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ABSTRACT

COMPARISON OF SETTLEMENT AND PRE-SETTLEMENT LIFE HISTORY
TRAITS OF TWO TEMPERATE REEF FISHES IN RELATION
TO THE LUNAR CYCLE

By
Justin Dale Hackitt
Master of Science in Biology

Settlement patterns and pre-settlement larval traits of fish species can directly
influence the local population and community structure. Lunar cycles may play a role in
determining these settlement patterns and traits. Depending on the lunar phase, onshore
transport may vary in strength, directly influencing larval supply from the pelagic
environment to suitable reefs. Also, without suitable onshore transport, larvae may delay
their settlement, increasing their size and age at which they settle to a reef. The purpose
of this study was to examine the effects of lunar variation on settlement rate and settler
quality of two temperate reef fishes. This was accomplished by examining settlement
rates and pre-settlement traits in the señorita, Oxyjulis californica, and the blacksmith,
Chromis punctipinnus. SCUBA surveys of settlement rates and collections of each
species took place within 1-2 days of the New, 1st Quarter, Full, and 2nd Quarter lunar
phases, from June-August 2012, at two sites at Santa Catalina Island, California. Using
the lapillar otoliths, size at settlement, pelagic larval duration (PLD), and average daily
larval growth rates were examined in both species. The effects of lunar phase on
settlement were inconsistent, with no apparent lunar pattern in señorita and peaks in
v

settlement occurring during the New and 1st Quarter moon phases in blacksmith. The
physical factors that vary with lunar phase such as temperature, tidal amplitude, and
internal waves, most likely did not impact settlement for either species. Adult spawning
behavior may drive the settlement patterns observed in this study. Larval traits did not
differ significantly among lunar phases in either species. Both species had relatively
narrow ranges of size at settlement, with highly variable PLDs. This variability could be,
in part, due to variation in growth rates, caused by either pre-hatching or pre-settlement
variables, rather than environmental cues near the time of settlement, such as lunar phase.
This study adds to the limited number of studies on settlement patterns of temperate fish
species. Understanding the processes that affect settlement rates and larval traits helps us
understand population dynamics and community structure.

vi

Introduction
Many marine species, including the majority of fishes, exhibit a bipartite life
cycle, having both a pelagic larval stage and a benthic juvenile and adult stage (Breder
and Rosen 1966), which makes examining these processes that influence the distribution
and abundance of these organisms more challenging. Through this life history strategy,
larvae can spend many days, even months, in the pelagic environment, until finally
reaching a location with suitable habitat to settle and begin the juvenile and adult stage of
life. Species that exhibit this characteristic are said to live in ‘open’ populations, having
significant larval exchange between populations. In these populations, the supply of
larvae for a local population is largely dependent on the reproductive success of other
local populations (Doherty and Fowler 1994; Caselle and Warner 1996). Understanding
the factors that affect the replenishment of open populations is essential for predicting
their dynamics and shifts in community dynamics.
Due to the characteristics of open populations, any variation in larval supply that
leads to variable settlement and recruitment into the population may produce irregular
patterns in local abundance. There are many mechanisms that can produce this variability
in population size. While in the pelagic realm, larvae encounter countless diverse
biological and physical factors that determine their successful settlement onto a suitable
reef (Macpherson and Raventos 2005; Wilson et al. 2008). Larvae run the risk of not only
starving but also being consumed by offshore predators that primarily consume
ichthyoplankton (Cushing 1990; MacFarlane and Norton 1999). Some of the physical
traits that help these larvae survive during the planktonic stage are determined by the time
of year they were spawned, as well as the time of day and location of spawning (Bobko

1

and Berkeley 2004) and, in some cases, the size and health of the female that produced
them (Berkeley et al. 2004).
Physical factors that larvae encounter during their planktonic stage are also
critical in determining larval survival. For example, currents can transport larvae or unhatched eggs hundreds of kilometers from where they were produced (Hutchins and
Pearce 1994; Milicich 1994), eddies can lead to larval retention in certain areas (Milicich
1994; Vargas et al. 1997), and internal waves or tidally-induced fronts can aggregate presettled fish larvae and promote their onshore movement (Kingsford and Choat 1986;
Shanks and Wright 1987). Due to the wide pelagic dispersal of larvae, it is crucial to
understand the conditions that influence their ability to return to a reef habitat.
One factor that influences the physical oceanography, specifically tidal strength
and amplitude, is lunar phase. The timing of the tidal amplitude cycle is tightly coupled
with the lunar cycle, with high amplitude, spring tides occurring during the full and new
moons, and low amplitude, neap tides during the quarter moons. These tidal fluctuations
can greatly influence the shoreward movement of larvae. Shanks (1986) found that
almost half the variation in barnacle larvae settlement was attributable to the effects of
the lunar-tidal cycle. Kingsford and Choat (1986) found evidence that suggests multiple
invertebrates and fish larvae are transported shoreward by tidal processes. Depending on
the amplitude of the tide, larvae can be transported onshore through internal waves,
generated when the ebbing current weakens and the lee current moves forward as large
amplitude internal waves (Chereskin 1983). During spring tides, the largest internal
waves are generated, which break and move shoreward as internal bores producing nearbottom onshore flow (Winant and Bratkovich 1981; Pineda 1991; Vargas et al. 2004).
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When these large waves break they also disrupt the thermocline, allowing the internal
bores to progress shoreward (Cairns 1968). On the other hand, onshore transport during
neap tides may not be as strong due to smaller amplitude internal waves that do not
break.
Because lunar variation can generate differences in the type and strength of
onshore transport, higher rates of larval settlement would be expected during spring tides
when the broken internal bores are present (Shanks 1986). There is a large amount of
evidence for higher settlement rates during new or full moons, with the spring tides
(Gibson 1973; Yamashita 1996; Findlay and Allen 2002; Pasten et al. 2003); however,
some species, although rare, primarily settle during quarter moons, with neap tides
(McFarland et al. 1985; Victor 1986b, Robertson 1992; Sponaugle & Cowen 1994).
Along with the presence of broken internal bores varying with the lunar-tidal cycle the
speed of onshore flow also varies with each lunar phase. The combination of these two
factors can lead to differences in the rate of larval settlement. While studying the
influence of lunar phase on the onshore input of multiple coral reef fishes, Kingsford and
Finn (1997) found significantly higher current velocities passing over the reef crest
during new and full moons than during quarter moons. This increased velocity may be
beneficial to settling larvae due to decreased contact with the substrate and exposure to
benthic predators (Johannes 1978; Qian et al. 2000; Jonsson et al. 2004). Although this
may be the best condition for some species, other studies have indicated that slower
velocities may provide optimal conditions for larval settlement in other species
(Sponaugle and Cowen 1994; Todd 1998). Either way, lunar variation often affects larval
settlement rate.
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Lunar phase may also contribute to the quality of the settling larvae, which may,
in turn, influence their rate of settlement. While in the pelagic, pre-settlement phase,
larvae must reach a sufficient size and acquire the necessary traits in order to survive
once settled onto a reef (Cowen 1991; Kingsford 2011). The total time from hatching,
traveling through the pelagic environment, and finally settling to the benthic environment
is known as the planktonic larval duration (PLD) (Wellington and Victor 1989). Larvae
range from having short PLDs, lasting only a couple days (Shanks et al. 2003), to very
long PLDs, lasting >100 days in some species (Victor 1986; Sponaugle and Cowen
1994). There can even be high variability in PLD among individuals of the same species
(Sponaugle et al. 2006; Kingsford 2011). Some of this variation in time spent in the
pelagic environment might be explained by the lunar cycle and onshore transport. For
example, a variable larval duration may allow the flexibility to settle whenever certain
environmental conditions occur (e.g., lunar-tidal period) or when a suitable habitat or
shoreward flow is found (Cowen & Sponaugle 1997). If onshore transport is not present
or is not strong enough to bring the larvae to habitable reefs, individuals may have to
delay their settlement, increasing the size and age (PLD) at which they settle to a reef
(Kingsford and Milicich 1987; Findlay and Allen 2002; Pasten et al. 2003). For example,
during spring tides, larvae might reach suitable habitat more passively and not need to be
as competent of swimmers, whereas neap tide settlers might need to have a greater
swimming ability due to the slower shoreward transport (Sponaugle and Cowen 1994;
Pasten et al. 2003). Strong swimming abilities might allow these larvae to actively select
reefs instead of simply relying on the current to transport them (Milicich and Doherty
1994; Leis and Carson-Ewart 2000; Fisher and Bellwood 2002).
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Furthermore, Kingsford and Choat (1986) found that with weak onshore transport,
settling larvae tend to be larger and older. Similarly, there have been instances of both
temperate and tropical fish species settling at smaller sizes during spring tides, due to
shortened larval durations (Findlay and Allen 2002; Pasten et al. 2003). Therefore, larvae
settling during spring tides would be expected to be less developed (i.e., smaller in size
and have shorter PLDs) in comparison to those settling during neap tides. On the other
hand, certain larvae could reach a competent settlement size at a faster rate than others
and, when the right conditions and habitat are found, could settle at a younger age, thus
reducing their time in the pelagic environment. The relationship between the lunar cycle
and these settlement traits has been studied extensively in tropical species, however, little
is known about this relationship in temperate species.
Overall, diversity in settlement patterns and pre-settlement larval traits may
influence the structure of local populations and communities. The amount of larvae
supplied to an area may affect the population size of juveniles and adults (Grosberg 1982;
Doherty and Fowler 1994). However, since most fish species are relatively mobile, postsettlement processes, such as predation and competition, are more often the factors that
regulate the successful recruitment of later life stages into the population (Steele and
Forrester 2005). Therefore, it is important to understand the factors that influence the
quality of settling larvae. For example, Hoey and McCormick (2004) found higher rates
of post-settlement mortality in juveniles that had slow larval growth rates and were thus,
smaller at settlement. This pattern, which supports the “bigger-is-better” hypothesis
(Miller et al. 1988; Bailey and Houde 1989), has been observed for many fish species,
both tropical and temperate (Booth 1995; Searcy and Sponaugle 2001; Shima and Findlay
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2002). If lunar cycles do play a role in determining these different settlement patterns and
traits then we can better understand the temporal and spatial variation in larval supply to
specific locations and how future adult populations may be affected.
This study examined how lunar phase influences settlement rate and settler
quality of two temperate reef fishes. There were three main objectives to this study: I
attempt (1) to determine if settlement had a lunar pattern; (2) to evaluate whether settler
quality (i.e., size at settlement, pelagic larval duration [PLD], and daily larval growth
rates) varied among the lunar phases; and (3) to examine whether any patterns were
consistent between the two species. Since early life history traits are often correlated, I
also tested for relationships between size at settlement and PLD and daily growth, as well
as between PLD and daily growth rates. This allowed me to determine if daily growth
rate during the larval phase, while in the pelagic realm, influenced the size and age of
settlers.
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Methods
Study Species
I studied two temperate reef fishes that are commonly found on rocky reefs and
kelp forests in Southern California: señorita (Oxyjulis californica) and blacksmith
(Chromis punctipinnis). Both species exhibit bipartite life cycles, however, they vary in
other life history characteristics such as spawning season and strategy, planktonic larval
duration, and peak settlement period.
The señorita is a broadcast spawner, inhabiting shallow rocky reefs from Baja
California up north to Sausalito, California (Miller and Lea 1972; Feder et al. 1974). On
average, señorita larvae have a PLD of 39 days (Victor 1986a) and settle (at ≈ 10 mm)
primarily during summer, but settlement will often extend into fall and early winter (Love
2011). As juveniles, they mainly feed on zooplankton, undergoing an ontogenetic shift to
invertebrates such as bryozoans and crustaceans (Bray & Ebeling 1975; Bernstein & Jung
1979). Individuals have been known to inhabit very shallow reefs to depths of 58 m and
have relatively small home ranges (Love 2011).
The blacksmith ranges from Monterey, California down to central Baja
California. Larvae are most often found in shallow, nearshore waters; however, some
have been recorded as deep as 49 meters (Love 2011). They are demersal spawners and
larvae settle at about 10 mm, from mid-summer to winter (Limbaugh 1964), after
spending an average of 34 days in the pelagic environment (Miller and Lea 1972;
Wellington and Victor 1989). Juvenile and adult blacksmith are both planktivores,
feeding on high density zooplankton patches in the water column (Bray 1981).
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Study Sites
This study took place on the northwest side of Santa Catalina Island (33o27’N,
118o29’W), located approximately 35 km offshore within the Southern California Bight. I
studied reefs at two sites: Lion’s Head (33°27’08”N, 118°30’05”W) and Little Geiger
(33°27’32” N, 118°30’59”W), which were separated by ~ 4 km. Both sites are relatively
similar in their minimum and maximum reef depths as well as the general habitat
characteristics. The rocky reefs at each location are generally characterized by giant kelp
(Macrocystis pyrifera) and other benthic macrophytes, and each receives relatively high
levels of settlement of each of the two study species (Krug and Steele 2013).
Tides at Santa Catalina Island are mixed semi-diurnal with a maximum range of
approximately 3-meters. During the spring and summer months, a warm current,
generated by the Southern California Eddy, flows slowly past Santa Catalina Island in the
Northeast direction (Owen 1980).

Field Surveys and Collections
In order to examine the effects of lunar phase on settlement to each location the
abundance of recent settlers of each species was surveyed along band transects by
SCUBA divers between June and August 2012. Surveys took place within 1-2 days of the
New, 1st Quarter, Full, and 2nd Quarter lunar phases of each month (i.e., surveys 4 times
per month).
Recently settled individuals of both species were detected throughout at least two
full lunar cycles. Señorita were seen in all three months but blacksmith were only
collected during July and August because they did not settle during June. Larvae tend to
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settle at night, which is thought to reduce detection by predators. Therefore, surveys
began at dawn in order to reduce the effects of post-settlement mortality in the
assessment of settlement rate. Because each reef needed to be sampled first thing in the
early morning, it was not possible to survey both locations in one day. Consequently,
each reef was sampled within 1-2 days of the corresponding lunar phase, reversing the
order in which the reefs were surveyed each lunar phase.
SCUBA divers swam along transects (50 m x 2 m x 2 m = 200 m3) placed parallel
to shore in the inner, middle and outer portion of the reef, recording the abundance of
larvae at three depths: bottom, middle, and surface. Each transect and depth stratum was
surveyed by two SCUBA divers and their counts were averaged. While surveying the
reefs, only the smallest individuals on the reef were counted. Collected individuals (see
below) were used to estimate the average post-settlement age of the fish when counted as
settlers.
In addition to the surveys, recently settled fish of each species were collected
during each lunar phase at both sites using a BINCKE net (Anderson and Carr 1998).
Recently settled señorita were collected throughout two lunar cycles, however, due to
collection difficulties and time constraints, blacksmith were only collected during one full
lunar cycle. Collected individuals were placed in bags of seawater, euthanized in an iceseawater slurry, and transported back to Wrigley Institute for Environmental Studies
(WIES), located within Big Fisherman Cove, where they were then preserved in 95%
ethanol. All individuals were measured for total length (TL), to the nearest tenth of
millimeter, after they had been preserved in 95% ethanol.
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Physical Parameters and Predator/Conspecific Densities
To examine how different physical parameters might influence larval settlement,
temperature and tidal amplitude were evaluated. Temperature loggers were secured on a
buoy line approximately 1 m below the surface and retrieved bi-monthly. The presence of
internal bores would be indicated by abrupt declines in surface temperature. The
temperature loggers were set to record temperature every 10 minutes and averages were
calculated during the three days surrounding each lunar phase. Additionally, tidal
amplitude (change in tidal height between the highest high and lowest low tides) was
obtained from NOAA station #9410092 near Two Harbors, Santa Catalina Island. Tidal
amplitude was averaged across the three days surrounding each lunar phase.
For many species, settlement to a reef has been shown to be affected by the
presence or absence of predators or conspecifics. Juvenile kelp bass (Paralabrax
clathratus) are one of the main predators of recently settled señorita and blacksmith.
Therefore, using the same survey method described earlier, densities of juvenile kelp bass
as well as juvenile and adult conspecifics (señorita and blacksmith) at each reef were
surveyed twice, once during June and once during July. Once-monthly surveys were
considered sufficient because densities of these older stages were not anticipated to vary
much over time.

Otolith Analysis
Lapillar otoliths from each individual were used for the analysis because they
were clearer and easier to read than the sagittal otoliths. Each otolith was cleaned and
placed in immersion oil and mounted onto a microscope slide. Otoliths were measured
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using Image-Pro Plus imaging software on a computer connected to a digital camera
mounted to a compound microscope. The presence of daily growth rings in both species
has been observed in previous studies (Victor 1986a; Wellington and Victor 1989) and
they were used to measure pelagic larval duration (PLD), size at settlement, and daily
larval growth rates. There was a linear relationship found between otolith size and total
length for both species (señorita: r2=0.50, n=456, Fig. 1A; blacksmith: r2=0.55, n=205,
Fig. 1B), and therefore, to avoid errors associated with back calculation, otolith
measurements were used as estimates for the actual traits of the fish. The age-length
relationship for each species was used to ensure the validity of the otolith measurements
(señorita: r2=0.47, n=388, Fig. 2A; blacksmith: r2=0.48, n=171, Fig. 2B).
To determine the PLD of each species, I counted the number of rings from the
center of the otolith to the settlement mark. Otoliths of both species possess a settlement
mark, indicating a movement from the pelagic to the benthic environment (Fig. 3).
Blacksmith have a clear change in ring width at the time of settlement (Fig. 3B), whereas
señorita undergo a period of metamorphosis, which shows up as a blurry multiday band
just after settlement (Fig. 3A). This metamorphosis band has also been observed in other
wrasses (Victor 1982; Hamilton 2008). I estimated size at settlement by using the size of
the otolith from the core to the settlement mark. The size at settlement was divided by the
number of daily growth bands to determine growth rates during the pelagic larval phase.
Each otolith was read by two different people, and if the readings were more than
10% different they were read a third time. Any otolith that still had the two most similar
readings that were more than 10% different was not used. Individuals varied in their postsettlement age when collected, therefore, in order to compare differences in settlement
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size, PLD, and larval growth rates between lunar phases, the specific day of settlement
was determined by subtracting the number of post-settlement bands (including the
metamorphosis period for señorita) from the day they were collected. Many of the fish
considered to be recent settlers had an average post-settlement age of 7 days. Thus, the
fish that were being counted on transects as settlers most likely settled during the lunar
phase prior to their collection. In analyzing the settlement data, the number of individuals
counted during a specific lunar phase was applied to the previous lunar phase.

Statistical Analysis
Settlers of each species were classified by lunar phase as either New, 1st Quarter,
Full, or 2nd Quarter moon settlers. To test for differences in settlement throughout the
lunar cycle for each species, a four-way analysis of variance (ANOVA) was used, with
site (LH, LG), lunar phase (N, 1Q, F, 2Q), lunar month (1st or 2nd month), and reef zone
(Outer, Middle, Inner Reef) as fixed factors. Each species was tested separately.
An analysis of covariance (ANCOVA) was used to test the relationship between
settlement and sea surface temperature measured in the field. Average settlement during
each survey was tested against average surface temperature (the covariate) during each
lunar phase and this relationship was compared between the two study sites (the
categorical factor). A separate ANCOVA was used for each species.
The relationship between tidal amplitude and settlement was also analyzed using
an ANCOVA, with average tidal amplitude during each lunar phase as the covariate and
site as the categorical factor. This was done separately for each species. To detect internal
bores, surface temperature trends throughout two full lunar cycles were observed. To
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evaluate the relationships between settlement of each species and predator or conspecific
densities (the covariates) at each site (the categorical factor), ANCOVA was used.
To test for differences in PLD, settlement size, and larval daily growth rates
throughout the lunar cycle a three-way ANOVA was used for señorita. Site, lunar month,
and lunar phase were used as fixed factors in the analysis. Separate ANOVAs were used
for each of the three larval traits. Due to the difficulties collecting blacksmith, analyzing
the effects of lunar phase on larval traits of this species could only be tested over one full
lunar cycle and thus, a two-way ANOVA was used. Site and lunar phase were used as
fixed factors.
Relationships among larval traits for each species were also examined. For each
species, Pearson’s correlations were used in order to determine if there was any
relationship between PLD and size at settlement. Also, to determine if daily growth rate
during the larval phase influenced development time and the size and age of settlers, I
examined the relationship between PLD and daily larval growth rates, as well as
settlement size and daily larval growth rates using simple linear regressions.
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Results
1. Settlement
1.1 Patterns of señorita and blacksmith settlement
Lunar patterns of settlement differed between the two species. Larval settlement
for señorita showed no pattern with lunar phase, having similar densities of recent settlers
during all four lunar phases (ANOVA, p=0.330; Table 1,Fig. 4A). Blacksmith, on the
other hand, had significantly higher settlement during the New and 1st Quarter lunar
phases (ANOVA, p<0.001; Table 2, Fig. 4B). Señorita settled at higher densities to
Lion’s Head than Little Geiger (ANOVA, p=0.001; Table 1, Fig. 5A), where as the
density of recently settled blacksmith was almost equal at both sites (ANOVA, p=0.756;
Table 2, Fig. 5B). Both species were similar in the location of the reef they primarily
settled to. Recently settled larvae of both señorita (ANOVA, p<0.001; Table 1, Fig. 6A)
and blacksmith (ANOVA, p=0.003; Table 2, Fig. 6B) were found at higher densities in
the inner and middle zones of the reefs. Señorita settlement did not differ between June
and July (ANOVA, p=0.105; Table 1, Fig. 7A), whereas blacksmith settlement was
higher during July than in June (ANOVA, p=0.012; Table 2, Fig. 7B). There were no
significant higher order interactions between Location, Zone, Lunar Month, and Lunar
Phase for either species (Tables 1 and 2), thus, only main effects were assessed.

1.2 Settlement and physical parameters
Señorita settlement was negatively related to surface temperature (ANCOVA,
p=0.026; Table 3, Fig. 8A), which was consistent among sites as indicated by the nonsignificant interaction between site and temperature (ANCOVA, p=0.236; Table 3, Fig.
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8A). Blacksmith settlement showed a non-significant relationship with surface
temperature (ANCOVA, p=0.449; Table 4, Fig. 8B), which was also consistent between
the two sites as shown by the non-significant site x temperature interaction (ANCOVA,
p=0.417; Table 4, Fig. 8B).
Tidal amplitude did not appear to effect settlement of señorita at either site
(ANCOVA: tidal amplitude: p=0.764; tidal amplitude x site: p=0.798; Table 5).
Similarly, blacksmith settlement was not related to tidal amplitude at either site
(ANCOVA: tidal amplitude: p=0.084; tidal amplitude x site: p=0.361; Table 6).

1.3 Presence of internal bores
To determine whether settlement of señorita and blacksmith was correlated with
the presence of internal bores (abrupt declines in surface temperature), daily average
temperature readings throughout two full lunar cycles were examined (Fig. 9).
Temperature readings around the first new moon showed a depression in surface
temperature with a minimum temperature on 20 June 2012. The second new moon also
showed depressions with a minimum temperature on 16 July 2012. Temperature
recordings near the first full moon revealed a distinct decline in surface temperature from
30 June to 4 July 2012; however, there was no apparent decrease in temperature during
the second full moon (Fig. 9). Although the temperature declines were not present at both
full moons, the overall temperature patterns throughout the lunar cycles did seem to
indicate that internal bores were present during full and new moon lunar phases.
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1.4 Relationship between settlement and densities of predators and conspecifics
In addition to physical parameters, the effects of predator and conspecific
densities on settlement were also examined. On transects where juvenile kelp bass
densities were high, the densities of both señorita and blacksmith settlers were lower.
There was a significant, and negative, relationship between señorita settlement and
juvenile kelp bass density at both sites (ANCOVA: juvenile kelp bass density: p=0.021;
juvenile kelp bas density x site: p=0.203; Table 7, Fig. 10A). Similarly, blacksmith
settlement was also negatively related to juvenile kelp bass densities at both sites
(ANCOVA: juvenile kelp bass density: p=0.005; juvenile kelp bass density x site:
p=0.455; Table 8, Fig. 10B).
Settlement of both species was unrelated to the densities of older conspecifics
(juveniles and adults). Señorita settlement was not related to the density of juvenile and
adult señorita at either site (ANCOVA: conspecifc density: p=0.106; conspecific density
x site: p=0.075; Table 9). Likewise, the density of blacksmith settlers was unrelated to
the density of juvenile and adult blacksmith at either location (ANCOVA: conspecific
density: p=0.155; conspecific density x site: p=0.491; Table 10).

2. Larval Traits
2.1 Summary of Larval Traits
A total of 391 recently settled señorita and 157 recently settled blacksmith were
collected throughout the sampling period and used to compare various larval traits
(Tables 11 and 12). The total numbers of each species collected at each location, during
each lunar phase are summarized in Table 11 and 12. The PLD for señorita ranged from
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20-49 days with an average of 32 days. For blacksmith, PLD ranged from 20-33 days
with an average of 27 days. Otolith radius at settlement for señorita ranged from 98.79139.45 μm with an average of 112.51 μm, corresponding to a predicted body length of
12.31 mm at settlement. For blacksmith, otolith radius at settlement ranged from 91.24129.34 μm with an average of 115.98μm, corresponding to a predicted body length of
11.18 mm at settlement. The overall larval daily growth rates for señorita ranged from
2.36-4.96 μm/day with an average of 3.48 μm/day. For blacksmith, larval growth rates
ranged from 3.30-5.59 μm/day with an average of 4.44 μm/day.

2.2 Lunar phase and señorita larval traits
There were many significant differences in PLD among sites, lunar month, and
lunar phase for señorita (ANOVA; Table 13). Any effect of lunar phase on PLD was
inconsistent among sites and lunar month, as indicated by the significant three-way
interaction (ANOVA, p=0.007; Table 13). There did not appear to be any difference in
PLD among lunar phases for the 1st lunar cycle at both Lion’s Head and Little Geiger.
This was consistent during the 2nd lunar cycle at Little Geiger as well. The main
difference was seen in the 2nd lunar cycle at Lion’s Head, where the PLDs for señorita
were significantly longer during the 2nd Quarter lunar phase (Fig. 11).
The size at which señorita settled to the reefs differed between sites, although
only slightly (ANOVA, p=0.043; Table 14). Señorita that settled to Lion’s Head (113.27
μm) were slightly larger on average than those that settled to Little Geiger (111.74 μm).
Settlement size was relatively similar among lunar phases (ANOVA, p=0.086; Table 14)
and throughout both full lunar months (ANOVA; p=0.094, Table 14). There were no
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higher order interactions among lunar phase, lunar month, and site, in the three-way
ANOVA, which allowed me to examine the main effects (Table 14).
There were no consistent effects of lunar phase, lunar month, or site on average
daily larval growth rates for señorita, indicated by the significant three-way interaction
between those factors (ANOVA, p=0.032, Table 15). The main differences seem to be
driven by the fact that daily larval growth rates appear to have been significantly greater
during the 2nd lunar cycle at both sites (Fig. 12). This is indicated by the highly
significant interactions that contain lunar cycle as a factor (Table 15).

2.3 Lunar phase and blacksmith larval traits
For blacksmith, PLD did not differ significantly among lunar phases (ANOVA,
p=0.336; Table 16), nor did settlement size (ANOVA, p=0.938; Table 17), nor daily
larval growth rates (ANOVA, p=0.284; Table 18) Similarly, there were no significant
differences between sites in PLD (ANOVA, p=0.474; Table 16), settlement size
(ANOVA, p=0.290; Table 17), or daily larval growth rates (ANOVA, p=0.816; Table
18). There were no significant interactions between lunar phase and site for all PLD
(ANOVA, p=0.863; Table 16), settlement size (ANOVA, p=0.235; Table 17), or daily
larval growth rates (ANOVA, p=0.798; Table 18).

2.4 Correlations among larval traits
There were significant relationships between larval traits for both species. PLD
was positively correlated with settlement size in both señorita and blacksmith (señorita:
r=0.367, n=335, p<0.001, Fig. 13A; blacksmith: r=0.637, n=150, p<0.001, Fig. 13B).

18

Larval growth rates negatively impacted PLD in both species (señorita: r2=0.838, n=335,
p<0.001, Fig. 14A; blacksmith: r2=0.821, n=150, p<0.001, Fig. 14B). Lastly, larval
growth rates had no impact on size at settlement in señorita (r2=0.003, n=335, p=0.737,
Fig. 15A), but had a weak, negative impact on size at settlement in blacksmith (r2=0.103,
n=150, p<0.001; Fig. 15B).
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Discussion
These results indicate that the effect of lunar phase on settlement was inconsistent
between the two study species. Also, the physical parameters that typically vary with the
lunar phase did not seem to influence settlement of either species. Many species have
been shown to settle from the plankton during the full or new moons due to strong, rapid
internal bores moving shoreward during those periods (Shanks 1988; Findlay and Allen
2002). Although these internal bores were present during the full and new moons during
this study, and tidal amplitude was significantly greater during those lunar phases (Fig.
16A and 16B), neither señorita nor blacksmith showed significantly higher settlement
during those periods alone. Señorita larvae settled to a reef relatively consistently across
lunar phases. Although there was a significant relationship between settlement and
surface temperature, with higher settlement densities occurring during colder
temperatures, this is most likely due to the fact that there was greater settlement during
the first month of the study, which had colder temperatures. Blacksmith, on the other
hand, primarily settled during the new and first quarter lunar phases, and thus, there was
no significant relationship between temperature and settlement, or between tidal
amplitude and settlement for this species.
Since the patterns in settlement for both species appeared unrelated to the physical
parameters associated with the different lunar phases, it is possible that lunar periodicity
of spawning behavior could be driving temporal patterns of settlement. Many fish
species, both tropical and temperate, are known to spawn synchronously with specific
lunar phases (Johannes 1978; Middaugh 1981; Robertson et al. 1990; Domeier and Colin
1997). For those species that have a relatively fixed age at settlement, their settlement
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patterns may show a lunar periodicity that matches that of spawning (Robertson et al.
1988). Adult señorita are known to spawn on a daily basis during spring through fall and
do not show any specific lunar periodicity (M. Steele and Adreani, unpublished data).
This, as well as the high variability in age at settlement found in this study, may lead to a
lack of any distinct lunar settlement patterns for this species. Although the lunar pattern
of spawning behavior for blacksmith is not known, many damselfish species are known
to spawn synchronously with specific lunar phases. For example, Tzioumis and
Kingsford (1995) found that the temperate damselfish, Chromis dispilus, primarily
spawns during the new and full moon phases. Similarly, the tropical damselfish,
Stegastes partitus, spawns most during the new moon and its lunar settlement patterns are
tightly coupled to lunar spawning patterns (Robertson et al. 1988). It is, thus, possible
that spawning behavior could be driving the settlement events surrounding the New
and1st Quarter moon phases, observed in this study. With an average larval duration of 27
days, the implication is that spawning may peak around the new moon.
Predators may also influence densities of the recently settled individuals of the
two study species. In southern California, specifically around Santa Catalina Island,
Paralabrax clathratus is an extremely important predator of reef fishes due to its high
numbers (Quast 1968; Carr 1991; Steele 1997a, b). Juvenile kelp bass have been seen
feeding specifically on both recently settled señorita and blacksmith (pers. obs.).
Although the presence of these predators most likely does not influence what reef the
larvae settle to, they do probably influence the parts of the reef that the individuals are
occupying after settling. For both señorita and blacksmith, recently settled individuals
were found in significantly higher densities in the inner and middle zones of the reef,
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relative to the outer zone. Conversely, juvenile kelp bass were found in significantly
higher densities in the outer and middle zones than the inner zone of the reef
(F2,33=11.745, p<0.001). These results, as well as the significant negative relationship
between the densities of juvenile kelp bass and recently settled señorita and blacksmith,
indicates that the presence of these predators may influence the distribution of recently
settled señorita and blacksmith. This pattern has also been observed with kelp bass and
other temperate reef species. Similarly, Schmitt and Holbrook (1995) found that the
spatial distribution of kelp bass on reefs influenced the foraging behavior of young-ofyear black surfperch, thus indicating that this predator has a significant impact on the
distribution of other reef fish. In the present study, juvenile kelp bass densities explained
only a small fraction of the variation in the density of recently settled señorita and
blacksmith (Fig. 13A, B). This is most likely because predator densities are only one
factor that influences the area of the reef where recently settled individuals are found. It is
also likely that habitat variation throughout the reef (e.g., macroalgal assemblages) plays
an important role. Many fish species have been found to settle to and use specific habitat
types (Carr 1994; Schmitt and Holbrook 1995; Gutierrez 1998; Anderson 2001).
Although the macroalgal assemblages at each of the reefs were not assessed in this study,
Krug and Steele (2013) showed that both blacksmith and señorita recruitment was closely
correlated with macroalgal abundance.
Although lunar phase appeared to affect settlement of blacksmith, it appears that
lunar phase did not have a significant impact on pre-settlement larval traits of either
species. Both species have variable PLDs (señorita: 20-49 days; blacksmith: 20-33 days);
however, this variability was unrelated to lunar phase. For señorita, even though

22

individuals settling during the 2nd Quarter moon of the second lunar month at Lion’s
Head had significantly longer PLDs than the other lunar phases, this pattern was not
consistent between sites or lunar months. For blacksmith, there were no differences in
PLD at either site or during any lunar phase. Many marine fishes, both tropical and
temperate, are known to have variable PLDs (Victor 1986; Wellington and Victor 1989),
which can be beneficial by allowing individuals the flexibility to settle when an
appropriate environmental stimulus, such as suitable habitat or shoreward moving
currents, is encountered (Cowen and Sponaugle 1997). This is most likely not the case for
señorita or blacksmith and these results provide further evidence that the lunar phase, and
the associated environmental conditions, is not a stimulus for settlement of either species.
The variation in PLD of both species can possibly be explained by variable
conditions in the plankton. Although these parameters were not examined in this study,
many different oceanographic conditions between the time of spawning and the time of
settling could play a role (Bennell 1981; Farrell et al. 1991; Pineda et al. 2010). Evidence
for this can be seen by examining the pre-settlement growth rates for each species. Presettlement growth rates while in the plankton have been predicted to influence the
number of days an individual spends in the plankton. The faster an individual larva
grows, the shorter their developmental phase, which can have many survival advantages
(Anderson 1988). The rate at which larvae grow can be significantly influenced by many
factors such as maternal effects, egg yolk size, food availability, and temperature while in
the plankton (McCormick 1998; 2006; Meekan et al. 2003; Hovenkamp and Witte 1991).
For both species in this study, PLD was significantly, and negatively, related to larval
growth rates. Larvae that grew faster settled at a younger age; a pattern that has also been
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observed in other fish species (Cowen 1991; Grorud-Colvert and Sponaugle 2011).
Therefore, the variation in PLD for these species could be due, in part, to variation in
growth rates, caused by either pre-hatching or pre-settlement variables, rather than
environmental cues near the time of settlement, such as lunar phase.
One variable that may have affected larval traits for señorita is pre-settlement
oceanic temperatures (McCormick and Molony 1995; Meekan et al. 2003). Individuals
that settled during the second lunar month had significantly faster growth rates than
during the first month (Table 15, Fig. 12). Individuals that settled during the second
lunar month would have been in the plankton from late June to early July and those
settling during the first lunar month would have been in the plankton from late May to
early June. Those that settled during the second month experienced temperatures that
were on average 1.17⁰C warmer than individuals settling during the first lunar month
(NOAA weather buoy #46222, San Pedro Channel). It is likely that the warmer
temperatures during the second month played a role in señorita having faster growth rates
during that period. This has also been observed in the tropical bluehead wrasse,
Thalassoma bifasciatum, which had faster growth rates and shorter PLDs during periods
with warm temperatures (Sponaugle et al. 2006). Blacksmith were only collected for one
lunar month and thus it is unclear whether or not temperature plays a role in influencing
growth rates of this species. There were no differences in growth rates between sites or
lunar phases, however, indicating that these two factors were not stimuli used by
blacksmith to alter growth rates and settle at a younger or older age.
Although larval growth rates did affect the age at settlement (PLD) of both
species, the size at settlement was not significantly influenced by growth rates in either
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señorita or blacksmith. For señorita, individuals that grew faster as larvae settled at
similar sizes as those that grew slower. In addition, the only difference in settlement size
found was between sites and this difference was very small (~01.53 μm). This result
suggests that although señorita have a variable PLD, their size at settlement is relatively
inflexible. Therefore, the rate at which señorita grow during their pre-settlement phase
may vary, which influences how many days they remain in the plankton, but this
variation in growth rate does not seem to influence the size at which they settle.
Settlement size, therefore, is not closely related to PLD for this species, which is
supported by the weak correlation (r=0.34) between PLD and settlement size. The fact
that variable growth rates have more of an impact on PLD than settlement size suggests
that señorita settle to a reef after some minimum development size that allows
developmental competency to be achieved. Once that size is reached an individual can
either settle or delay settlement by slowing daily growth rates and extending their PLD
(Victor 1986b; Cowen 1991). For blacksmith, there was some indication, albeit very
weak, that larval growth rate influenced settlement size (r2=0.103). Individuals that had
faster growth rates settled at slightly smaller sizes. Therefore, the rate at which
blacksmith grow during the pre-settlement phase can influence both their age and size at
settlement. This conclusion is also supported by the fact that the relationship between
PLD and settlement size was much stronger than for señorita (r=0.64). Therefore,
blacksmith appear to have slightly more flexibility in their settlement size than señorita
do.
Overall, the results of this study suggest that settlement and pre-settlement traits
of both señorita and blacksmith are not directly influenced by the lunar phase and
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associated environmental conditions at the time of settlement. It is possible that at both
sites in this study, larvae of each species reach a developmental stage and size that
ensures that swimming capabilities are sufficient enough to reach the reefs without the
assistance of shoreward moving currents. Variation in settlement densities, age at
settlement, and size at settlement most likely reflect pre-settlement conditions such as
spawning behavior of adults and environmental conditions experienced by larvae.
Although those parameters were not fully examined in this study, understanding which
variables do not influence settlement helps us focus on the factors that may drive the
spatial and temporal structure of marine fish populations and communities.
This study adds to the limited number of studies on settlement patterns of
temperate fish species. It highlights the need for additional studies that incorporate
variables from multiple stages of development that may influence settlement. By
understanding pre-settlement processes we can also better predict how fish species will
survive after settling, and may be able to better predict the local population and
community structure. Due to the importance of larval delivery in sustaining local and
distant fish populations, understanding the factors that influence settlement is crucial for
the management and conservation of fisheries (Levin 2006; Cowen and Sponaugle 2009)
as well as the establishment of marine protected areas (MPAs) (Planes et al. 2000; Miller
and Shanks 2004). By understanding pre-settlement processes we can also understand
how fish species will survive post-settlement and may be able to better evaluate the local
population and community structure.

26

Literature Cited
Anderson, T.W., and M.H. Carr. 1998. BINCKE: a highly efficient net for collecting reef
fishes. Environmental Biology of Fishes 51:111-115.
Anderson, J.T. 1988. A review of size dependent survival during pre-recruit stages of
fishes in relation to recruitment. J. Northwest Atl. Fish. Sci. 8:55–66.
Anderson, J.T. 2001. Predator responses, prey refuges, and density-dependent mortality
of a marine fish. Ecology 82:245-257.
Bailey, K.M., and E.D., Houde. 1989. Predation on eggs and larvae of marine fishes and
the recruitment problem. Adv Mar Biol 26:1–83.
Bennell, S.J. 1981. Some observations on the littoral barnacle populations of north
Wales. Mar. Environ. Res. 5:227–240.
Bernstein, B. B., and N., Jung. 1979. Selective pressures and coevolution in a kelp
canopy community in southern California. Ecological Monographs 49:335–355.
Booth, D.J. 1995. Juvenile groups in a coral-reef damselfish: density dependent effects on
individuals fitness and population demography. Ecology 76:91–106.
Borges, R., R. Ben-Hamadou, M.A. Chicharo, P. Re, and E.J. Goncalves. 2007.
Horizontal spatial and temporal distribution patterns of nearshore larval fish
assemblages at a temperate rocky shore. Estuarine, Coastal and Shelf Science
71:412-428.
Bray, R. N. 1981. Influence of water currents and zooplankton densities on daily foraging
movements of blacksmith, Chromis punctipinnis, a planktivorous reef fish.
Fishery Bulletin 78:829–842.
Bray, R. N., and A.W., Ebeling. 1975. Food, activity, and habitat of three ‘‘ picker-type ’’
microcarnivorous fishes in the kelp forests off Santa Barbara, California. Fishery
Bulletin 73:815–829.
Breder, C. M., and D. E. Rosen. 1966. Modes of reproduction in fishes. Natural History
Garden City, New York, New York, USA.
Cairns, J. L. 1968. Thermocline strength fluctuations in coastal waters. J. Geophys. Res.
73: 2591-2595
Carr, M.H. 1994. Macroalgal dynamics on recruitment of a temperate reef fish. Ecology
75:1320-1333.

27

Caselle, J.E., and R.R. Warner. 1996. Variability in recruitment of coral reef fishes: the
importance of habitat at two spatial scales. Ecology 77:2488-2504.
Chereskin, T. K. 1983. Generation of internal waves in Massachusetts Bay. J. Geophys.
Res. 88:2649-2661.
Cowen, R.K. 1991. Variation in the planktonic larval duration of the temperate wrasse
Semicossyphus pulcher. Mar. Ecol. Prog. Ser. 69:9–15.
Cowen, R.K., and S. Sponaugle. 1997. Relationships between early life history traits and
recruitment among coral reef fishes. pp. 423–449. In: R.C. Chambers & E.A.
Tripprl(ed.) Early Life History and Recruitment in Fish Population, Chapman &
Hall, Fish and Fisheries Series 21.
Cushing, D.H. Plankton production and year-class strength in fish populations: an update
of the match/mismatch hypothesis. Adv. Mar. Biol. 249-293.
Doherty, P. J., and A.J. Fowler. 1994. An empirical test of recruitment limitation in a
coral reef fish. Science 263: 935-939.
Domeier, M.L. and Colin, P.L. 1997. Tropical reef fish spawning aggregations: defined
and reviewed. Bull Mar Sci 60:698-726.
Farrell, T.M., Bracher, D., Roughgarden, J. 1991. Cross-shelf transport causes
recruitment to intertidal populations in central California. Limnol. Oceanogr.
36:279- 288.
Feder, H. M., C.H., Turner, and C. Limbaugh. 1974. Observations on fishes associated
with kelp beds in Southern California. California Department of Fish and Game,
Fish Bulletin 160:1–144.
Findlay, A.M. and L.G. Allen. 2002. Settlement patterns of a temperate reef fish, the kelp
bass (Paralabrax clathratus), at Santa Catalina Island, CA. Mar. Ecol. Prog. Ser.,
238: 237-248.
Fisher, R., and D.R. Bellwood. 2002. The influence of swimming speed on sustained
swimming performance of late-stage reef fish larvae. Mar. Biol. 140:801-807.
Gibson, R.N. 1973. Tidal and circadian activity rhythms in juvenile plaice Pleuronectes
platesa. Mar. Biol. 22: 379–386.
Grorud-Colvert, K. and S. Sponaugle. 2011. Variability in water temperature affects trait
mediated survival of a newly settled coral reef fish. Oecologia 165: 675-686.
Grosberg, R.K. 1982. Intertidal zonation of barnacles: the influence of planktonic
zonation of larvae on vertical distribution of adults. Ecology 63:894-899.

28

Gutierrez, L. 1998. Habitat selection by recruits establishes local patterns of adult
distribution in two species of damselfishes: Stegastes dorsopunicans and S.
planifrons. Oecologia 115:268-277.
Hamilton, S.L. 2008. Larval history influences post-metamorphic condition in a coral
reef fish. Oecologia 158: 449-461.
Hoey, A.S., and M.I., McCormick. 2004. Selective predation for low body condition at
the larval-juvenile transition of a coral reef fish. Oecologia 139:23-29.
Hovenkamp, F. and Witte, J.I.J. 1991. Growth, otolith growth and RNA/DNA ratios in
larval plaice Pleuronectes platessa in the North Sea. Mar Ecol Prog Ser 70:105116.
Hutchins, J.B., and A.F. Pearce. 1994. Influence of the Leeuwin current on recruitment of
tropical reef fishes at Rottnest Island, Western Australia. Bull. Mar. Sci. 54:245
255.
Johannes, R.E. 1978. Reproductive strategies of coastal marine fishes in the tropics.
Environ. Biol. Fish. 3: 65–84.
Jonsson, P.R., K.M., Berntsson, and A.I., Larsson. 2004. Linking larval supply to
recruitment: flow-mediated control of initial adhesion of barnacle larvae. Ecology
85:2850–2859.
Kingsford, M.J., and J.H. Choat. 1986. Influence of surface slicks on the distribution and
onshore movements of small fish. Mar. Biol. 91:161-171.
Kingsford, M.J., and M.J. Milicich. 1987. The presettlement phase of Parika scaber
(Pisces: Monacanthidae): a temperate reef fish. Mar. Ecol. Prog. Ser. 36:65-79.
Kingsford, M.J., and M. Finn. 1997. The influence of phase of the moon and physical
processes on the input of presettlement fishes to coral reefs. J. Fish Bio. 51:176205.
Kingsford, M.J. 2011. Growth and pelagic larval duration of presettlement and
newlysettled neon damselfish, Pomacentrus coelestis, at multiple spatial scales.
Coral Reefs 30:203-214.
Krug, J.M. and M.A. Steele. 2013. Larval exposure to shared oceanography does not
cause spatially correlated recruitment in kelp forest fishes. Mar. Ecol. Prog. Ser.
477:177-188.
Leis, J.M., and B.M. Carson-Ewart. 2000. Behaviour of pelagic larvae of four coral-reef
fish species in the ocean and an atoll lagoon. Coral Reefs 19:247-257.

29

Limbaugh, C. 1964. Notes on the life history of two Californian Pomacentrids:
Garibaldis, Hypsypops rubicundus (Girard), and Blacksmiths, Chromis
punctipinnis (Cooper). Pacific Science 18:41-50.
Love. M.S. 2011. Certainly more than you want to know about the fishes of the Pacific
coast: A postmodern experience. Really Big Press, Santa Barbara, California,
USA.
MacFarlane, B.R., and E.C. Norton. 1999. Nutritional dynamics during embryonic
development in the viviparous genus Sebastes and their application to the
assessment of reproductive success. U.S. Fish. Bull. 97:273-281.
Macpherson, E., and N. Raventos. 2005. Settlement patterns and post-settlement survival
in two Mediterranean littoral fishes: influences of early-life traits and
environmental variables. Marine Biology 148:167-177.
McCormick, M.I. 1998. Behaviourally induced maternal stress in a fish influences
progeny quality by a hormonal mechanism. Ecology 79:1873–1883.
McCormick, M.I. 2006. Mother matters: crowding leads to stressed mothers and smaller
offspring in marine fish. Ecology 87:1104–1109.
McCormick, M.I. and Molony, B.W. 1995. Influence of water temperature during the
larval stage on size, age and body condition of a tropical reef fish at settlement.
Mar Ecol Prog Ser 118:59–68.
McFarland W.N., E.B., Brothers, J.C., Ogden, M.J., Shulman, E.L., Bermingham, and
N.M., Kotchian-Prentiss. 1985. Recruitment patterns in young French grunts,
HaemulonflavoIineatum (Family Haemulidae), at St. Croix, Virgin Islands. U.S.
Fish Bull. 83:413-426.
Meekan, M.G., Carleton, J.H., McKinnon, A.D., Flynn, K., and Furnas. M. 2003. What
determines the growth of tropical reef fish larvae in the plankton: food or
temperature? Mar Ecol Prog Ser 256:193–204.
Middaugh, D.P. 1981. Reproductive ecology and spawning periodicity of the Atlantic
silverside, Menidia menidia (Pisces: Atherinidae). Copeia 1981:766-776.
Miller, D.J., and R.N. Lea. 1972. Guide to the coastal marine fishes of California. Calif.
Fish Bull. 157:1-235.
Miller, T.J, L.B., Crowder, J.A., Rice, and E.A., Marschall. 1988. Larval size and
recruitment mechanisms in fishes: toward a conceptual framework. Canadian
Journal of Aquatic Science Aquatic Science 45:1657–1670.

30

Miller, J.A., and A.L. Shanks. 2004. Evidence for limited larval dispersal in black
rockfish (Sebastes melanops): implications for population structure and marinereserve design. Canadian Journal of Aquatic Science 61:1723-1735.
Milicich, M.J. 1994. Dynamic coupling of reef fish replenishment and oceanographic
processes. Mar. Ecol. Prog. Ser. 110: 135-144.
Milicich, M.J., and P.J. Doherty. 1994. Larval supply of coral reef fish populations:
magnitude and synchrony or replenishment to Lizard Island, Great Barrier Reef.
Mar. Ecol. Prog. Ser. 110:121-134.
Owen, R. W. 1980. Eddies of the California Current system: phys- ical and ecological
characteristics. Pp. 237-263 in D. M. Power, ed. The California islands. Santa
Barbara Museum of Natural History, Santa Barbara, CA.
Pasten, G.P., S. Katayama, and M. Omori. 2003. Timing of parturition, planktonic
duration, and settlement patterns of the black rockfish, Sebastes inermis.
Environmental Biol. Fishes. 68:229-239.
Pineda, J. 1991. Predictable upwelling and the shoreward transport of planktonic larvae
by internal tidal bores. Science 253: 548-551.
Pineda, J., Porri, F., Starczak, V., and Blythe, J. 2010. Causes of decoupling between
larval supply and settlement and consequences for understanding recruitment and
population connectivity. J. Exp. Mar. Biol and Ecol. 392:9-21.
Planes, S., R. Galzin, A.G. Rubies, R. Goni, J.G. Harmelin, L. Le Dire´ach, P. Lenfant,
and A. Quetglas. 2000. Effects of marine protected areas on recruitment processes
with special reference to Mediterranean littoral ecosystems. Environmental
Conservation 27:126-143.
Qian, P.Y., D., Rittschof, and B., Sreedhar. 2000. Macrofouling in unidirectional flow:
miniature pipes as experimental models for studying the interaction of flow and
surface characteristics on the attachment of barnacle, bryozoan and polychaete
larvae. Mar. Ecol. Prog. Ser. 207:109–121.
Quast, J.C. 1968. Observations of the food and biology of the kelp bass, Paralabrax
clathratus, with notes on its sport fishery at San Diego, California. Pages 81–108
in W. J. North and C. L. Hubbs, editors. Utilization of kelp-bed resources in
southern California. California Department of Fish and Game, Fish Bulletin 139.
Robertson, D.R., D.G., Green, and B.C., Victor. 1988. Temporal coupling of production
and recruitment of larvae of a Caribbean reef fish. Ecology 2:370-381. Robertson,
D.R. 1992. Patterns of lunar settlement and early recruitment in Caribbean reef
fishes at Panama. Mar. Biol. 114: 527–537.

31

Robertson, D.R., C.W. Petersen, and J.D. Brawn. 1990. Lunar reproductive cycles of
benthic-brooding reef fishes: reflection of larval biology or adult biology? Ecol.
Monogr. 60: 311-329.
Schmitt, R.J., and Holbrook, S.J. Patch selection by juvenile black surfperch
(Embiotocidae) under variable risk: Interactive influence of food quality and
structural complexity. J. Exp. Mar. Biol. and Ecol. 85:269-285.
Searcy, S.P., and S., Sponaugle. 2001. Selective mortality during the larval juvenile
transition in two coral reef fishes. Ecology 82:2452–2470.
Shanks, A.L. 1983. Surface slicks associated with tidally forced internal waves may
transport pelagic larvae of benthic invertebrates and fishes shoreward. Mar. Ecol.
Prog. Ser. 13:311-315.
Shanks, A.L. 1986. Tidal periodicity in the daily settlement of intertidal barnacle larvae
and an hypothesized mechanism for the cross-shelf transport of cyprids. Biol. Bul.
170:429-440.
Shanks, A.L. 1988. Further support for the hypothesis that internal waves can cause
shoreward transport of larval invertebrates and fish. U.S. Fish Bull. 86:703-714.
Shanks, A.L., B.A., Grantham, and M.H. Carr. 2003. Propagule dispersal distance and the
size and spacing of marine reserves. Eco. App. 13:159-169.
Shanks, A.L., and G.L. Eckert. 2005. Population persistence of California current fishes
and benthic crustaceans: a marine drift paradox. Ecological Monographs 75:505524.
Shanks, A.L., and W.G. Wright. 1987. Internal-wave-mediated shoreward transport of
cyprids, megalopae, and gammarids and correlated longshore differences in the
settling rate of intertidal barnacles. J. Exp. Mar. Biol. Ecol. 114:1-13.
Shima, J.S., and A.M. Findlay. 2002. Pelagic larval growth rate impacts benthic
settlement and survival of a temperate reef fish. Mar Ecol Prog Ser 235:303–309.
Sponaugle, S., and R.K. Cowen. 1994. Larval durations and recruitment patterns of two
Caribbean gobies (Gobiidae): contrasting early life histories in demersal spawner.
Mar. Biol. 120: 133–143.
Sponaugle, S., and R.K. Cowen. 1996b. Nearshore patterns of coral reef fish larval
supply to Barbados, West Indies. Mar. Eco. Prog. Ser. 133:13-28.
Sponaugle, S., K., Grorud-Colvert, and D. Pinkard. 2006. Temperature-mediated
variation in early life history traits and recruitment success of the coral reef fish
Thalassoma bifasciatum in the Florida Keys. Mar. Eco. Prog. Ser. 308:1-15.

32

Steele, M.A. 1997a. Population regulation by post-settlement mortality in two temperate
reef fishes. Oecologia 112: 64–74.
Steele, M.A. 1997b. The relative importance of processes affecting recruitment of two
temperate reef fishes. Ecology 78:129–145.
Steele, M.A., and G.E. Forrester. 2002. Early postsettlement predation on three reef
fishes: effects on spatial patterns of recruitment. Ecology 83:1076-1091.
Todd, C.D. 1998. Larval supply and recruitment of benthic invertebrates: do larvae
always disperse as much as we believe? Hydrobiologia 375:1–21.
Vargas, C.A., D.A. Narvaez, A. Pinones, R.M. Venegas, and S.A. Navarrete. 2004.
Internal tidal bore warm fronts and settlement of invertebrates in central Chile.
Estuarine, Coastal and Shelf Science 61:603-612.
Vargas, C.A., Valenzuela, G.S., Nunez, S.P., and D. F. Arcos. 1997. Role of
oceanographic and topographic factors in the retention of hake (Merluccius gayi
gayi Guichenot, 1848) larvae in the upwelling system off central-southern Chile.
Arch. Fish. Mar. Res. 45:201-222.
Victor, B.C. 1986a. Duration of the planktonic larval stage of one hundred species of
Pacific and Atlantic wrasses (family Labridae). Mar. Biol. 90:317-326.
Victor, B.C. 1986b. Larval settlement and juvenile mortality in a recruitment-limited
coral reef fish population. Ecol. Mon. 56:145–160.
Wellington, G.M., and B.C. Victor. 1989. Plankton larval duration of one hundred
species of Pacific and Atlantic damselfishes (Pomacentridae). Mar. Biol. 101:557567.
Winant, C.D. and A.W. Bratkovich. 1981. Temperature and currents on the southern
California shelf: A description of the variability. J. Phys. Oceanogr. 11:71-86.
Yamashita, Y., Y. Tsuruta, and H. Yamada. 1996. Transport and settlement mechanisms
of larval stone flounder, Kareius bicoloratus, into nursery grounds. Fish.
Oceanogr. 5: 194–204.

33

Appendix A: Tables
Table 1: Results of the four-way ANOVA testing for the differences in average señorita
settlement among lunar months, sites, lunar phases, and zones.
Source
df
F-Ratio
p-value
Month
1
1.89
0.194
Site
1
8.42
0.013*
Lunar Phase
3
0.70
0.570
Zone
2
7.02
0.010*
Site x Month
1
0.18
0.676
Lunar Phase x Month
3
1.01
0.420
Zone x Month
2
2.81
0.100
Lunar Phase x Site
3
0.12
0.944
Zone x Site
2
0.11
0.900
Zone x Lunar Phase
6
0.95
0.495
Lunar Phase x Site x Month
3
0.57
0.643
Zone x Site x Month
2
0.04
0.964
Zone x Lunar Phase x Site
6
0.30
0.925
Zone x Lunar Phase x Site x Month
6
0.57
0.747
Error
12

Table 2: Results of the four-way ANOVA testing for the differences in average
blacksmith settlement among lunar months, sites, lunar phases, and zones.
Source
df
F-Ratio
p-value
Month
1
5.50
0.058
Site
1
0.07
0.797
Lunar Phase
3
7.16
0.021*
Zone
2
5.59
0.043*
Site x Month
1
0.42
0.539
Lunar Phase x Month
3
0.65
0.609
Zone x Month
2
0.40
0.686
Lunar Phase x Site
3
0.97
0.468
Zone x Site
2
0.90
0.457
Zone x Lunar Phase
6
1.69
0.269
Lunar Phase x Site x Month
3
0.27
0.847
Zone x Site x Month
2
1.13
0.383
Zone x Lunar Phase x Site
6
0.85
0.574
Zone x Lunar Phase x Site x Month
6
0.44
0.829
Error
12
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Table 3: Results of the ANCOVA testing for the relationship between average surface
temperature and average señorita settlement at Lion’s Head and Little Geiger.
Source
Surface Temperature
Site
Error
Surface Temperature x Site
(dropped from model)
Error

df
1
1
13
1

F-Ratio
6.27
26.13

p-value
0.026*
<0.001**

1.56

0.236

12

Table 4: Results of the ANCOVA testing for the relationship between average surface
temperature and average blacksmith settlement at Lion’s Head and Little Geiger.
Source
df
F-Ratio
p-value
Surface Temperature
1
0.61
0.449
Site
1
2.86
0.115
Error
13
Surface Temperature x Site
1
0.71
0.417
(dropped from model)
Error
12

Table 5: Results of the ANCOVA testing for the relationship between average tidal amplitude and
average señorita settlement at Lion’s Head and Little Geiger.
Source
df
F-Ratio
p-value
Tidal Amplitude
1
0.09
0.764
Site
1
10.51
0.006*
Error
13
Tidal Amplitude x Site
1
0.07
0.798
(dropped from model)
Error
12

Table 6: Results of the ANCOVA testing for the relationship between average tidal amplitude and
average blacksmith settlement at Lion’s Head and Little Geiger.
Source
df
F-Ratio
p-value
Tidal Amplitude
1
3.50
0.084
Site
1
2.28
0.155
Error
13
Tidal Amplitude x Site
1
0.90
0.361
(dropped from model)
Error
12
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Table 7: Results of the ANCOVA testing for the relationship between average juvenile kelp bass
density and average señorita settlement at Lion’s Head and Little Geiger.
Source
df
F-Ratio
p-value
Juv. Kelp Bass Density
1
5.84
0.021*
Site
1
7.44
0.010*
Error
33
Juv. Kelp Bass Density x Site
1
1.69
0.203
(dropped from model)
Error
32

Table 8: Results of the ANCOVA testing for the relationship between average juvenile kelp bass
density and average blacksmith settlement at Lion’s Head and Little Geiger.
Source
df
F-Ratio
p-value
Juv. Kelp Bass Density
1
9.21
0.005*
Site
1
0.06
0.813
Error
33
Juv. Kelp Bass Density x Site
1
0.57
0.455
(dropped from model)
Error
32

Table 9: Results of the ANCOVA testing for the relationship between average juvenile and adult
señorita densities and average señorita settlement at Lion’s Head and Little Geiger.
Source
df
F-Ratio
p-value
Juv. and Ad. Señorita Density
1
2.77
0.106
Site
1
3.39
0.075
Error
33
Juv. Kelp Bass Density x Site
1
0.02
0.879
(dropped from model)
Error
32

Table 10: Results of the ANCOVA testing for the relationship between average juvenile and adult
blacksmith density and average blacksmith settlement at Lion’s Head and Little Geiger.
Source
df
F-Ratio
p-value
Juv. and Ad. Señorita Density
1
2.12
0.155
Site
1
0.49
0.491
Error
33
Juv. Kelp Bass Density x Site
1
0.47
0.499
(dropped from model)
Error
32
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Table 11: Summary of the number of señorita individuals collected during each lunar phase at
each site.

Lunar Phase
New
1st Quarter
Full
2nd Quarter
Total

Lion’s Head
73
34
64
40
211

Little Geiger
49
33
49
49
180

Total
122
67
113
89
391

Table 12: Summary of the number of blacksmith individuals collected during each lunar phase at
each site.

Lunar Phase
New
1st Quarter
Full
2nd Quarter
Total

Lion’s Head
14
26
19
17
76

Little Geiger
20
25
21
15
81

Total
34
51
40
32
157

Table 13: Results of the three-way ANOVA testing for the differences in average señorita PLD
among lunar months, sites, and lunar phases.
Source
df
F-Ratio
p-value
Month
1
148.40
<0.001**
Site
1
0.55
0.459
Lunar Phase
3
2.47
0.062
Site x Month
1
12.30
0.001**
Lunar Phase x Month
3
6.78
<0.001**
Lunar Phase x Site
3
3.55
0.015*
Lunar Phase x Site x Month
3
4.13
0.007*
Error
372

Table 14: Results of the three-way ANOVA testing for the differences in average señorita
settlement size among lunar months, sites, and lunar phases.
Source
df
F-Ratio
p-value
Month
1
2.83
0.094
Site
1
4.10
0.043*
Lunar Phase
3
2.22
0.086
Site x Month
1
0.93
0.336
Lunar Phase x Month
3
1.87
0.135
Lunar Phase x Site
3
0.65
0.581
Lunar Phase x Site x Month
3
0.15
0.929
Error
319
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Table 15: Results of the three-way ANOVA testing for the differences in average señorita daily
larval growth rates among lunar months, sites, and lunar phases.
Source
df
F-Ratio
p-value
Month
1
118.69
<0.001**
Site
1
0.16
0.690
Lunar Phase
3
0.66
0.577
Site x Month
1
15.72
<0.001**
Lunar Phase x Month
3
4.50
0.004*
Lunar Phase x Site
3
2.77
0.42*
Lunar Phase x Site x Month
3
2.97
0.032*
Error
319

Table 16: Results of the two-way ANOVA testing for the differences in average blacksmith PLD
among sites and lunar phases.
Source
df
F-Ratio
p-value
Site
1
0.52
0.474
Lunar Phase
3
1.14
0.336
Lunar Phase x Site
3
0.25
0.863
Error
147

Table 17: Results of the two-way ANOVA testing for the differences in average blacksmith
settlement size among sites and lunar phases.
Source
df
F-Ratio
p-value
Site
1
1.13
0.290
Lunar Phase
3
0.14
0.938
Lunar Phase x Site
3
1.44
0.235
Error
147

Table 18: Results of the two-way ANOVA testing for the differences in average blacksmith daily
larval growth rates among sites and lunar phases.
Source
df
F-Ratio
p-value
Site
1
0.05
0.816
Lunar Phase
3
1.28
0.284
Lunar Phase x Site
3
0.34
0.798
Error
147
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Appendix B: Figures

Figure 1: The relationship between total length and otolith radius of (A) señorita (n=456)
and (B) blacksmith (n=205).

Figure 2: The relationship between the total length and age of (A) señorita (n=388) and
(B) blacksmith (n=171).
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Figure 3: Lapillar otoliths of (A) señorita and (B) blacksmith. The black arrows indicate
the settlement transition mark as a multiday band in the señorita otolith ,whereas the
blacksmith has an abrupt transition.

Figure 4: Differences in average (±1 SE) settlement among the four lunar phases for (A)
señorita and (B) blacksmith. Each bar represents n=12.
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Figure 5: Differences in average (±1 SE) settlement at each site for (A) señorita and (B)
blacksmith. Each bar represents n=27.

Figure 6: Differences in average (±1 SE) settlement to each zone of the reef for (A)
señorita and (B) blacksmith. Each bar represents n=18.
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Figure 7: Differences in average (±1 SE) settlement during the first and second lunar
months for (A) señorita and (B) blacksmith. Each bar represents n=24.

Figure 8: The relationship between average settlement and average surface temperature
during each lunar phase at both Lion's Head and Little Geiger for (A) señorita (n=16) and
(B) blacksmith (n=16).
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Figure 9: Average daily temperature throughout the sampling period at pooled across
both sites. The presence of internal bores is inferred by the declines in surface
temperature during full and new moons.
= new moon, = full moon.

Figure 10: The relationship between average juvenile kelp bass density and average
settlement at both Lion’s Head and Little Geiger for (A) señorita (n=36) and (B)
blacksmith (n=36).
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Figure 11: Differences in average (±1 SE) PLD of señorita during four lunar phases,
throughout two lunar months, at two sites. Each bar represents n=22-32 individuals.

Figure 12: Differences in average (±1 SE) daily larval growth rates of señorita during
four lunar phases, throughout two lunar months, at two sites. Each bar represents n=2232 individuals.
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Figure13: Relationship between PLD and settlement size for (A) señorita (n=335) and (B)
blacksmith (n=150).

Figure 14: Relationship between daily larval growth rate and PLD for (A) señorita
(n=335) and (B) blacksmith (n=150).
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Figure 15: Relationship between daily larval growth rate and settlement size for (A)
señorita (n=335) and (B) blacksmith (n=150).

Figure 16: The relationship between settlement and tidal amplitude for (A) señorita and
(B) blacksmith. Average (±1 SE) settlement densities are represented by the bars (n=12
per bar) and average tidal amplitude is represented by the line graph.
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