replicate trans-
ects were attempted per quarter at King Harbor and 12 per
quarter at Palos Verdes Point. From 1974 through 2008,
4797 transects (median = 135 per year) were completed at
King Harbor, and 1475 transects (median = 44 per year)
were completed at Palos Verdes Point. Fish density (number
of fish-100 m2) was used to approximate abundance, and
mean annual density was calculated for both sites for all
years. Data on barred sand bass from these two sites were ex-
cluded, because neither site is the primary habitat of adult
barred sand bass (i.e., ecotone habitat and offshore sand flats).

We assumed that entrapment surveys were sufficient to ap-
proximate population abundance in both species, since these
data have been used in numerous studies (e.g., Brooks et al.
2002; Jarvis et al. 2004; Miller et al. 2009) to assess popula-
tion trends in Paralabrax and other coastal marine fishes in
southern California. Similarly, we assumed that underwater
visual census data provided useful estimates of population
abundance in kelp bass, since these data were collected in
the known adult habitat and have been used repeatedly to as-
sess population trends in this species (e.g., Stephens et al.
1984; Love et al. 1996b). Since entrapment surveys targeted
fish slightly smaller than average size of sexual maturity (22—
24 cm TL; Love et al. 1996b) in both barred sand bass
(mean = 18.6 + 0.6 cm TL) and kelp bass (mean = 19.2 +
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Table 1. Annual trends in fishing effort by the commercial passenger fishing vessel (CPFV) fleet and fish-
eries and populations of barred sand bass and kelp bass in southern California from 1963 to 2008.

Data set n AR z P

CPFV fishing effort, 1995-2008 14 0.92 -2.41 0.008
Barred sand bass catch, 2000-2008 9 0.97 34.00 <0.001
Barred sand bass CPUE, 2000-2008 9 091 28.00 <0.001
Barred sand bass entrapment biomass, 1980-2008 29 0.82 —4.96 <0.001
Kelp bass catch, 19632008 36 0.99 —4.98 <0.001
Kelp bass CPUE, 1963-2008 36 0.96 -7.25 <0.001
Kelp bass entrapment biomass, 1980-2008 29 0.78 -5.32 <0.001
Kelp bass density (King Harbor), 1980-2008 29 0.97 -4.92 <0.001
Kelp bass density (Palos Verdes), 1980-2008 29 0.95 -3.63 <0.001

Note: AR, autoregression statistic; n, number of years.

0.5 cm TL), it is possible they provided biased estimates of
population size. Therefore, we tested their compatibility with
underwater visual census data of adult kelp bass using corre-
lation analyses (see below).

Statistical analyses and tests for hyperstability

Because of significant first-order autocorrelations, annual
trends in barred sand bass and kelp bass fisheries and popu-
lation abundance were analyzed using Box-—Jenkins auto-
regressive integrated moving average (ARIMA) modeling
plus Mann—Kendall test for trend analysis. A one-way analy-
sis of variance (ANOVA) was used to test for differences in
catch and effort among months. Where significant relation-
ships were found, post hoc multiple comparisons were done
using Student—-Newman—Keuls tests to identify peaks in catch
and CPUE. All data were log-transformed to satisfy the as-
sumptions of parametric analyses (Sokal and Rohlf 1995).

We tested for hyperstability in both species by comparing
fisheries-dependent CPUE data to fisheries-independent data
on population abundance. Using the standard power curve
model and following the notation of Harley et al. 2001, the
catch—effort relationship is modeled by

(1) Uz:C]Nt,3

where U, is the observed CPUE, ¢ is the catchability coeffi-
cient, N, is the fishery-independent estimate of true popula-
tion abundance, and B is the hyperstability parameter. Taking
logs of the function above yields

(2)  log(U;) =log(q) + Blog(N;)

This specification permits using regression analysis to esti-
mate the parameter 8 and test its value against the null hypoth-
esis that B > 1. Hyperstability is present when a one-tailed
t test determines that § is significantly less than one. When
B < 1, the curve becomes convex such that CPUE declines at
a much slower rate than abundance at moderate to high popu-
lation sizes but declines faster than abundance at low popula-
tion sizes. Since our data contains estimation error in the both
the dependent and the independent variables (log CPUE esti-
mates and log field counts, respectively), we used reduced ma-
jor axis regression to estimate the values of .

For kelp bass, we also tested for correlation among the
three fishery-independent data sets, and as the independent
variables were significantly correlated, we used the first prin-
cipal component axis of all three data sets as our pooled pre-

Fig. 2. Annual (a) and mean monthly (b) trends in fishing effort by
the commercial passenger fishing vessel (CPFV) fleet in southern
California from 1963 to 2008. Vertical bars indicate standard error.
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dictor (the significance of the procedure was tested by
comparing the variance explained by the first principal axis
against the maximum expected variation predicted by a “bro-
ken stick” distribution; see Jackson 1993). Using reduced
major axis regression, we estimated B for the pooled data by
regressing the log-transformed CPUE data to the log-
transformed principal component.

Results

Fishing effort by the CPFV fleet was relatively stable over
the first 32 years of the time series, but a significant down-
ward trend occurred from 1995 to 2008 (Table 1; Fig. 2). Dif-
ferences in mean monthly fishing effort by the CPFV fleet
from 1963 to 2008 were significant (Table 2; Fig. 2), with
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Table 2. Monthly trends in fishing effort by the CPFV fleet and fisheries of barred sand
bass and kelp bass in southern California from 1963 to 2008.

Data set df (month)  df (error) F p

CPFV fishing effort, 1963-2008 11 539 84.20 <0.001
Barred sand bass catch, 1963-2008 11 539 46.60 <0.001
Barred sand bass CPUE, 1963-2008 11 539 41.62 <0.001
Kelp bass catch, 1963-2008 11 539 78.96 <0.001
Kelp bass CPUE, 1963-2008 11 539 7.24 <0.001
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Fig. 3. Annual catch and catch per unit effort (CPUE) for barred sand bass and kelp bass in southern California from 1963 to 2008: (a) an-

nual catch in barred sand bass; (b) annual catch in kelp bass; (c) annual CPUE in barred sand bass; (d) annual CPUE in kelp bass.
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effort highest from June to August (p < 0.001). Annual catch
for barred sand bass increased from 1963 to 1991, fluctuated
until 2001, and declined sharply from 2002 to 2008 (Fig. 3).
CPUE was relatively constant from 1963 to 2003 but de-
creased rapidly thereafter. Changes in annual catch and
CPUE for barred sand bass were not significant from 1963 to
2008; however, both catch and CPUE decreased significantly
from 2000 to 2008 (Table 1). Kelp bass catch and CPUE both
decreased significantly from 1963 to 2008 (Table 1; Fig. 3).
Biomass of barred sand bass and kelp bass estimated from
entrapment surveys both declined significantly from 1980 to
2008 (Table 1; Fig. 4). The mean annual density of kelp bass
from underwater visual censuses increased in the late 1970s at
both sites, peaking at 13.5 fish-100 m~2 at King Harbor in 1981
and at 14 fish-100 m2 at Palos Verdes in 1979 (Fig. 4). Fol-
lowing these peaks, a significant negative trend over time was
observed at King Harbor from 1980 to 2008 and Palos Verdes
from 1980 to 2008. Kelp bass abundance also displayed a
strong correlation between the two census sites (Table 3).
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Between 1963 and 2008, mean monthly catch and mean
monthly CPUE of barred sand bass were significantly higher
during the spawning months from June to August (p <
0.001) than in other months (Table 2; Fig. 5). This equated
to a mean of 80.6% of the total annual catch harvested during
spawning aggregation periods. However, a marked decrease
in the summer peak in CPUE occurred after 2004. Differen-
ces in mean monthly catch of kelp bass were significant from
1963 to 2008 (Table 2; Fig. 5). Peak catch for kelp bass oc-
curred during the spawning season of May to September
(p < 0.001), which summed to equal 79.8% of total annual
catch. Differences in mean monthly CPUE for kelp bass
were also significant, with peak values occurring during
May to August (p < 0.01), although less pronounced than
for barred sand bass and markedly reduced after 2004.

Annual and monthly trends in these data establish the
decline of regional fisheries and populations of barred sand
and kelp bass and provide evidence that persistent targeting
of spawning aggregations contributed to the declines. The
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Fig. 4. Annual population trends for barred sand bass and kelp bass as estimated from entrapment surveys (1980-2008) and underwater visual
censuses (1974-2008): (a) biomass of barred sand bass from entrapment surveys; (b) biomass of kelp bass from entrapment surveys; (c) den-
sity of adult kelp bass from underwater visual censuses at King Harbor; (d) density of adult kelp bass from underwater visual censuses at

Palos Verdes. Vertical bars indicate standard error.
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Table 3. Summary of results from correlation analyses of fisheries-independent data sets on population abundance

of kelp bass in Southern California.

Data set

n r t p
Density (King Harbor) vs. density (Palos Verdes), 1974-2008 33 0.65 3.78 <0.001
Density (King Harbor) vs. entrapment biomass, 1980-2008 29 0.84 7.86 <0.001
Density (Palos Verdes) vs. entrapment biomass, 1980-2008 29 0.70 491 <0.001

remainder of our analysis demonstrates hyperstability was
present in these fisheries, and therefore, CPUE data were in-
sufficient to track the status of either stock. In the case of the
kelp bass, all three fishery-independent variables were signif-
icantly correlated (Table 3). As a result, we combined these
three variables into a first principal component axis that sum-
marized 84.6% of the variation in the complete data set (a
significant axis according to the broken stick distribution
test). We also found a significant relationship between the
log-transformed CPUE data and the log-transformed data of
the principal component axis (Table 4). The relationship was
similar to that of the individual variables (nonlinear and con-
vex in shape; Fig. 6), and produced a beta value of 0.459, in-
dicating hyperstability.

For barred sand bass, log-transformed CPUE data were un-
correlated with log-transformed data from entrapment surveys
(Table 4), meaning that as the entrapment numbers have de-

clined, CPUE has remained constant, particularly at moderate
and high population abundance levels (Fig. 6). The lack of
correlation between CPUE and stock data is an extreme form
of hyperstability; CPUE data for the barred sand bass pro-
vided no signal of the decline of the fish stock for the major-
ity of the sample period. Only in recent years, after 2003,
have CPUE values seriously declined.

Discussion

Barred sand bass and kelp bass stocks in southern Cali-
fornia have collapsed, based on the criteria set by several
organizations and fisheries studies (Hutchings 2001; Worm
et al. 2006; FAO 2009). The biomass of barred sand bass
and kelp bass from entrapment surveys has decreased by
90% or more since 1980, and kelp bass densities from visual
surveys have declined by 79% over the same time period.
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Fig. 5. Mean monthly catch and catch per unit effort (CPUE) trends for barred sand bass and kelp bass in southern California from 1963 to
2008: (a) catch of barred sand bass; (b) catch of kelp bass; (¢) CPUE of barred sand bass; (d) CPUE of kelp bass.

(a) (b)
250 150
N 200
< 100
X 150
S 100 50 -
©
o 50
0 - 1963 19703 ]
1963-1973 ]
1974-1983 1974-1983
. 1084-1993 1984-1993
£ 19942003 1994-2003
2004-2008 2004-2008
Jan. Mar. May July Sept.Nov. Jan. Mar. May July Sept. Nov.
(c) d
< 2.0 3.0 @
o
£ 10 2.0 -
2 ' 1.0 1
= 0.0 - 0.0 -
E., 1963-1973 1963-1973
1974-1983 1974-1983
1984-1993 1984-1993
1 -
8 1994-2003 1994-2003
> 2004-2008
2004-2008 e e e e R e B
e ' Jan. Apr. July Oct.
Jan. Mar. May July Sept.Nov.
Month
Table 4. Summary of results from reduced major axis regressions and hypothesis tests for hyperstability.
Ho: =1
Data set n r” p o B SE (B) t P
Barred sand bass
CPUE vs. entrapment biomass, 1980-2008 29 0.00 0.99 — — — — —
Kelp bass
CPUE vs. entrapment biomass, 1980-2008 29 0.56 <0.001 4.69 0.44 0.06 9.81 <0.001
CPUE vs. density (King Harbor), 1974-2008 33 0.27 <0.001 5.13 0.55 0.08 5.51 <0.001
CPUE vs. density (Palos Verdes), 1974-2008 33 0.39 <0.001 5.72 0.59 0.08 5.17 <0.001
CPUE vs. first principal axis, 1974-2008 29 0.66 <0.001 7.31 0.46 0.05 10.51 <0.001

Note: Dashes (—) indicate no data exist, because the reduced major axis regression did not produce a significant relationship.

Recreational catch and CPUE of barred sand bass decreased
97% and 70%, respectively, from 2000 to 2008. Kelp bass
catch has declined 95% since a peak in catch was recorded
in 1965, and CPUE has declined by 90% over that period.
The current collapse of Paralabrax fisheries in southern Cal-
ifornia is not surprising, since peaks in recreational catch ex-
ceeded earlier peaks in commercial catch that resulted in a
commercial closure in 1953 (Young 1963). Moreover, the
trends observed in Paralabrax have been reported for several
other recreational fisheries in southern California and thus
point to a general decline of the sport fishing industry in the
region (Dotson and Charter 2003; Sweetnam 2010).

The combined evidence from this study indicates that per-
sistent overfishing of seasonal spawning aggregations by rec-
reational fisheries brought about the collapse of barred sand
bass and kelp bass stocks in southern California. Both spe-
cies aggregate to spawn during the summer months, which
coincides with the peak season of the CPFV fishery in south-
ern California. The CPFV has long targeted spawning aggre-
gation sites for barred sand bass and kelp bass, because they
occur at the same locations and during the same months each
year and thus are viewed as easy opportunities for novice an-
glers to catch large numbers of fishes (Love et al. 1996a).
Daily catch by single vessels can be immense during aggre-
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Fig. 6. Relationship between annual catch per unit effort (CPUE) of the recreational fishery and fishery-independent proxies of population
abundance for barred sand bass and kelp bass: (a) CPUE vs. entrapment biomass in barred sand bass; (b)) CPUE vs. entrapment biomass in
kelp bass; (c¢) CPUE vs. adult density in kelp bass at King Harbor; (d) CPUE vs. adult density in kelp bass at Palos Verdes; (¢) CPUE vs. first

principle component axis in kelp bass.
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gation periods, as fishers are permitted to land up to 10 Pa-
ralabrax each per day, and each CPFV can hold as many as
100 persons. As a result, CPUE for both species is dispropor-
tionately high at aggregation sites (Love et al. 1996a; CRFS
database 2005-2007), and more than 80% of mean annual
catch is harvested during aggregation months (this study;
Dotson and Charter 2003). This type of fishing behavior is
typical of aggregation-based fisheries, and there is over-
whelming evidence that such activities are unsustainable and
have contributed to global declines in fish spawning aggrega-
tion sites and aggregating species (Sadovy and Domeier
2005; Sadovy de Mitcheson et al. 2008; Sadovy de Mitcheson
and Erisman 2011). Consistent with such trends, the seasonal
peaks in catch and CPUE that long coincided with the
spawning aggregation months of both species have declined
substantially over time. Although declines in catch for both

1.0

Paralabrax species may be partially explained by a decline
in fishing effort by the CPFV fleet since the late 1990s
(Sweetnam 2010), effort remained relatively constant from
the 1960s to the mid-1990s, while catch and CPUE in kelp
bass and stock abundances in both species began to decline
in the early 1980s.

The timing of observed population declines in both species
suggests that changes in regional environmental conditions
also had a major effect. Using similar data as this study,
Brooks et al. (2002) demonstrated that many fish stocks, in-
cluding Paralabrax species, in the Southern California Bight
have declined since the late 1970s and attributed this to a re-
gional decline in productivity associated with a shift to an al-
ternate (i.e., warm-water) climatic regime (Bograd and Lynn
2003; McGowan et al. 2003). Similarly, a few investigations
have noted declines in densities and frequencies of Paralabrax
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Fig. 7. Map of Southern California Bight, showing locations of spawn
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ing (and fishing) sites for barred sand bass and kelp bass. Locations

of barred sand bass aggregations were identified from catch data summarized by the California Department of Fish and Game from the
California Recreational Fishery Survey (CRFS) from June to August (2004-2008), whereas locations of kelp bass aggregations were derived
from the regional distribution of kelp beds and rocky reefs as summarized by the Marine Life Protection Act Initiative (http://southcoast.

marinemap.org/marinemap/).
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larvae over the last two decades (Moser et al. 2001; Stephens
and Pondella 2002). For kelp bass, it is also possible that
populations declined in response to decreased kelp (Macro-
cystis pyrifera) densities, since there is a positive relationship
between kelp density and larval recruitment (Carr 1989).
However, adult kelp bass show no relationship to kelp den-
sity, and recent increases in kelp canopy sizes along the coast
have occurred without associated increases in kelp bass pop-
ulations (Holbrook et al. 1990; Parnell et al. 2010).

The reliance on fisheries data to assess stock condition
(see Allen and Hovey 2001a, 20015) meant that collapses in
both species were masked by hyperstability, which resulted
from the combined effects of the aggregating behavior of
fish and the persistent targeting of spawning aggregations by
recreational fishers. Catch and CPUE of both fisheries re-
mained high for several decades because of the persistent
harvesting of fish from summer spawning aggregations. In
fact, catch and CPUE for barred sand bass increased steadily
between the 1970s and 1990s as the fishery gained in popu-
larity and vessels became increasingly familiar with the tim-
ing and location of aggregation sites (Allen and Hovey
2001a; Love 2006). As a result, both fisheries were deemed
sustainable in fishery assessments conducted during that pe-
riod (e.g., Ono 1992; Read 1992). Yet, while incredible num-
bers of fish were removed from aggregations each year (e.g.,
over 2 million barred sand bass landed by the CPFV fleet in

1999), population abundance was decreasing because of
overfishing and regional climatic changes. Consequently, the
relationship between CPUE and population abundance was
disproportional in both species of Paralabrax. CPUE data in
barred sand bass were completely insensitive to changes in
population size and continued to increase as abundance de-
clined, indicating that fishers were capable of locating aggre-
gations and maintaining high catch rates even when
populations had reached historically low levels. These scenar-
ios created the illusion that harvest levels for both species
were sustainable and stock abundances were stable, and as a
result, resource managers did not react to or even recognize
the collapses. To date, no changes in the management of ei-
ther species have been implemented to mitigate further de-
clines or hasten their recovery, even though the targeted
protection of spawning aggregations has stimulated the recov-
ery of other aggregating species in southern California (see
Allen et al. 2007; Pondella and Allen 2008).

Differences in the rate of decline between the two species
of Paralabrax may be related to the size, duration, and distri-
bution of their spawning aggregations. Barred sand bass form
transient spawning aggregations of tens to hundreds of thou-
sands of fish at six main areas during July and August each
year (Fig. 7), whereas during nonspawning periods, they are
more dispersed along inshore habitats (Love et al. 1996a; Al-
len and Hovey 2001a; Jarvis et al. 2011). The predictability
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in the timing and location of barred sand bass aggregations
and the massive size of each aggregation allowed fishers to
maintain high CPUE for many years until fish abundance at
the few known aggregation sites became so sparse that both
catch and CPUE suddenly collapsed. The hyperstability of
this population was so extreme that even the power function
model failed to capture its shape, as CPUE remained very
high while the entrapment biomass steadily declined. It was
only until the last few years that the population collapse
started to become reflected in declining CPUE values. Con-
versely, kelp bass form resident spawning aggregations of
tens to several hundreds of fish at most rocky reef and kelp
bed sites throughout southern California, and they also aggre-
gate outside the spawning season (Young 1963; Erisman and
Allen 2006). Consequently, fishing effort and catch was dis-
tributed more broadly in time and space (Love et al. 1996a),
and catch and CPUE declined steadily over time as aggrega-
tion sites were serially depleted and fishers moved to other
aggregation sites to maintain high catch rates. Claro et al.
(2009) found similar results in a study of long-term fisheries
trends in reef fishes that form spawning aggregations in
Cuba, such that species showed differential responses to fish-
ing pressure according to their spawning behavior. Specifi-
cally, those species that aggregate at a small number of
spawning sites during brief, predictable periods showed sig-
nificantly greater declines compared with those with pro-
longed, less predictable spawning aggregation patterns.

In summary, this study provides further empirical evidence
that fisheries targeting fish spawning aggregations can exhibit
hyperstability. Our results demonstrate that simple fishery-
dependent proxies such as CPUE should be used with cau-
tion when estimating stock condition in fishes that form
spawning aggregations and be given low weight when
fishery-independent data are available. While nonlinear rela-
tionships between stock and CPUE can be accounted for in
statistical analyses, the difference across species of the nature
of the nonlinearities in our results confirms the importance of
directly estimating this relationship whenever possible. CPUE
data collected from fisheries are useful and essential for man-
aging aggregation-based fisheries, as they can be used to
identify aggregation periods and determine the degree to
which fisheries target aggregations. However, such measures
are inappropriate as sole determinants of stock condition for
aggregating fishes, because they overestimate biomass and
stock productivity and give the false impression that fishing
levels are sustainable when true abundance is declining (this
study; Crecco and Overholtz 1990; Sadovy and Domeier
2005). The consequences of relying on such indices can be
devastating, providing resource managers with little or no
warning of an imminent fishery or population collapse (Rose
and Kulka 1999; Clark 2001; Post et al. 2002).

Direct, fishery-independent surveys of population abun-
dance are essential to monitor stock condition in fishes that
form spawning aggregations and avoid costly management er-
rors associated with hyperstability. However, fishery-
independent indices of abundance of aggregating fishes are
also susceptible to producing biased estimates (Wilberg et al.
2009), particularly given the strong temporal and spatial var-
iations in the distribution and abundance of fish that charac-
terize most aggregating species (Colin et al. 2003). In
addition, the appropriate survey methods (e.g., underwater
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visual censuses, multibeam sonar transects, ichthyoplankton
trawls) vary considerably among species, depending on dif-
ferences in the timing, duration, and size of aggregations; lo-
cal environmental conditions; and habitat type (Sadovy et al.
2005; Foote 2009). Nevertheless, once optimized for a partic-
ular species or location, the data obtained should provide in-
formative and accurate estimates of population abundance.
Moreover, as methods are developed to incorporate hyper-
stability and temporal and spatial variations in abundance
into stock assessment models of aggregating species (Wilberg
et al. 2009), resource managers will be able to set more ap-
propriate harvest limits, better detect and respond to popula-
tion declines prior to a collapse, and properly evaluate
fishery and population responses to management actions
(Colin et al. 2003; Sadovy et al. 2005). The importance of
effective monitoring for aggregating fishes cannot be over-
stated, given that few aggregations are managed worldwide
and most have either declined or disappeared altogether
(Sadovy de Mitcheson et al. 2008).
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