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ABSTRACT: Variation in settlement of kelp bass, Paralabrax clathratus, from the pelagic to benthic
environment was monitored daily during the summer 1998 on the leeward side of Santa Catalina
Island, California. Settlement collectors were placed underwater on buoy lines at 5 to 7 m depth to
provide a standardized form of spatial and structural refuge for settling larvae. SCUBA divers
retrieved and replaced collectors each day for 58 d and totaled the number of kelp bass settlers found.
Settlement of kelp bass occurred nonrandomly around the lunar cycle, suggesting a semi-lunar pattern of settlement just after the new and full moons, with peak settlement occurring approximately
5 d after the full moon. A high, positive correlation was found between settlement and tidal amplitude, and between settlement and onshore winds. A high negative correlation was found between
settlement and sea surface temperature. This indicates a strong relationship between settlement of
kelp bass and high amplitude tides, drops in sea surface temperature and strong onshore winds.
These results suggest that internal tidal bores were a likely means of onshore transport, because
bores produce near-bottom onshore flow and are prevalent during high amplitude or spring tides, but
especially, they coincide with abrupt drops in sea surface temperature. Back-calculated spawn dates
of successful settlers suggested a semi-lunar pattern of spawning just after the new and full moons,
with peak activity occurring near the full moon. Kelp bass that settled at spring tides were significantly younger and smaller than kelp bass that settled at neap tides, thus suggesting that settlement
of kelp bass is enhanced and larval durations shortened by oceanographic features such as internal
tidal bores. Therefore, behavioral or passive synchronization to the lunar and/or tidal amplitude
cycles by adult kelp bass during spawning and by kelp bass larvae during settlement result in
predictable peaks in daily settlement.
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INTRODUCTION
The majority of marine organisms exhibit a bipartite
life cycle with a planktonic larval stage and a demersal
juvenile and adult stage. Such populations represent
‘open non-equilibrial’ systems (Talbot et al. 1978) in
which local recruitment is independent of local reproductive success and is dependent, instead, upon reproductive success from other sites (Sale 1991, Caley et al.
1996). Therefore, the dynamics and structure of open
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populations can be largely dependent on factors that
affect the supply of larvae and the successful replenishment of settlers and subsequent recruits.
We refer to settlement as the immediate transition of
competent fish larvae from the pelagic environment to
benthic habitats, and recruitment as the addition of
individuals to local populations after surviving for
some arbitrary period of time after settlement (Levin
1993, Caley et al. 1996). It is important to differentiate
between settlers that are recent arrivals from the
plankton versus those that have settled less recently.
One way to differentiate between the 2 stages and
avoid complications, is to record settlement of new
arrivals from artificial structures that are suitably isolated from nearby reefs and surveyed daily (Victor
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1991, Kenyon et al. 1999). By collecting settlers from
artificial refuges on a daily basis, we attempted to separate the large-scale factors influencing settlement
from factors operating on a smaller spatial scale, during or after the settlement event (e.g. habitat selection,
conspecifics, competition and post-settlement predation; Schmitt & Holbrook 1996).
Factors influencing settlement may be physical (e.g.
wind stress, currents, tides, lunar phases, temperature), biological (e.g. competition for food, predation,
behavior) or, more realistically, a complex combination
of both sets of processes (Milicich & Doherty 1994).
Oceanographic features can affect the dispersal and
settlement of pelagic propagules through: (1) aggregation due to internal waves or tidally induced fronts
(Kingsford & Choat 1986, Shanks & Wright 1987);
(2) larval retention features such as eddies (Milicich
1994, Vargas et al. 1997); (3) drift with prevailing currents or wind-driven forces (Hutchins & Pearce 1994,
Milicich 1994); (4) concentration or pulsed supply of
planktonic food necessary for growth and survival
(Zimmerman & Kremer 1984, Witman et al. 1993, Druce
& Kingsford 1995); (5) shelter (e.g. within aggregated
algae) and interactions with predators (e.g. predation;
Druce & Kingsford 1995); and (6) onshore movement
(Kingsford & Choat 1986).
Surface slicks generated by internal waves and internal tidal bores are among the onshore transport mechanisms that have been proposed. Slicks of internal waves
may influence temporal and spatial patterns of settlement, larval duration, concentrations of planktonic food
and the intensity of interactions with predators (Shanks
1983, Kingsford & Choat 1986). Internal waves are generated during tides with small amplitude and at times
when the water column is stratified by a shallow thermocline (Cairns 1968, Kingsford & Choat 1986, Shanks
1988), as occurs during the spring and summer in the
Southern California Bight (Pineda 1994, 1995). As internal waves progress shoreward, downwelling from the
rotary currents can concentrate larvae at the convergent
zone in the form of slicks (Shanks 1983, Kingsford &
Choat 1986). Surface slicks may be observed at wind
velocities below 6 to 7 m s–1 (Kingsford 1990), whereas
stronger winds obliterate the slicks that delineate convergence zones (Shanks & Wright 1987). Any organism
that can remain at the surface in the convergence zone
by swimming or other behaviors (Shanks 1985) will
remain in the slick and be transported onshore. The
surface slick hypothesis therefore predicts onshore
transport of larvae in the surface layer, around small
amplitude tides and during periods of low wind.
Alternatively, internal tidal bores may transport larvae
in broken internal waves, which are formed during tides
of higher amplitude (Pineda 1991). The largest of these
internal waves, generated during spring tides, break and

progress shoreward as internal bores, producing nearbottom onshore flow and surface offshore flow (Winant &
Bratkovich 1981). If larvae were using internal tidal
bores as a means of shoreward transport, one would expect maximum catches near the bottom where the shoreward flow occurs and around the spring tide when flow
is strongest (Shanks 1983). The bores produce turbulence which disrupts and weakens the thermocline by
creating advection of subsurface cold water (Cairns
1968). The arrival of internal bores on the reef slope is
linked to a semi-diurnal tide and is marked by abrupt
drops in surface temperature (up to 5.4°C) that last for
2 to 9 d (Pineda 1991, 1995, Leichter et al. 1996). Another distinguishing characteristic of internal bores is
the diurnal or semi-diurnal frequency of the temperature
oscillations or drops in bottom temperature (Pineda
1994). The internal bore hypothesis therefore predicts
onshore transport of larvae closer to the bottom around
high amplitude tides, but most markedly, coinciding with
drops in surface and bottom temperature.
Larvae of kelp bass Paralabrax clathratus often dominate larval fish collections taken nearshore in the
Southern California Bight during the summer months
(July to September) (Walker et al. 1987). Larval kelp
bass typically spend 3 to 4 wk in the plankton before
moving onshore to suitable settlement habitats (Cordes & Allen 1997). Spawning occurs from late spring to
early fall, peaking during the warm summer months
(Collyer & Young 1953, Quast 1968, Lavenberg et al.
1986, Oda et al. 1993). Back-calculated spawning
dates (Cordes & Allen 1997) have suggested a lunar
periodicity centered around the full moon, even
though kelp bass may be capable of daily spawning
(Oda et al. 1993). Due to the protracted duration of the
larval stage, nearly all kelp bass offspring can theoretically disperse far enough away from the parental population to effectively decouple local egg production
from the supply of offspring to that local population
(Carr 1994). Consequently, physical processes may
play a vital role in the onshore movement of planktonic
kelp bass to nearshore habitats.
The specific objectives of our study were: (1) to
examine temporal patterns in the settlement of kelp
bass in order to identify possible periodicity or cycling
patterns; (2) to correlate settlement with various physical parameters measured in the field; and (3) to propose a mechanism for the onshore transport of kelp
bass larvae.

MATERIALS AND METHODS
Field collection. All research was conducted at the
Wrigley Marine Science Center located within Big
Fisherman Cove on Santa Catalina Island (33° 27’ N,
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Fig. 1. Map showing the position of Santa Catalina Island
relative to the coast of southern California, the location of the
Wrigley Institute for Environmental Studies (WIES), the location of the sampling sites and the spatial arrangement of sampling buoy lines. Sampling was conducted at Big Fisherman
Cove and Ripper’s Reef in 1997 and 1998, respectively.
x: sampling buoy lines

118° 29’ W), 35 km offshore of southern California
(Fig. 1). Field sampling was conducted from July to
September of 1997 and 1998, covering the peak times
of settlement for kelp bass at Santa Catalina Island
(Carr 1991). Monitoring of settlement was achieved
with the use of settlement collectors (cf. Carr 1991),
which provide a standardized form of spatial and
structural refuge for settling kelp bass.
Settlement collectors were secured to anchored
buoyed lines and censused on a daily basis by SCUBA
divers. Collectors were retrieved and replaced, early
each morning (07:00 to 09:00 h). Shenker et al. (1993)
and Thorrold et al. (1994) found that approximately 92
and 97% of the fishes caught in their study were taken
at night, indicating that the majority of their fish taxa
settled during the night. Divers carefully removed the
collectors from the buoy lines and placed them within
fine mesh bags. At the lab, collectors were agitated
and rinsed within the bags to remove any fish. Fish
were then measured to the nearest 0.01 mm standard
length (SL) and the numbers of kelp bass settlers were
pooled into daily totals.
A pilot study was conducted in the summer of 1997 to
determine if the settlement of kelp bass differed with
depth. Sampling at Big Fisherman Cove (Fig. 1) was
conducted over a 52 d period. Five buoy lines were
placed approximately 10 m apart within Big Fisherman’s Cove in approximately 20 m of water. Each line
contained 3 pairs of collectors at 3 depths: surface (0 to
1 m), mid (5 to 7 m) and deep (12 to 14 m).
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Summer 1998. Ripper’s Reef (Fig. 1) was established
as the primary sampling site during the summer of
1998. Of the many reefs surveyed for recruitment of
kelp bass at Santa Catalina Island, Carr (1991) observed consistently high recruitment to this reef. The
Big Fisherman’s Cove site was abandoned due to the
low numbers of kelp bass settlers caught during the
summer of 1997. Ten buoy lines were anchored approximately 10 m off Ripper’s Reef, at depths ranging
from 8.5 to 13.5 m and buoy lines were set approximately 20 to 30 m apart from one another. Two collectors were placed one directly above the other on each
buoy line at a depth of 5 to 7 m. Sampling was conducted over a 58 d period.
Measurements of the physical environment. Temperature loggers were secured at 3 depths (0 to 1, 5 to 7
and 10 to 12 m) on a buoy line in the middle of the
study site, and retrieved weekly and downloaded to a
computer. The temperature loggers were set to record
in 10 min intervals, which were later averaged over a
24 h period. An InterOcean Inc. S4© current meter was
secured to the bottom near the base of the middle buoy
line (0.5 m off the bottom) and was programmed to
record current velocity and direction in 10 min intervals. The readings were recorded as velocity components (north-south and east-west) and averaged over a
24 h period. Wind velocity and direction was obtained
from a NOAA wind profiler located on the hillside
at the Wrigley Marine Science Center, recorded as
velocity components (north-south and east-west) and
averaged over a 24 hour period. Tidal amplitude was
recorded as the change (in tidal height) between the
highest high and lowest low tides for each sampling
period.
Otolith extraction and preparation. In the laboratory, kelp bass sagittal otoliths were removed and
mounted medial side down on slides with cyanoacrylate (Superglue) medium. The left sagittae were used
for the aging studies; however, where left sagittae
were unreadable or broken, right sagittae were used
instead. The majority of sagittae from small fish
(<10 mm SL) were read easily and required no grinding. However, some sagittae, especially from larger
fish (>10 mm SL) required grinding and polishing,
which was done on a sagittal plane using 15, 12, 3
and 1 µm lapping films (3M) and a special grinding
platform devised by Jensen (1990). Lapping films
were used in descending order until increment rings
were visible from the focus to the outer edge of the
otolith.
Otolith daily increments. Only kelp bass from the
1998 study at Ripper’s Reef were aged. A total of 94
kelp bass were randomly selected among lunar phases
for aging. All otoliths were viewed under immersion
oil. The presence of daily growth rings in kelp bass
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otoliths has been validated by Cordes & Allen (1997).
Daily growth rings were defined as 1 hyaline and 1
opaque band and were distinguished from subdaily
rings using the criteria set forth by Campana (1984).
Daily growth rings were counted from the central
nucleus to the edge of the otolith, on 3 separate occasions, without knowledge of the prior counts. The
mean of the counts was taken, unless they differed by
more than 3, in which case the otolith was rejected. A
correction factor of 2 d was added to all counts since
laboratory reared kelp bass do not produce daily
growth rings until Day 3 of life (Cordes & Allen 1992).
Statistical analysis. Kelp bass collected at Big Fisherman’s Cove in 1997 were pooled from all collectors at a
given depth into daily totals. This data was non-normal
after transformation, therefore, a nonparametric Kruskal-Wallis ANOVA was performed followed by nonparametric Tukey-type multiple comparisons on the
number of kelp bass per depth zone (Zar 1984).
Rayleigh tests were used to test whether settlement
of kelp bass and estimated spawn dates in 1998 were
random around a lunar cycle (Batschelet 1981). The
number of settlers per day and spawn dates, were
pooled independently into a single lunar cycle (starting with the new moon) and converted into percentage
of settlers and spawn dates per lunar day. Where the
distribution of settlers/spawn days was non-uniform,
circular statistics were used to obtain both the mean
lunar settlement and spawn day (mean vector angle)
and mean angular deviation (Batschelet 1981). The
mean vector of the circular distribution was taken to be
the date of peak settlement. In addition, non-uniform
cycling patterns were further examined by spectral
analysis using a periodogram approach, which identifies cycles within the time series at which most of the
variance of the data are concentrated. Highest and
widest peaks were interpreted as the dominant periodicity (Chatfield 1980).
Linear regression was used to estimate the ages of all
measured kelp bass from 1998 to achieve a more
concise back-calculation of spawning dates. A linear
regression of the aged kelp bass on their standard
lengths was calculated and this equation was applied
to all the settlers that were measured to the nearest
0.01 mm SL. Of the total kelp bass aged, 89 were measured and used to generate the linear equation.
Nonparametric rank correlations were used to test
the relationship between settlement of kelp bass at
Ripper’s Reef in 1998 and the physical parameters
measured in the field, each tested independently
(Sokal & Rohlf 1995). Abrupt declines in surface temperature are indicative of internal tidal bores (Pineda
1995). We analyzed sea surface temperature data for
evidence of internal bores. Temperature data were
detrended to remove the warming over the sampling

period (Statistica™, StatSoft). In all correlation analyses, a Bonferoni adjusted significance level of 0.0125
(α’’ = α/k; α’’ = 0.05/4) was used to limit the error from
repetitive testing of kelp bass settlement against the 4
physical parameters (Sokal & Rohlf 1995).
Wind velocity components were compared because
settlement of larval fishes has been correlated with
strong onshore winds in a variety of studies (Milicich
1994, Thorrold et al. 1994, Kingsford & Finn 1997). Current velocity components were also compared because
currents on the leeward side of Santa Catalina Island traditionally run east-west (Zimmerman & Kremer 1984).
Newly settled kelp bass collected daily during 1998
were grouped into either new, first quarter, full or third
quarter moon phases (± 3 d) and tested for significant
differences in length at settlement and age at settlement per moon phase using 1-way ANOVA. No significant difference was found between new and full
moons and between first and third quarter moons for
both length at settlement and age at settlement. Therefore, the data were collapsed into new and full moons
(or spring tides) and first and third quarter moons
(or neap tides) and tested again using 1-way ANOVA.

RESULTS
A total of 273 kelp bass were caught in the daily settlement collectors over the 2 summers of sampling,
with a mean length of 9.44 mm SL (± 0.78 SD) and
range from 7.94 to 18.47 mm SL. A total of 42 settlers
were collected over a 52 d period at Big Fisherman
Cove during the summer of 1997. The number of daily
settlers collected per depth zone differed significantly
0.8
0.7

No. of daily settlers
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Fig. 2. Paralabrax clathratus. Mean (+ SE) daily settlement to 3
depth zones in 1997: surface (0 to 1 m), mid (5 to 7 m) and deep
(12 to 14 m). Underlined depth zones are not significantly
different
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35
30
No. of settlers

(Kruskal-Wallis ANOVA, H = 7.45, df = 149, p = 0.0241;
Fig. 2). Post hoc comparisons revealed that settlement
at mid-depth was significantly higher than at the surface (p = 0.039). Based on these results, collectors were
placed only at mid-depth throughout the sampling in
1998, specifically to maximize the total number caught.
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starting with the new moon and converted into percentage of
settlers per lunar day. d = new moon, s = full moon. The
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Table 1. Paralabrax clathratus. Rayleigh Z circular statistics
for cycling patterns in daily settlement at Ripper’s Reef in
1998. Estimated back-calculated spawn dates determined
from the length-age regression equation. Z: Rayleigh test statistic; lunar day calculated from the mean vector angle (d);
s: mean angular deviation (d)]. ***p < 0.001

8/14/98

Fig. 3. Paralabrax clathratus. Daily settlement of kelp bass at
Ripper’s Reef (n = 231) over a 58 d period in 1998. Dates given
as mo/d/yr. d = new moon, s = full moon

Environmental correlates with settlement of kelp bass
A significant positive correlation (R = 0.37, df = 57, p =
0.004) was found between settlement of kelp bass and
tidal amplitude (Table 2), suggesting that peaks in settlement occur at or near tides with high amplitudes or
spring tides. Spectral analysis of detrended mean daily
temperatures revealed a dominant 29 d cycling period
and a subdominant 14.5 d cycling period (Fig. 6). This coincides with the 2 highest cycling periods in settlement
(Fig. 5). Detrended surface temperatures were significantly and negatively, correlated with settlement of kelp
bass (R = –0.37, n = 58, p = 0.004), suggesting that peaks
in settlement of kelp bass occurred during abrupt declines in surface temperature. A significant correlation
was also observed between settlement of kelp bass and

7/31/98

Date

% of settlers/lunar day

A total of 231 daily settlers of kelp bass were collected over 58 d at Ripper’s Reef in 1998. A plot of daily
settlement of kelp bass against the lunar cycle suggested a semi-lunar pattern of settlement, as peaks
were found near new and full moons (Fig. 3).
A highly significant Rayleigh Z-statistic (Z = 54.9,
df = 230, p < 0.001) determined that settlement was not
uniformly distributed around the lunar cycle (Table 1).
The mean vector of the circular distribution (Fig. 4)
represents the date of peak settlement, which was
D 19.7 ± 4.7 SD of the lunar cycle, approximately 5 d
after the full moon. Spectral analysis revealed a dominant 14.5 d cycling period, along with a strong cycling
period of 29 d (Fig. 5).
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Fig. 5. Paralabrax clathratus. Cycling patterns in daily settlement at Ripper’s Reef in 1998 based on spectral analysis.
Highest and widest peaks were interpreted as the dominant
cycling patterns or periodicities (Chatfield 1980). Spectral
analysis revealed a dominant *14.5 d cycling period along
with a strong cycling period of 29 d
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Table 2. Paralabrax clathratus. Nonparametric Spearman
Rank Correlation (R) for daily settlement at Ripper’s Reef in
1998 (58 sampling days) and the four physical parameters
measured in the field. An adjusted significance level of 0.0125
was used to limit the overall experimental error rate
Physical parameter

Periodogram values

Tidal amplitude (m)
Detrended surface water temp. (°C)
N-S wind components (m s–1)
E-W current components (cm s–1)

4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

R

p

0.367
–0.3720
0.453
0.294

0.0045
0.0040
0.0004
0.0343

*29

14.5

19.3

9.7

6.4

4.8

3.9

3.2

2.8

2.4

2.1

Period (d)

Fig. 6. Cycling patterns of detrended surface temperatures at
Ripper’s Reef in 1998 based on spectral analysis. A dominant
*29 d cycling period, along with a strong 14.5 d cycling period,
were apparent. The highest peak coincides with the length of
the sampling period (58 d) and is an artifact of the analysis

the strength of onshore winds (i.e. the north-south wind
components; R = 0.45, n = 58, p = 0.0004). The east-west
or along-shore current component did not show a significant correlation with settlement of kelp bass based on
the adjusted p < 0.0125 (Table 2).

Presence of internal tidal bores
To determine whether settlement of kelp bass was
correlated with physical features of surface slicks or
internal bores, the results from the rank correlations as
well as evidence from the temperature readings were
examined (Fig. 7). Around each new and full moon, 8 d
sections of 10 min readings were expanded for better
resolution (Fig. 8).
Temperature readings around the first new moon
revealed a distinct drop in surface temperature beginning on July 22 (Fig. 8) and semi-diurnal fluctuations
in bottom temperature from July 21 to 23. Temperature
readings around the second new moon did not show
distinct drops in surface temperature; however, delayed semi-diurnal drops in bottom temperature consistent with tidal changes were evident from August 23
to 25 (Fig. 8).
Temperature readings near the first full moon revealed a distinct declines in surface temperature from
August 4 to 13 and semi-diurnal drops in bottom temperature from August 6 to 10 (Fig. 8). Temperature
readings near the second full moon indicated a drop in
surface temperature beginning on September 4 and
semi-diurnal fluctuations in bottom temperature from
September 3 to 8 (Fig. 8). Therefore, we conclude that
internal bores, as inferred from these abrupt drops in
surface temperature and semi-diurnal fluctuations in
bottom temperature consistent with tidal regime, were
present at both new moons and both full moons. Bore
formation did appear to be delayed with respect to
moon phase during the second new moon of the study.
Very few kelp bass settled during the second new
moon.
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Fig. 7. Temperature (10 min readings) throughout the sampling period at Ripper’s Reef. The presence of internal bores is inferred by
the semi-diurnal fluctuations in surface and bottom temperatures. d = new moon, s = full moon
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A total of 94 settlers were aged, with a mean age of
27.88 ± 3.21 d. An age-length relationship was determined for all aged and measured kelp bass (n = 89),
which then was applied to all measured settlers to estimate spawning patterns. The age-length relationship
was represented by the significant (r2 = 0.69, df = 88,
p < 0.01) linear regression y = 2.81x + 1.17 (Fig. 9). The
SD about the regression line was ± 1.71 d. The average
daily growth predicted by the model for fish in this size
range (7.5 to 14.5 mm SL) was 0.36 mm d–1, lower than
the daily growth rate of 0.59 mm d–1 for fish in the size
range of 8.6 to 39.5 mm SL estimated by Cordes & Allen
(1997). This regression was used to predict the ages of
remaining settlers that were not aged. Individual
spawn dates were back-calculated from the 187 age
estimates (Fig. 10).
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Fig. 9. Paralabrax clathratus. Age-length regression for daily
settlers (n = 89) at Ripper’s Reef, 1998; y = 1.17 + 2.81x (R2 =
0.69, p < 0.01), SD ± 1.71 d. Dotted lines represent 95%
confidence limits

Second Full Moon

26

25

24
23

No. of individuals

Temperature (°C)

25

22
21
20
19
18

20
15
10
5

17
16

0

9/2

9/3

9/4

9/5

9/6

9/7

9/8

9/9

Date
Fig. 8. Temperature (10 min readings) near the new and full
moons for the sampling period at Ripper’s Reef. The presence
of internal bores is inferred by lowered surface temperatures
and semi-diurnal fluctuations in bottom temperature

6/18/98

7/2/98

7/16/98

7/30/98

8/13/98

Date

Fig. 10. Paralabrax clathratus. Estimated back-calculated spawn
dates using the age-length linear regression for 1998 settlers
(n = 187) at Ripper’s Reef. d = new moon, s = full moon

20
18
16
14
12
10
8
6
4
2
0

Mar Ecol Prog Ser 238: 237–248, 2002

10

Length (mm SL)

% spawned/lunar day

244

a

9.6
9.85
9.2
9.24
8.8
n = 130

8.4

n = 49

8
32

1

3

5

7

9

11 13 15 17 19 21 23 25 27 29
30

Fig. 11. Paralabrax clathratus. Estimated lunar patterns of
spawning at Ripper’s Reef in 1998 based on Rayleigh statistics
and back-calculated spawn dates (n = 187). The downward
black arrow indicates the date of peak spawning (Day 20.5,
see Table 1)
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Fig. 13. Paralabrax clathratus. Length (a) and age (b) at
settlement per tidal cycle at Ripper’s Reef in 1998 (mean ± SE).
Length and age per tidal cycle were significantly different
(Table 3)

Fig. 12. Paralabrax clathratus. Estimated cycling patterns in
daily spawning at Ripper’s Reef in 1998 based on spectral
analysis. Spectral analysis revealed a dominant *15 d cycling
period in kelp bass spawning. See Fig. 10 for details

Spawning cycle patterns
A highly significant Rayleigh Z-statistic (Z = 95.0,
df = 186, p < 0.001) for back-calculated spawn dates of
successful settlers indicated that spawning was not
uniformly distributed around a lunar cycle. The mean
vector of the circular distribution (Fig. 11) indicated a
date of peak spawning at D 20.5 of the lunar cycle,
approximately 5.5 ± 3.5 d days after the full moon.
Spectral analysis revealed a dominant cycling period
of 15 d (Fig. 12) suggesting that kelp bass spawning
may have a lunar periodicity around the new and full
moons, with the peak in spawning occurring around
the full moon.

ANOVA, F(3,176) = 9.81, p < 0.001) and age at settlement
(F(3, 90) = 9.45, p < 0.001) of kelp bass. Post hoc comparisons showed no significant difference between new
and full moons (p = 0.41, p = 0.98) and between first
quarter and third quarter moons for both length at settlement (p = 0.71) and age at settlement (p = 0.91).
Length at settlement was significantly different
between kelp bass that settled during spring tides and
those that settled during neap tides (Fig. 13, Table 3).
Kelp bass that settled during the new and full moons
were also significantly smaller and less variable (9.24
mm SL ± 0.54 SD, n = 130), than those that settled during the quarter moons (9.85 mm SL ± 1.11 SD, n = 49).
Age at settlement was also significantly different
between kelp bass that settled during spring tides as
opposed to neap tides. Kelp bass that settled during
the new and full moons were also significantly younger
and less variable (26.59 d ± 2.26 SD, n = 55) than those
that settled during the quarter moons (29.71 d ± 3.47 SD,
n = 39; Fig. 13).
Table 3. Paralabrax clathratus. One-way ANOVA for standard length (SL) and age per tidal phase at Ripper’s Reef in
1998

Settlement length and age per tidal phase
A significant difference was found among the 4
moon phases for both length at settlement (1-way

SL
Age

df
effect

MS
error

df
error

MS
error

F

p

1
1

13.2
222.3

178
92

0.55
7.98

23.95
27.88

0.000002
0.000001
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DISCUSSION
The results from the 1997 pilot study in Big Fisherman Cove indicate that the majority of kelp bass settle
at mid depths and are likely to be transported inshore
at this depth. Carr (1991) found a similar pattern of
vertical distribution of kelp bass recruits along Macrocystis plants. Larvae should occur near the surface for
effective onshore transport in surface slicks or near the
bottom for effective onshore transport as a result of
internal tidal bores (Le Fèvre & Bourget 1992). Our
results do not support the surface slick transport
hypothesis for kelp bass because most settlers were not
found in shallow depth collectors.
Daily settlement of kelp bass at Ripper’s Reef in 1998
strongly suggests semi-lunar periodicity at or near new
and full moons, which is a pattern shared with another
temperate species of sea bass, the gag Mycteroperca
microlepis from the mid-Atlantic Bight (Keener et al.
1988). More commonly, a unimodal cycle is observed
around either the full or the new moon. Settlement
centered around the new moon has been observed for
several species of coral reef fishes on Panamanian
(Robertson 1992) and Caribbean reefs (Sponaugle &
Cowen 1997). Lunar patterns of settlement may also be
influenced not only by the relative brightness at night,
but also by tidal amplitude (Sponaugle & Cowen 1996).
For example, Robertson (1992) found that settlement of
an acanthurid peaked between the new and full moons
during two-thirds of the months sampled, then shifted
to a semi-lunar pattern of settlement for the remaining
months, suggesting that tides may be the dominant
factor influencing settlement. Because lunar periodicity in spawning may represent a strategy to enhance
offshore flushing of eggs and larvae (Johannes 1978),
timing of settlement might reasonably be related to the
size or the dial timing of the tides rather than to lunar
brightness (Williams et al. 1983, Sponaugle & Cowen
1997).
Because settlement of kelp bass was observed at
both new and full moons, the influence of tidal regimes
and/or other oceanographic events is likely. The high
positive correlation between settlement of kelp bass
and tidal amplitude suggests that peaks in settlement
occur at or near tides with high amplitudes (spring
tides) and that internal bores are a likely means of
onshore transport. Peak catches of the inertial crab
Pachygrapsus crassipes (Shanks 1983) and intertidal
barnacle larvae Chthamalus spp. (Shanks & Wright
1987) occur several days before the spring tide, when
internal waves and surface slicks were present. During
spring tides, internal waves may break in shallow
water, generating turbulent internal bores which disturb the water column (Le Fèvre & Bourget 1992,
Leichter et al. 1996). Hence, if kelp bass are utilizing
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surface slicks as a means of onshore transport, peaks in
settlement would likely occur during tides of small
amplitude or during neap tides.
The high negative correlation between settlement of
kelp bass and surface water temperature indicates that
the mechanism which causes drops in surface temperature is also transporting larvae onshore. The results
presented here are in agreement with those found
between barnacle settlement and surface water temperature anomaly, in which Pineda (1991) suggested
internal tidal bores as the likely means of onshore
transport. Semi-diurnal internal tides may also play an
important role in macronutrient enrichment by transporting cold, nutrient-rich waters to the surface (Zimmerman & Kremer 1984). Such periodic upward vertical movements of the thermocline are strongest during
the summer months on the leeward side of Santa
Catalina Island (Zimmerman & Kremer 1984), and typically recur every 2 wk with the spring tides (Newberger 1982). Our results for surface temperatures
recorded at Ripper’s Reef are consistent with these
previous studies and indicate a predictable pattern of
2 wk and 1 mo declines in sea surface temperature.
Behavioral or passive synchronization to the lunar
and/or tidal cycles may result in regular, predictable
peaks in settlement, while less predictable large-scale
events may also greatly influence the nearshore transport of larvae (Sponaugle & Cowen 1996). Kingsford &
Finn (1997) found peak abundances for many groups
of competent fish larvae at One Tree Island, Great
Barrier Reef, just after new and full moons, but also in
association with strong onshore winds, which were
stochastic events. In addition, 4 of 6 taxa examined by
Thorrold et al. (1994) showed significant relationships
between larval supply and onshore winds. Thus, variability in wind direction and intensity may be an
important factor in determining levels of larval replenishment (Milicich 1994). Wind stress may influence the
distribution of larvae by creating or disrupting nearshore currents and areas of larval retention (Milicich
1994, Sponaugle & Cowen 1996).
Conversely, offshore winds may lead to offshore
surface transport while facilitating upwelling and the
production of planktonic food. Because wind-induced
upwelling typically occurs on an average of only twice
during a summer in the Southern California Bight
(Dorman & Palmer 1981), tidally driven upwelling or
internal tidal bores serve to better explain the drops in
surface temperature recorded in this study. The high
positive correlation between settlement of kelp bass
and wind direction suggests that settlement of kelp
bass was influenced to some extent by the presence of
high onshore winds. Wind velocity was typically
greater than 10 m s–1 during each settlement event of
kelp bass, which is in direct conflict with the surface
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slick hypothesis. Winds stronger than 6 to 7 m s–1 disrupt the nearshore pattern of surface slicks and internal waves (Norris 1963, Shanks & Wright 1987, Kingsford 1990).
While no significant correlation was found between
settlement of kelp bass and along shore currents, we
note that an adjusted significance level was used and
that the current meter was in close proximity to the
bottom. Zimmerman & Kremer (1984) reported that the
along shore currents on the leeward side of Santa
Catalina Island were related to the stage of the tide,
running toward the east end of the island on falling
tides and toward the west end on rising tides. In southern California, onshore flow is generated by either
winds or tides (Winant & Bratkovich 1981) and is high
during the summer months when spawning of kelp
bass occurs.
If larvae are capable of remaining planktonic for extended periods, then short-term fluctuations in oceanographic conditions and/or food supply may have less of
an effect on population dynamics and future stock size
than might otherwise be expected (Victor 1986, Francis 1994, Sponaugle & Cowen 1994). Greater flexibility
in duration may enable closer coupling of settlement to
a particular lunar phase, assuming that synchronous
settlement is advantageous and entails less risk than
settling during a sub-optimal lunar phase (Sponaugle
& Cowen 1994). In addition, such flexibility in larval
duration may lead to the dispersal or colonization of
wide biogeographic regions (Sponaugle & Cowen 1994).
Victor (1986) reported larval durations for blue-headed
wrasse Thalassoma bifasciatum to range from 38 to
78 d and in an earlier study to range from 40 to 72 d
(Victor 1982). Kingsford & Milicich (1987) found considerable variation (22 to 66 d) in larval duration of a
monacanthid fish and suggested that linear oceanographic features may contribute to this pattern. Such
differences in larval duration may be due to the timing
of association with local oceanographic features.
Cordes & Allen (1997) found evidence for delayed
settlement in 4 recently settled kelp bass, suggesting
that they may have undergone a slow-growth phase
that delayed their time of settlement.
In the absence of onshore transport, planktonic larvae may spend more time in the pelagic environment
and a greater age or size range may be expected
(Kingsford & Choat 1986, Kingsford & Milicich 1987).
The small range of larval durations (22 to 36 d)
reported here suggests that kelp bass possess limited
physiological flexibility in larval duration (28 ± 3 d).
Kelp bass which settled around the spring tides were
significantly smaller and younger than those which
settled around the neap tides, which suggests that
spawning of, at least, the successful settlers occurs
around the spring tide and oceanographic features

may be facilitating onshore transport and shortening
larval durations during these times. However, further,
detailed study of the reproductive behavior of adult
kelp bass will be required before we may conclude
that all kelp bass spawning is synchronized to the
lunar and tidal cycles.
Spawning events and/or planktonic processes may
act to determine the early stages of settlement events,
whereas at smaller temporal and spatial scales, habitat
selection and early mortality may act to decouple this
relationship (Milicich et al. 1992). For example, patterns of reef fish recruitment to St. Croix, US Virgin
Islands, appear to be influenced by physical oceanographic processes rather than by habitat selection.
However, once delivered to sites, settlers may be distributed based on habitat selection (Caselle & Warner
1996). Previous studies have indicated that densities of
recently settled kelp bass may be a consequence of the
presence and dynamics of Macrocystis forests (Carr
1989, 1994, DeMartini & Roberts 1990), such that both
the quantity and quality of the recruitment habitat,
rather than larval supply, may be the limiting factor
(Carr 1994). In addition, some fish larvae are very
active swimmers (Stobutzi & Bellwood 1994) and have
the capability to preferentially settle in particular habitats (Booth 1992, Levin 1993, Milicich & Doherty 1994,
Schmitt & Holbrook 1996). Therefore, knowledge of
the locomotory and sensory abilities of pre-settlement
kelp bass will be required to fully understand their
recruitment.
This study presents evidence for onshore transport of
competent kelp bass larvae by internal tidal bores on
the leeward side of Santa Catalina Island. The majority
of kelp bass settled to a mid depth zone during high
amplitude spring tides, periods of high winds and
periods when the surface water temperature declined
dramatically. Inspection of the temperature record revealed compelling evidence for the presence of internal bores in the form of abrupt declines in sea temperature at both new and full moons. Lack of settlement
during the second new moon in summer 1998 further
strengthens the case for the tidal bore transport of settling kelp bass. Although the sparse settlement could
be attributed to low larval supply, we believe that it
was more likely to have been caused by the observed
delay in internal tidal bore formation during that
period.
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