BULLETIN OF MARINE SCIENCE, 86(2): 355-385, 2010 MOTE SYMPOSIUM INVITED PAPER

TEMPORAL AND SPATIAL SCALES OF INFLUENCE
ON NEARSHORE FISH SETTLEMENT IN THE
SOUTHERN CALIFORNIA BIGHT

Jennifer E. Caselle, Brian P. Kinlan, and Robert R. Warner

ABSTRACT

Recruitment variation in marine populations is clearly affected by physical
processes in the ocean. We therefore examined correlations between long-term,
high-frequency data on fish settlement on artificial substrates and oceanographic
processes operating at different spatial and temporal scales. We sought, for example,
associations with processes occurring close in time and space to settlement events
(suggesting processes affecting local delivery) or with those at particular spatial and
temporal lags (suggesting influences on larval transport and survival or, at even
greater time lags, on larval production). We used as response variables an 8-yr,
biweekly record of settlement of three groups of fishes to sites in the Santa Barbara
Channel, California, USA. Predictor variables were day-specific physical processes
resolved to “local” scales and then binned and lagged to represent “regional” and
“basin” spatial scales and more distant time horizons. We used linear models to
assess the amount of variability in settlement associated with variation in processes
at different spatial and temporal scales, representing different processes such as food
availability or physical transport. We found that settlement is linearly associated
with a combination of large-scale factors at long time lags, consistent with variation
in production at sources and early larval survivorship, and with small-scale factors
at short time lags, consistent with processes aiding delivery of competent individuals
to suitable nearshore habitat. Species groups differ in the relative strength of these
factors, potentially because of different biological attributes.

The proper scale of management has been a recent major focus of debate in fisheries
science (Fogarty and Botsford, 2007). Traditional management, although recogniz-
ing variation among stocks, has usually taken the approach of managing all “stocks”
or subpopulations of a species as a single unit (Hilborn and Walters, 1992). This ap-
proach rests on the assumption that fish populations are well mixed over large scales,
at least at the time of settlement. Advocates of local management stress that popula-
tion demography and processes such as settlement and recruitment may vary over
small spatial scales and that management should reflect those scales (Prince, 2003;
Gunderson et al., 2008). Of course, different population processes (such as larval
dispersal and adult competitive interactions) probably occur at very different scales,
so environmental forcing factors operating at different scales (e.g., food availability
for production of young and oceanographic features delivering those young) can act
synergistically to control populations. The debate on the efficacy of local manage-
ment will not be resolved until we know more about the relative contributions to
population dynamics of forcing factors occurring at a wide range of spatial and tem-
poral scales. Here we demonstrate a technique for identifying the relative contribu-
tions of a variety of forces to one important population process, settlement to the
nearshore environment.

Settlement of marine organisms is clearly affected by physical processes in the
ocean, but the exact roles of these processes, and the scales over which they act,
remain obscure (Warner and Cowen, 2002; Sale et al., 2005; Siegel et al., 2008). Suc-
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cessful settlement of reef-based organisms is influenced by a wide variety of forces,
beginning with production and ending with delivery of individuals to a reef (Sponau-
gle et al,, 2002). In between, while in the plankton, larvae also disperse, grow, and
die. Recruitment to the population or fishery occurs at some point after settlement
and is likely to be influenced by postsettlement processes, such as density-dependent
mortality, movement, and/or growth (Carr and Syms, 2006). Variation in rates of
settlement and recruitment has been well established to drive population dynamics
of benthic marine organisms (Roughgarden et al., 1988). The literature on recruit-
ment variability in marine organisms is enormous, and although many studies have
made important progress on explaining patterns in time and space, the focus is often
limited to one or a few discrete spatial and temporal scales. For coral-reef fishes,
many good examples of fine-scale temporal recruitment patterns appear in the lit-
erature (Victor, 1986; Doherty et al., 2004; Anderson et al., 2007), but these studies
are often limited in spatial scale. For temperate reef fishes, the causes are generally
even less well known, and studies tend to be even more limited in time and space
(Carr and Syms, 2006), often dealing with annual variation in year-class strength.
Although important for fisheries management, measurements of year-class strength
alone preclude detailed understanding of the influence of physical oceanographic
effects on transport and settlement of early life-history stages by confounding these
effects with postsettlement, reef-based mortality.

A combination of high-resolution settlement data with fine-scale indices of po-
tential physical and biological mechanisms may help elucidate the processes that
control settlement at a variety of spatial and temporal scales. Here, we present long-
term, high-frequency fish settlement data and develop indices of biophysical pro-
cesses occurring at a range of spatial and temporal scales and lag times/distances
from the point of settlement. We then apply a simple regression-based approach
to describe the linear association of settlement with potential predictors. We find
strong association between biophysical processes and daily settlement rates at a wide
range of time and space scales and lags. The picture that emerges is one of a complex,
multiscale interplay of spatial and dynamic processes operating at different phases
of presettlement life history and differently in different species, according to their
life-history traits. In particular, our results illustrate the importance of including
information at multiple time and space scales and lags and of including indices of
wind-driven circulation processes in a temperate coastal upwelling system. Given
the complexity of the underlying dynamic processes, we avoid using the simple lin-
ear regression techniques developed here for prediction or mechanistic inference.
Instead, we conclude with a brief discussion of other analytical techniques better
suited to building a predictive, mechanistic understanding of recruitment dynamics.

METHODS

Response variables in our study were 8-yr records of settlement of three groups of fish
species. Predictor variables were day-specific physical and biological processes (wind-driven
circulation metrics, temperature, and chlorophyll) resolved to “local” scales (10-12 km) and
then binned and lagged to represent events occurring at larger “regional” (~250-km) and “ba-
sin” (~500-750-km) spatial scales and more distant time horizons. For each species group,
we asked how much of the variability in settlement (both spatial and temporal) is associated
in a simple linear way with physical or biological processes occurring at different spatial and
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Figure 1. Conceptual model of processes that may affect recruitment of the species complexes we
studied. Timing in this example is for the kelp bass (Paralabrax clathratus).

temporal scales and representing different processes, such as food availability or final delivery
of settlers to a site (Fig. 1).

SETTLEMENT MONITORING

We monitored arrival of newly settled reef fishes on artificial collectors known as SMURFs
(standard monitoring units for recruitment of fishes; Steele et al., 2002; Ammann, 2004) at 14
sites throughout the Santa Barbara Channel (SBC) and northern Channel Islands (Table S1,
Figs. 2A, S1¥), southern California, USA. Because settlement to SMURFs is independent of the
availability or quality of nearby settlement habitat, SMURFs estimate the relative abundance
of competent individuals (pelagic juveniles in the case of one rockfish group) available for
settlement at a site, not necessarily the number of individuals that actually choose to settle
to natural substrates (Steele et al., 2002; Ammann, 2004; J. E. Caselle, unpubl. data). Here,
we use the term “settlement” to mean the rate at which young fish appeared on the SMURFs.

The artificial collectors also provide a better estimate of settlement than visual surveys of
postsettlement fish on the reef because they minimize the effects of variation in natural habi-
tat and consistently collect the smallest, youngest settlers without substantial postsettlement
mortality (Ammann, 2004; White and Caselle, 2008). At each site, three replicate SMURFs
were placed on separate mooring lines 500 m from one another and 200-500 m offshore of
kelp beds at sites where kelp was present or, elsewhere, 200-500 m from shore. All moorings
were located in approximately 15 m of water, and SMURFs were placed 3 m below the surface
buoy. We collected fish settlers from each SMURF biweekly (approximately first quarter and
third quarter moons) from April through November from 2000 to 2007 (Table S2 gives the
dates over which each site was sampled and number of samples per year; see White and Ca-
selle, 2008, for methods). Earlier studies with daily sampling regimes indicated that biweekly
sampling is sufficiently frequent to minimize postsettlement mortality on SMURFs (Steele et
al., 2002; Ammann, 2004).

Circulation in this region is dominated by the cold California Current, flowing equator-
ward past Point Conception and the western Channel Islands, and the warm Davidson Cur-
rent, flowing poleward along the coast and bathing the easternmost Channel Islands. During
the summer and fall, the channel experiences persistent, cyclonic, eddy-like circulation and a
sea-surface temperature front (Harms and Winant, 1998).

*Tables S1-S2 and Figs. S1-S3 are supplementary data items of the online version of this article.
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Figure 2. (A) Study sites in the Santa Barbara Channel. Site locations are indicated by black dots;
see Table S1 for other site characteristics. Coastline is shown by heavy black line; light black
lines indicate depth contours in meters. (B) Map showing central region (containing study sites
from A) and regions of similar latitudinal and offshore extent shifted to the north and south of the
central region, where time- and space-lagged physical drivers may act to affect settlement in the
central region. Correlations between processes measured in the central region and settlement at
study sites are defined as “regional scale.” Correlations between processes measured in the north
or south region and settlement at study sites are defined as “basin scale.”
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SPECIES AND SPECIES GROUPINGS

The most abundant settlers to SMURFs in southern California are two groups of rock-
fishes (genus Sebastes) and a warm-temperate serranid, the kelp bass [Paralabrax clathratus
(Girard, 1854)]. These groups differ importantly in planktonic larval duration (PLD), size at
settlement, and timing of both spawning and settlement, so they are ideal for comparing the
effects of physical processes on settlement. Despite differences in life-history characteristics,
these species occupy similar adult and juvenile habitat, consisting of nearshore rocky reefs
and kelp forests (Miller and Lea, 1972; Love et al., 2002).

The kelp bass, found predominantly from Point Conception to Punta Abreojos along the
west coast of North America (Young, 1963; Miller and Lea, 1972; Love, 1996), is a common
inhabitant of mainland and island rocky reefs in southern California, especially in the eastern
part of the study area. Although the species spawns from the late spring to early fall, repro-
duction in southern California peaks in June—August (Erisman and Allen, 2006). Kelp bass
are broadcast spawners. Fish aggregate and externally broadcast eggs and sperm into the wa-
ter column, where fertilization takes place. Individual females may spawn every 2—5 d during
the spawning season (Oda et al., 1993; Erisman and Allen, 2008). The larvae settle to shallow
rocky reef and kelp-forest habitat in the late summer and early fall (Findlay and Allen, 2002) at
approximately 8—10 mm standard length after spending 3—4 wks in the plankton (mean PLD
=279 d; Findlay and Allen, 2002; Shima and Findlay, 2002).

Rockfishes are a speciose group of cold-temperate fishes, most common in the northeast
Pacific (Love et al.,, 2002). Unlike kelp bass, rockfishes are internally fertilized and release
feeding larvae; gestation period probably depends on temperature (Sogard et al., 2008). Fe-
males of the species we studied are thought to release larvae once per season (Romero, 1988;
Larson, 1992; Gilbert et al., 2006). Newly settled rockfish are also more fully developed (i.e.,
in pigmentation, fin development, eye development) than kelp bass and are probably stronger
swimmers (pers. obs.). Two groupings of nearshore rockfishes settled to SMURFs in the study
region, each with a distinct set of shared morphological and life-history characteristics.

The KGB group includes kelp, gopher, and black-and-yellow rockfishes [Sebastes atrovirens
(Jordan and Gilbert, 1880), Sebastes carnatus (Jordan and Gilbert, 1880), and Sebastes chrys-
omelas (Jordan and Gilbert, 1881)]. These species range from northern California to central
Baja California. KGB rockfishes release larvae from late winter through spring, and fish settle
to kelp canopy and rocky reef habitat after larval durations of approximately 1-3 mo (Moser,
1996; Gilbert, 2000) at lengths of < 2 cm total length. Settlement occurs from midsummer
through the fall (Anderson, 1983; Love et al., 1990; Carr, 1991).

The OYT group consists of two species, the olive and yellowtail rockfishes [Sebastes ser-
ranoides (Eigenmann and Eigenmann, 1890) and Sebastes flavidus (Ayres, 1862)]. We suspect
that the majority of settlers in our study were olive rockfish, given the distribution and abun-
dance of adults (Love et al., 2002), but the two species share similar larval characteristics
including larval release during the winter, pelagic duration of 3.5—4 mo, and large size at
settlement (2.8—5 cm total length). In addition to a planktonic larva, OYTs have a pelagic
juvenile stage that the KGBs do not share (Moser, 1996). Although this group is reported to
settle from spring through the fall (Love et al., 2002), we observed OYTs to settle only in the
spring in our study area.

ANALYSIS

Predictor Datasets.—We used satellite-based measurements of surface winds, temperature,
and chlorophyll concentration to develop indices of circulation, thermal environment, and
phytoplankton abundance, respectively, for each of our regions of interest (Figs. 2B, 3) and
at the set of sample-site point locations (Figs. 2A, 4, S1). Transport by surface currents, tem-
perature, and food availability are all hypothesized to affect one or more phases of produc-
tion and development (Fig. 1). The result was a set of “potential predictor variables” detailed
in the Appendix. All predictor variables were derived from available global oceanographic
databases as follows.
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Figure 3. Regional potential biophysical driver time series. (A, B, C) Sea surface temperature in
north, central, and south regions. (D, E, F) Surface chlorophyll-a concentration in north, central,
and south regions. (G, H, I) Ekman transport in north, central, and south regions. (J, K, L) Ekman
pumping in north, central, and south regions. In panels G through L, values > 0 (above the dashed
horizontal reference line) indicate upwelling, and those < 0 indicate downwelling. Each physical
variable is described in detail in Table S1 and the Appendix.

Wind-Driven Circulation.—We derived indices of wind-driven circulation and transport
by combining blended satellite/model wind data for our region (~50-km resolution), digital
coastlines (1-km resolution), and the fundamental equations describing wind-driven coastal
upwelling in deep water of constant density. These indices should be considered idealized
proxies for actual upwelling and downwelling, which are influenced by a host of other factors
either not included in the simple equations we used to describe transport (e.g., shallow-water
bathymetry, stratification) or not resolved by the relatively coarse wind data (e.g., effects of
mesoscale and submesoscale eddies and topographic features on actual wind stress and curl).
These indices could be greatly improved by more realistic circulation models, finer-scale wind
data, and validation against observations of surface and subsurface circulation in our study
region. In general, the temporal pattern of the indices is probably more reliable than the ab-
solute magnitude of transport estimates, because of bathymetric, sub-grid-scale, and other
effects acting to damp or enhance the effects of regional-scale wind stress. Nonetheless, we
applied them here to demonstrate that even relatively simple spatiotemporal indices of circu-
lation processes can improve our ability to resolve processes important to settlement. Impor-
tantly, the method we describe here can be applied to any coastline in the world below ~60°
latitude (above this level, the quality of scatterometer wind data is lower) through use of only
the existing, publicly available data referenced below.

The QuikSCAT/NCEP blended wind product, available at http://dss.ucar.edu/datasets/
ds744.4/, combines all available rain-corrected and quality-controlled QuikSCAT satellite
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Figure 4. Time series of settlement and local-scale potential physical drivers. Shown here is an
example for site 6 (the westernmost site on the north shore of Santa Cruz Island, the largest of the
islands in Fig. 1A). Similar plots for all other sites are given in Figure S2A-N. Lower axis: daily
settlement rate time series for kelp bass (KB, x’s); the kelp, gopher, and black-and-yellow rock-
fishes (KGB, open circles); and the olive and yellowtail rockfishes (OYT, filled circles) at this site.
Note that daily settlement rate values have been scaled differently for the different species groups,
as indicated by vertical axis labels. Upper four axes: local-scale potential physical driver time se-
ries in the vicinity of the site (spatial resolution was approximately 10—12 km). For each physical
time series, to facilitate among-site comparisons, labels on the vertical axis show the grand mean
of the variable (pooled for all sites), plus and minus two standard deviations of the pooled data.
Each local physical variable is described in detail in Table SI and the Appendix. Positive values
of Ekman pumping and Ekman transport indicate upwelling. Positive values of offshore-onshore
wind stress indicate onshore wind flow. SST, sea surface temperature.

scatterometer observations of sea-surface winds (~25-km native resolution) with National
Center for Environmental Prediction (NCEP) Climate Data Assimilation System global grid-
ded wind fields (~1.9° or 200-km resolution) to produce a gap-free, global, 6-hourly, 0.5° x 0.5°
(~55-km in the vicinity of our study) gridded dataset of & (east-west) and v (north-south) com-
ponents of sea surface (10-m height) wind-velocity vectors (Fig. 5A) and wind-stress curl (Fig.
5C) (Milliff and Morzel, 2001). Coverage is from August 1999 to March 2008. Daily averages
of 6-hourly wind fields were calculated and smoothed in the time domain with a 5-d back-
ward-looking rectangular moving-average filter to focus on time scales over which substan-
tial adjustment of surface flow to upwelling-favorable winds is expected. Wind stress (r) was
calculated from wind velocity vectors (with the empirical wind-stress equation of Large et al.,
1994) and used to calculate theoretical volume transport due to Ekman transport as follows:

Ekman transport = Tuwm /(0 ) (m’-s™'-mcoast™') ®

where p is the density of seawater, f is the local value of the Coriolis parameter. 7, is the
component of the wind stress vector parallel to the local coastline orientation. Similarly,
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Figure 5. QuikSCAT/NCEP blended winds and derived indices of Ekman transport and pump-
ing for the central (Santa Barbara Channel) region. (A) Average wind vector field, leading to (B)
the corresponding theoretical Ekman transport at the coast (indicated by shading). (C) Average
curl of the wind stress, leading to (D) the corresponding theoretical volume transport due to Ek-
man pumping integrated along a hypothetical shore-normal transect L of length 100 km for each
coastal location. Diagram on coastline of (A) shows example determination of along-shore and
cross-shore directions from the average coastline orientation calculated in a 100-km window cen-
tered on a point on the coast (orientation of island sites were determined with a 10-km window;
all orientations are given in Table S1). Diagram on coastline of (C) shows hypothetical transect L
(dashed line) over which Ekman pumping would be integrated to yield a measure of pumping (in
units equivalent to those of Ekman transport) associated with this point on the coast.

the curl of the wind stress was used to calculate theoretical volume transport due to Ekman
pumping:

3

Ekman pumping = L-Curl(T)/(p-f) (m®-s™'-m transect ') )
where L is the length of a hypothetical cross-shore (shore-normal) transect over which the
vertical velocity due to Ekman pumping is integrated to yield a volume transport due to Ek-
man pumping in the same units used for Ekman transport. For the work reported here, we
assumed L = 100 km so that values of our Ekman-pumping index would be (arbitrarily) of
the same magnitude as the Ekman transport index. Coast orientation was determined from
a 1:250,000 world vector shoreline discretized at 1-km intervals (Soluri and Woodson, 1990).
The orientation of 1-km segments was averaged over a 100-km window centered on the point
of interest for the mainland coastline (10 km along island coastlines). Calculated transports
were not highly sensitive to changes in the size of the window used to determine coast orien-
tation (Table S1).

Some difficulty arises when the spatial scale of the resulting transport estimates is consid-
ered, because 1-km coastline data are combined with gridded wind data with a nominal reso-
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lution of ~55 km (itself derived from a blend of ~25-km satellite observations and scattered
point observations of wind assimilated into the ~200-km grid of the NCEP climate model).
Spatial autocorrelation analysis of the transport estimates (not shown) suggested that indices
contained at least some nonredundant information down to scales of ~5-15 km. Hereafter we
refer to the nominal scale of the wind-driven circulation indices as ~10 km, but the reader is
reminded that these indices probably neglect important information at scales below the 55-
km resolution of the wind product.

The long-term (1999-2008) mean daily wind velocity field, transport estimate, curl of the
wind stress, and pumping estimate are shown in Figures 5A, B, C, and D, respectively. Daily
transport, pumping, and offshore wind estimates were calculated at each site location (Fig. 4,
S1). We also calculated mean daily Ekman transport and Ekman pumping estimates for each
of the three regions by averaging daily values at all 1-km-spaced coastal grid locations within
the region (Fig. 3G-L).

Larval settlement may be affected in qualitatively different ways by upwelling and down-
welling processes, as well as by the spatial distribution of upwelling and downwelling within
aregion. We therefore employed a set of indices that separately measured total upwelling and
total downwelling expected to occur (given our idealized assumptions) in a given region on a
given date. For example, we produced daily estimates of total “spatially integrated” upwelling
due to Ekman transport by integrating (summing) volume transports at points at 1-km inter-
vals along all coastlines in each of our regions of interest, ignoring values less than 0. We fol-
lowed a similar procedure for Ekman pumping and repeated the calculations for downwelling
(using only values of transport or pumping less than or equal to 0).

Sea Surface Temperature (SST).—We assessed the thermal environment at site locations
(local SST) and in each of our three regions of interest (regional and basin-scale SST) using
5-d composite sea surface temperatures from Pathfinder 5 AVHRR 4-km gridded satellite
images (available at http://www.nodc.noaa.gov/sog/pathfinder4km). We used the average of
night and day 5-d composites and linearly interpolated to a daily interval for comparison with
other sets of data (recognizing that we will be unable to resolve time-lag differences smaller
than 5 d in correlation analyses involving SST variables). For site locations, we used the mean
SST ina 3- x 3-pixel (= 12- x 12-km) rectangle centered as closely on the site as grid resolution
allowed. The 3- x 3-pixel average was found to be more stable and to provide a more continu-
ous time series than resulted if only the single pixel closest to the site was used. The resulting
site time series are shown in Figure 4 and in Figure S2. Regional temperatures were calculated
in the same manner but averaged over the entire region of interest (Fig. 3A-C).

Surface Chlorophyll-a Concentration.—We described pelagic primary productivity in
our three regions of interest using surface chlorophyll a (Chl) concentration from SeaWiFS
(sea-viewing Wide Field-of-View Sensor, GeoEye, Dulles, Virginia, USA). We used the 8-d,
4-km standard mapped images available for research use (http://oceancolor.gsfc.nasa.gov/
SeaWiFS/). Values of the Chl-concentration-derived parameter were averaged over the region
and interpolated to daily time interval (note was taken of limitations on time-lag resolution
similar to those for SST data). The resulting resampled daily time series of average Chl for
each region is shown in Figure 3D-F.

Identification of Predictor Variables.—Lagged cross-correlations of daily time series of set-
tlement for each of the three species groups and predictor variables were calculated for each
response variable at each site for lags from 0 to 150 d (see example, Fig. 6), a range chosen
on the basis of the life histories of our taxa of interest. Response variables for all analyses
were log (¥ + 1)-transformed daily settlement-rate time series. Although an inherent 14-d
smoothing is introduced by the interval between SMUREF collections, data were treated as
point estimates of the settlement rate on the day of collection for purposes of regression and
correlation, so that individual data would not be reused.

We first visually examined the daily lagged correlation plots for each predictor and re-
sponse variable to choose the length of a “time integration window” (rectangular moving
average filter applied to the predictor data series) that maximized the magnitude of signifi-
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Figure 6. Examples of identification of peak lags from (driver, response) cross-correlation func-
tions. Cross-correlations are plotted in dashed grey and solid black lines. Solid black portions
of plotted lines are significant at the P < 0.05 level (two-tailed #-test, uncorrected for multiple
testing). Data were smoothed with a rectangular moving-average filter (“integration window”’)
before correlation analysis. Choice of window size(s) was based on preliminary examination of
cross-correlation plots of unsmoothed data series. Driver and response variable names are indi-
cated with each panel. Potential drivers considered were (bio)physical time series, transformed
for normality as described in the Appendix. Responses were log, (x + 1)-transformed recruitment
(daily settlement rate) time series. The integration windows and peak lags chosen, as described
above in Identification of Predictor Variables, for the examples given here were (A) window =
30 d, lag =-55 d; (B) window = 15 d, lag =-2 d; (C) window =5 d, lag = -15 d; and (D) window
=5d,lag=-3d.

cant peaks and/or troughs in the autocorrelation function across most or all sites. We tested
the sensitivity of our choice of window size by using windows 25%-50% above and below the
specified size and found that the results were not sensitive to the window size within this
range.

Next, new lagged correlation plots were calculated from predictor time series smoothed
with a rectangular moving average filter of the chosen length. If fewer than two sites had
significant correlations at any lags, the predictor was excluded. Otherwise, peak lags were
identified according to the following algorithm:

1. Identify contiguous intervals of the time-lag axis over which at least one site exhibited
significant correlation with the predictor at the P < 0.05 level (uncorrected for multiple test-
ing) and all adjacent significant correlations were of the same sign. If multiple intervals ex-
isted for a given species-predictor combination, then steps 2 and 3 (below) were repeated for
the two intervals with the largest average peak correlation (as calculated in step 3), resulting
in two predictors corresponding to two different time lags. We discarded other intervals of
correlation to avoid problems with nonindependence that could result from inclusion of many
predictors derived from the same underlying series of data.

2. Find the subset of time lags in the interval from (1) with the highest frequency of signifi-
cant correlations among all sites.

3. From the time lags in the subset identified in (2), choose the one at which the arithmetic
mean of the magnitudes of all correlations (i.e., averaged over all sites) is largest.

Finally, we screened the predictor set to reduce the most obvious multicollinearities. This
screening was done without inclusion of interactions (i.e., by a stepwise regression approach),
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with the goal of identifying and removing the largest first-order collinearities. Such collin-
earities mainly occurred with SST, which had a strong, smooth, regular seasonal cycle. Drop-
ping SST-related predictors, and in some cases selected transport or chlorophyll predictors,
reduced collinearity and improved the stepwise regression model, as gauged by lower values
of the Akaike information criterion (AIC).

Regression Model.—Applying the above criteria to identify predictors led to a different set
of final predictor variables for each species group (Tables 1, 2, 3). For each species, all identi-
fied predictor variables and all possible centered two-way interactions were included as con-
tinuous predictors in a multiple linear regression with a fixed effect (site). The site effect repre-
sents unaccounted-for time-invariant differences among sites. Inclusion of two-way interac-
tions reduced the likely impact of collinearity on the whole-model fit, but caution should be
used in interpreting main effects and interaction effects (if two variables are partly collinear,
one may enter as a main effect and the other in a significant interaction, when the opposite
could have occurred if the variance structure of the two time series were slightly different).
Rather than focusing on interpretation of individual significant effects or using this model
for prediction, we simply use it as a descriptive tool to summarize the percentage of variance
explained by groups of effects on the basis of their associated time scales and process catego-
ries (Tables 1, 2, 3, and the Appendix). The fraction of model variance attributed to different
spatial scales, time scales, and processes was estimated by addition of the sums of squares for
model effects at a given space or time scale or associated with a given process and division
by the model (not total) sum of squares. The spatial scale of interaction effects was defined to
be the smaller of the two interacting scales. We estimated the nominal time scale associated
with each predictor using the following formula (Effect 2 is ignored for noninteraction terms):

| min{med{PSlags", PSlagmy" }, med{ PSlagru", PSlaghis® } } | + max{ Th", Th"}

Here min, max, and med represent the minimum, maximum, and median, respectively, and
PSlag variables denote the range of possible true presettlement time lags. We estimate pre-
settlement lags from the time integration window (7, ) and time /ag (Tables 1-3), taking into

account the smoothing introduced by the 14-d collection interval:

PSlagw = lag — T + 1
PSlagu, = min{0,lag — T + 15}

For example, if the lag used in analysis was lag = —18 d for a predictor variable X smoothed
witha 7, = 5-d moving average, [PSlag . , PSlag_ ]wouldbe [-22, —8]. A positive correlation
between predictor X and settlement would indicate a positive relationship between changes
in X and settlement events that occurred anywhere from 8 to 22 d later. The nominal time
scale associated with X would be 20 d. Given the smoothing of predictor data and uncertainty
in lag time between settlement and SMUREF collection, nominal time scales are approximate
and used only for purposes of binning effects in broad intervals (5-30 d) for examination of
the qualitative pattern of variance explained at different time scales.

To assess the justifiability of including predictors from all spatial scales, we created a set
of reduced models by progressively eliminating explanatory variables from the full model,
starting with variables associated with the largest spatial scale (region), and finally elimi-
nating the smallest (local) variables, leaving only the fixed site effect. This process served
two purposes. First, it allowed us to compare AICs for the full model used in the rest of our
analyses to reduced models. The full model for each species had a lower AIC than any of the
reduced models created in the manner described above, supporting the hypothesis that the
additional variance explained by the full model justified its complexity. Second, it provided
another measure of the variance explained by processes operating at different spatial scales:
the average pairwise difference in R? values between models that included a given spatial scale
and reduced models without predictors at that spatial scale.
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The assumptions underlying conventional parametric significance tests are violated by the
auto- and cross-correlated nature of predictors and autocorrelation of responses, unbalanced
temporal and spatial sampling, and preselection of particular lags and smoothing scales for
predictors intended to maximize correlation with the response. We addressed these issues by
replacing standard distribution-based significance tests with Monte Carlo P-values derived
from simulated distributions of each test statistic under the null hypothesis of no associa-
tion between environment and settlement. For this analysis, predictor data series were un-
changed, so they retained all idiosyncrasies of the data, including auto- and cross-correlation,
effects of temporal and spatial gridding and smoothing, and effects of time-integration win-
dows and lag selection. We then inferred autocorrelation functions from the original settle-
ment time series by semivariogram analysis (Deutsch and Journel, 1998; see Fig. S3) and used
unconstrained sequential Gaussian simulation (Deutsch and Journel, 1998) to produce 1000
random “null” response data sets that reflect the autocorrelation functions of the actual data
but are otherwise unassociated. The regression model was fit to each null data set, and the
empirical distribution of the statistic of interest formed the basis for Monte Carlo significance
tests including P-values and 95% confidence intervals of parameters under the null hypoth-
esis. All P-values reported in regression tables were derived by this technique, rather than
from the standard parametric statistical tests. This practice protects against spurious signifi-
cant results that might arise from constraints imposed by the multiple types of nonindepen-
dence exhibited by our data and also corrects for deviations from multivariate normality and
heteroscedasticity. The whole-regression-model P-values were constructed by comparison of
actual to simulated F-ratios and R* values (which gave the same qualitative results). P-values
for variance fractions were constructed by comparison of the actual percentage of the total
variance represented by the sums of squares for each process, space, or time-scale grouping
to the simulated values.

In addition to rejecting the null hypothesis of no association, we were concerned with the
uncertainty of model estimates when a significant association exists. Parametric estimates
of standard errors also depend on normality and independence assumptions violated by our
data. We therefore employed a bootstrap method to characterize uncertainty in variance
fractions, parameter estimates, and other model outputs. We constructed 1000 random sub-
sets, each containing 90% of the data points, fit the model to each subset, and used the 2.5 and
97.5 quantiles of the resulting empirical distribution of each model output to define bootstrap
95% confidence intervals.

Finally, the bootstrap model fits permit cross-validation by using models fitted to each ran-
domly selected subsample of data (“training set”) to predict data that were excluded (“valida-
tion set”). Although our focus is not on prediction, cross-validation R? statistics are useful for
assessment of the robustness of the model as a general description of patterns of association
between predictors and responses that are robust to outliers and idiosyncratic subsets of the
data. Using the 1000 models fit to random subsets (90% of data) for bootstrap analysis, we
predicted each corresponding validation data set (10% of data not included in the model fit)
to calculate the empirical distribution of the cross-validation R* statistic. We summarize this
distribution by the mean and 95% confidence interval (2.5 and 97.5 quantiles).

REsuLTs

VARIABLE SELECTION

The variable-selection procedure resulted in a number of continuous predictors
that entered the full regression model (kelp bass = 18, KGB group = 13, OYT group =
17). All models also included a fixed site effect with 14 levels (the 14 sampling sites),
and all possible two-way interactions of continuous predictors. Exact time integra-
tion windows and lags used for significant predictors are reported in Tables 1, 2, and
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3. To reflect uncertainty in true time lags relative to settlement, we refer below to ap-
proximate presettlement time lags calculated as described in Methods.

Kelp Bass.—For kelp bass, 18 continuous predictor variables were included in the
full regression model. SST entered the models at the site scale (lag < 2 wks) and at
central and south regional scales (lags of 3—4 wks), as did offshore wind stress and
Ekman pumping at the site scale (lags < 2 wks). We included regional Chl from all
regions with lags of < 2 wks as well as lags of ~4—5 mo for the central region and ~3
mo for the north. Downwelling pumping in all three regions, again with shorter lags
in the central and south (< 2 wks) and a longer lag in the north (~4 mo), was also
included. Downwelling transport was correlated with settlement only in the central
region at a lag of < 2 wks, whereas upwelling transport was correlated at lags < 2 wks
for north and central regions, and 2—4 wks for the south. Ekman transport in the
central and north region was included with lags < 2.5 wks.

KGB Group.—For the KGB rockfish group, 13 predictor variables were included in
the full regression model. SST entered the model for the central region only with a
lag of 1-2 mo. Ekman pumping, SST, and offshore wind stress at the site scale entered
the model with lags < 2.5 wks. Chlorophyll in the central region was correlated with
settlement at lags of ~2 mo and ~4—5 mo, and in the south region at a lag of ~1 mo.
Downwelling pumping in all three regions was correlated with settlement, at gener-
ally longer lags than for the kelp bass (central ~2 mo, north ~1 mo, and south ~4 mo).
Downwelling transport and upwelling pumping in the central region entered the
model with lags of ~4 mo and < 2 wks, respectively. Ekman transport also entered the
model for the central region only with a lag of ~2 mo.

OYT Group.—For the OYT rockfish group, 17 variables were included in the full
regression model. OYT settlement was correlated with SST in the central region with
a lag of 1-3 wks. Regional Chl from all three regions was included, with two dis-
tinctly longer lags in the central region (~1 and ~4 mo) and shorter lags in the south
and north regions (< 2.5 wks). Ekman pumping, Ekman transport, and offshore wind
stress at the site scale entered the model with lags of < 2 wks. Site-scale SST entered
at a lag of 3—4 wks. Downwelling pumping in all three regions was correlated with
settlement; lags were shorter in the north (2—4 wks) and longer in the central and
south (1.5-2 and 3-3.5 mo). Ekman transport showed a similar pattern at the re-
gional scale; lags were shorter in the north (< 2 wks) and longer in the central and
south (~2 mo and ~1 mo). Downwelling transport and upwelling transport in the
central region were both correlated with settlement of the OYT group with lags of
~3.5 and ~2 mo, respectively.

REGRESSION MODEL RESULTS

Kelp Bass.—The kelp-bass regression model was significant (Monte Carlo P <
0.0001) and explained 57% of the variance in settlement (Table 1). Of the 18 predic-
tor variables selected to enter the regression model, 12 were involved in effects (main
or interaction) that were significant at the P < 0.05 level, four of which were robust in
cross-validation (Table 1). The fixed site effect was also significant and robust. Of the
significant main effects in the model, three were related to regional- and basin-scale
wind and circulation, one to basin-scale food, and one to basin-scale temperature.
When cross-validation parameter estimates were considered, the most robust effects
were downwelling transport in the central region and Chl in the south.
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Ten two-way interactions were significant (P < 0.05), involving primarily wind and
circulation processes and food at basin to regional scales but also involving tempera-
ture and offshore wind stress at the site scale. The most robust two-way effects were
interactions between site-scale SST and downwelling pumping in the north region
and Chl in the central and south regions.

KGB Group.—The KGB regression model was significant (Monte Carlo P < 0.0001)
and explained 60% of the variance in settlement (Table 2). Of the 13 predictor vari-
ables selected to enter the regression model, 11 were involved in effects (main or
interaction) that were significant at the P < 0.05 level, three of which were robust in
cross-validation (Table 2). The fixed site effect was also significant and robust. Only
one predictor, offshore wind stress at the site scale, was significant as a main effect;
it was also robust. Wind and circulation variables were involved in every significant
effect (main or interaction), primarily at the site or regional scale. Overall, 11 inter-
action effects were significant (P < 0.05). Only one of these was robust, Chl x down-
welling transport.

OYT Group.—The OYT regression model was significant (Monte Carlo P < 0.0001)
and explained 60% of the variance in settlement (Table 3). Of the 17 predictor vari-
ables selected to enter the regression model, 13 were involved in effects (main or
interaction) that were significant at the P < 0.05 level, two of which were robust in
cross-validation (Table 3). The fixed site effect was not significant. As for kelp bass,
significant predictors (main effects and interaction terms) occurred in all “process”
categories: wind/circulation, temperature, and food. Of the five significant main ef-
fects, two were related to food at the regional scale and two to temperature at site and
regional scales. The only robust main effect was Chl in the central region.

As was the case for KGB rockfish, wind and circulation processes were involved in
every significant interaction term, but the basin scale occurred more commonly than
for the KGB group. The only robust interaction was between Ekman pumping at the
site scale and downwelling pumping in the north region.

VARIANCE FRACTIONS BINNED BY SPACE, TIME, AND PROCESS

Each of the three fish groups showed clear differences in the proportion of variance
associated with proxies for different processes acting at different spatial scales and
times before settlement. For ease of interpretation, we have summarized the vari-
ance explained by significant effects from the models by “binning” (summing) over
space (Fig. 7A—-C) and time (Fig. 7D-F) scales, as well as by process categories (Fig.
7G-I). Because the proportion of unexplained variance was similar for all species
groups, bars in Figure 7 show the percentage of model variance (not total variance)
attributed to each category.

Time Scales.—Variance in KGB rockfish settlement was explained primarily by
factors acting immediately (< 2 wks) before settlement and long (~2—5 mo) before
settlement, corresponding to periods during and before production of larvae by fe-
males (Fig. 7D). In contrast, settlement in the OYT rockfish group was influenced
by factors acting at intermediate time scales, ~1-3 mo before settlement, the period
corresponding to parturition and larval life (Fig. 7E). Factors acting just before settle-
ment had very little effect on this group. Kelp bass was mainly affected by processes
immediately (< 2 wks) before settlement and at lags corresponding to pelagic larval
life for this species (2 wks to 2 mo; Fig. 7F). Factors occurring much before settlement
(lags > 2 mo) were less important to settlement of this species.
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Figure 7. Space, time, and process variance distributions for the three species groupings. Columns
are species groups (as in Fig. 4), and rows are space (A, B, C), time (D, E, F), and process (G,
H, I). Error bars show bootstrap 95% confidence intervals (CI) for variance fractions. Asterisks
above bars indicate variance fractions that were significantly larger than expected under the null
hypothesis based on Monte Carlo simulation (*P < 0.05, **P < 0.01, ***P < 0.001). Approximate
spatial scales: Site, 0 to < 10 km; Local, 10-12 km; Region, 250 km; Basin, 500-750 km. For
space, bars show the average of sum-of-squares and hierarchical-model-comparison methods of
calculating the variance fraction, and CI are the larger of the bootstrap 95% CI and the standard
deviation of the results from the two alternative methods of calculation. Circ, Circulation; Temp,
Temperature.

Space Scales.—Because of the coarseness of spatial scales in our analysis, we esti-
mated the spatial variance fractions by two different methods—sums of squares and
hierarchical model comparison (see Methods) and averaged the results. Confidence
intervals were chosen to be the larger of the cross-validation 95% CI for the sum of
squares method and the standard deviation of the values given by the two methods
(Fig. 7A-C).

By either method, the fixed site effect accounted for less variance than local and
regional effects for all species, lowest for OYT and similar for KGB and kelp bass (Fig.
7A—C; mean of two methods = 17% for KGB, 4% for OYT, and 19% for kelp bass). Fac-
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tors acting at the regional scale (i.e., in the central region, containing the study sites),
explained the most variance relative to local and basin scale factors for all three
groups (Fig. 7A—C; means = 53% for KGB and OYT and 39% for kelp bass), but basin-
scale factors were relatively more important for kelp bass (mean = 21%) and OYT
rockfish (17%) than for KGB rockfish (6%). Local-scale factors were associated with
a similar fraction of model variance for all groups (means ranged from 20 to 25%).

Process Categories.—We calculated the percentage of model variance associated
with each process category by the same procedure as for temporal scales (Fig. 7G-I).
The striking result is that wind and circulation processes, either alone or in an in-
teraction term with food or temperature, explained the most variance in settlement
for all three groups: 59% of the model variance for kelp bass, 72% for KGB rockfish,
and 78% for OYT rockfish. For all groups, food- and temperature-related variables
explained much less variance alone than when interacting with wind or circulation
processes. Site-specific effects were important for kelp bass and KGB rockfish but
less so for OYT rockfish.

DiscussioNn

The approach we describe here may help to inform fisheries management in several
ways. The results of the spatial analysis provide general guidelines as to the scales
over which management decisions may affect recruitment variability, by examining
the strengths of the links between regional- or basin-level production and/or trans-
port and local recruitment. The spatiotemporal analysis points out the times, places,
and conditions that best predicted local settlement over the span of our observations
and thus suggests useful avenues for improved predictive, mechanistic models for
forecast of year-class strength.

When discussing the results for each species group, we must be explicit about how
we interpreted the influence of potential physical drivers acting at different scales of
time and space. We assumed that fixed site effects reflected differences among sites
in their physical locations (mainland, island, orientation, windward or leeward) as
well as their proximity to persistent or regularly occurring oceanographic features
(e.g., topographically steered flows, stationary fronts, downstream eddies) and other
unaccounted-for features such as habitat (e.g., kelp cover, substrate). Although sites
differed obviously in the intensity of settlement they received (Fig. 4 and Fig. S2), a
surprisingly small amount (4%-24%) of the model-explained variance was due to
the fixed site effects in the analysis (Fig. 7G-I). We assume that this result reflects
that many of the among-site differences related to delivery of organisms can actually
be accounted for by local-scale differences in the expression of dynamic biophysical
processes. For simplicity, we discuss the site effect as an indicator of small-scale, site-
specific processes, but because we have not included all possible predictors or spatial
scales, we cannot say how much of the variance attributed to the fixed site effect
might actually be due to a neglected variable operating over any spatial scale smaller
than the span of the study sites. The variance attributed to the fixed site effect can
therefore be viewed alternatively as a measure of the scope for additional predictors
with distinctive spatial patterns to explain model variance. This view underscores a
subtle but important problem with simple regression approaches to complex spatio-
temporal processes (see “Caveats and Future Directions”).
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We also note that our analysis considered only effects of forcing factors occurring
before settlement. Although postsettlement processes such as predation and compe-
tition can clearly have strong and complex regulating effects on populations of ma-
rine species, we believe that our use of artificial collectors minimized the influence
of such factors. For example, we have previously measured the relationship between
settlement to SMUREFS, recruitment on reefs, and adult population size for kelp bass
in the SBC (White and Caselle, 2008). At the small, within-site scale, both recruit-
ment and adult survivorship of kelp bass were density dependent and positively re-
lated to the abundance of giant kelp [Macrocystis pyrifera (L.) C. A. Agardh, 1820].
At the larger, among-site scale, the spatial pattern of adult kelp bass abundance was
predicted well by the pattern of larval supply, but the spatial relationship between gi-
ant kelp abundance and kelp bass larval supply was consistently negative despite the
positive effects of giant kelp on kelp bass at the smaller spatial scale. We found that
the large-scale negative relationship was probably the product of a channel-wide spa-
tial mismatch between oceanographic conditions that favor kelp survival and those
that concentrate and distribute fish larvae. The present study builds on our previous
work by investigating, in much greater detail and for several species, the specific
oceanographic conditions that affect settlement.

PROCESSES ASSOCIATED WITH DELIVERY

We assume that factors important in the proximal delivery of individuals to sites
are those acting at smaller, local scales and shorter time lags. Two studies that mea-
sured settlement at short intervals both detected strong correlations between settle-
ment and particular local-scale ocean processes. Findlay and Allen (2002) found that
the daily settlement of kelp bass to a single reef at Catalina Island was related posi-
tively to tidal amplitude and onshore winds and negatively to SST, all measured daily
at the scales of the local reef. They suggested that internal tidal bores were a likely
means of onshore transport for kelp bass larvae to the reef. In a study of rockfishes
in the Monterey area, A. Ammann (National Marine Fisheries Service, Santa Cruz,
California; unpubl. data) found that changes in temperature on scales of 2—-3 d ex-
plained settlement of the same rockfishes studied here; the KGB group settled during
times of relaxations in upwelling and warmer waters, and the OYT group during up-
welling periods with colder water. One explanation is that the OYT rockfish, with a
longer PLD and more developed pelagic juveniles, can withstand periods of offshore
flow associated with upwelling and still get back to reefs to settle, unlike the less
competent larval stage of the KGB rockfish. Another explanation is that these groups
differ in their exposure to offshore surface flow because of differences in their larval
depth distribution (Lenarz et al., 1995). We also found differences between the two
rockfish groups in the relative importance of factors acting at local scales and short
time lags. Short time-lag measures of offshore wind stress were particularly impor-
tant at the site scale, accounting for a significant portion of the variance in settle-
ment of the KGB rockfish group, but less so for the OYT group. The OYT rockfish are
the only group in this study whose pelagic juveniles have well-developed swimming
capabilities, qualities that may lessen their dependence on physical delivery to proper
habitat.

In a similar study in central California, Wilson et al. (2008) found no relationship
between specific physical events and settlement of either KGB or OYT rockfish. In
that study, as in this one, settlement was measured biweekly, and the authors sug-
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gested that a mismatch in scale between the sampling frequency and specific physi-
cal events (in this case, event-scale upwelling and relaxation events measured by
changes in temperature) obscured significant relationships because the 2-wk inter-
val between sampling times could encompass multiple upwelling-relaxation cycles
(Wilson et al., 2008). Although our data were spatially extensive and long-term, we
also measured settlement at biweekly intervals, essentially introducing up to a 14-d
lag between settlement and observation. Despite the inability to capture the rela-
tionship between settlement and specific event-scale processes (those lasting hours
to days), we were able to identify times in the larval life cycle that are important to
settlement and determine that groups differed in these times.

PROCESSES ASSOCIATED WITH PELAGIC LIFE

In addition to delivery processes, larval survival and transport during the pelagic
phase can strongly affect settlement patterns in time and space (Cowen, 2002; Pine-
da et al., 2007; Cowen and Sponaugle, 2009). We assumed that these factors were
reflected in drivers occurring over larger spatial scales and at time lags correspond-
ing to the pelagic larval/juvenile duration of the species group in question. Note that
groups differ in these durations: up to 40 d for kelp bass, 90 d for the KGB rockfishes,
and 120 d for the OYT rockfishes.

For both the rockfish groups, factors acting at a regional scale during time lags cor-
responding to the early larval phase were major contributors to variation in settle-
ment, and these factors generally involved wind and circulation processes rather than
food or temperature. In particular, downwelling transport, upwelling pumping, and
downwelling pumping at the regional scale, with lags of approximately 2—3 mo, were
significant for both groups, although Chl at the regional scale was also important for
both groups at lags of ~1-4 mo. This result suggests that transport during the pelagic
phase contributes more to successful settlement in these groups than food availabil-
ity or temperature effects acting alone. Many authors have suggested that year-class
strength for rockfishes is set in the larval phase (Ralston and Howard, 1995; Yokla-
vich et al., 1996; Laidig et al., 2007), although few have separated the effects of wind
or circulation affecting transport from those of food availability affecting survival
during this phase. Ralston and Howard (1995) found a correlation between rockfish
abundance in midwater trawls in the spring and abundance in nearshore surveys in
the summer and concluded that year-class strength is set early in the larval phase.
VenTresca et al. (1996) found large concentrations of larval rockfishes in January but
very few juveniles 3—4 mo later in midwater trawls; they concluded that El Nifo con-
ditions in 1992 caused poor survival between the larval and pelagic juvenile stages.
Laidig et al. (2007) measured year-class strength with visual SCUBA surveys and
performed correlations between an annual index of recruitment and monthly means
of ocean parameters with lags and found that all three species measured (blue, black,
and yellowtail rockfishes) were negatively correlated with sea surface anomaly and
nearshore temperature in late winter (February—March; the correlations were signif-
icant for two out of the three rockfish species during the months of January through
May). We provide further evidence that transport and delivery mechanisms, prob-
ably in combination with food and/or temperature, are important early in the pelagic
phase, not only for rockfishes but for kelp bass as well.

Although our method allows partitioning of explained variance among various
processes, note the limitations imposed by the coarse jump in spatial resolution from
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the ~10-km “local scale” to the > 250-km regional and basin scales. In particular,
the coarse spatial resolution of our regional analysis of wind/circulation processes,
combined with the 8-d resolution of the satellite Chl data, limits our ability to de-
tect and locate mesoscale transient events like blooms, jets, and fronts that might be
critical in the period immediately surrounding larval production and release. The
greater apparent importance of wind/circulation processes for the rockfish groups
does not therefore exclude food availability as a mechanism. Upwelling and primary
production along the California coast covary in a definite spatial pattern (Broitman
and Kinlan, 2006) that would not be resolved by our 250-km regions. The upwelling
indices used here could actually be acting as indices of mesoscale patches of food
availability not detected by our spatially and temporally smoothed food-availability
proxy (Chl). Future analysis may be able to separate these effects by combining finer
spatial- and temporal-scale Chl and SST data with finer spatial-scale wind/circula-
tion estimates in a two-dimensional (rather than along-coast) framework.

The regional scale was most important for all three species groups, perhaps in-
dicating that the sources of fish settlement to the SBC are local, that is, in the SBC
itself. Adult population densities of the rockfishes in our study are very low to the
south of the SBC, so rockfish probably come from sources to the north or from the
central region itself. Kelp bass populations show the opposite pattern; the likely
sources are to the south or in the central region. Some features, including the SBC
gyre, may aggregate fish larvae in the SBC; Nishimoto and Washburn (2002) found
higher abundances of rockfish larvae inside the gyre, although the effect of larval
accumulation on recruitment to reefs in the SBC area remains to be investigated. Re-
gardless of the potential source locations, if larvae aggregate in the channel at early
larval stages, then regional oceanography can affect both transport and survival, as
suggested by our results.

Kelp bass have the shortest PLD of the three groups we studied, and their settle-
ment was sensitive to processes occurring during the entire larval phase. As with the
rockfish, wind and circulation processes, alone and in combination with food and,
to a lesser extent, temperature, were important drivers. Their external spawning, pe-
lagic eggs, and small, weakly swimming larvae may make kelp bass more susceptible
to the effects of winds, currents, and local food availability than are the rockfishes.
Shima and Findlay (2002) found that larval growth rates for kelp bass were a good
predictor of juvenile survival and PLD. Slower larval growth resulted in a longer PLD,
potentially resulting in higher larval mortality and lower settlement rates. Interest-
ingly, for the kelp bass, the significant forcing factors tended to occur shortly before
settlement even at the regional and basin scales. For example, regional downwelling
transport and Chl significantly affected kelp-bass settlement at lags < 2 wks. One
possibility is that these regional variables are proxies for local-scale effects, which in
turn affect delivery of larvae to the nearshore environment.

PROCESSES ASSOCIATED WITH PRODUCTION

Recruitment ultimately depends on production of young, of course, but stock-re-
cruitment relationships are often obscured by the more proximal processes discussed
above. We assumed that the influence of production on settlement was reflected in
processes that occurred at the sites of production, which could be near or far from
the sites of settlement, and at time lags beyond the larval/juvenile pelagic duration
for each species group. Although processes occurring at the regional scale and at the
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longest time lags contributed significantly to variation in settlement for all the spe-
cies groups, they were relatively more important for the rockfish groups, which, un-
like kelp bass, release young only once per year; this detail of life history may strongly
link production with recruitment.

Clearly upwelling is important for settlement and recruitment of nearshore organ-
isms in the California current (Norton, 1987; Roughgarden et al., 1988; Farrell et al.,
1991; Ainley et al., 1993; Ralston and Howard, 1995; Wing et al., 1995a,b; Bjorkstedt
et al., 2002), but taxonomic groups differ in the exact influence of upwelling on set-
tlement. Both the intensity and seasonal variability in upwelling can influence settle-
ment negatively or positively (Larson et al., 1994; A. Ammann, unpubl. data), perhaps
through advection or transport away from or toward nearshore areas. A hump-
shaped relationship between recruitment and upwelling intensity has been demon-
strated for some rockfishes (Norton 1987; Ainley et al., 1993; Ralston and Howard,
1995), which some have interpreted as indicating optimal conditions for larval feed-
ing (Cury and Roy, 1989). In the SBC, where our study took place, the coastline runs
east-west, and although upwelling remains an important process, the typical pattern
of upwelling-relaxation dynamics observed in the central and northern parts of Cali-
fornia (Davis, 1985) is less prominent. Instead, wind-driven and other circulation
processes interact with the unique geomorphology of the region to generate a variety
of circulation patterns (Harms and Winant, 1998). These may explain the observed
differences between southern California and central and northern California in the
importance of local-scale physical processes on the same rockfish groups.

Not surprisingly, factors related to food and temperature (often interacting with
wind and circulation) were relatively more important during the production and
early larval phases. Regional Chl was significantly related to settlement of the rock-
fish groups with lags of 1-4 mo, but a major finding of our study was the very strong
relative role that wind and circulation play in contributing to variation in settlement.
These processes (either alone or interacting with food or temperature) accounted for
the majority (up to 78% for the OYT group) of the explained variation, suggesting
that transport, delivery, and upwelling are important correlates of settlement success.

In summary, our attempt to partition among spatial and temporal factors the ex-
plained variance in settlement of three nearshore fish groups with very different life
histories has revealed that the spatial and temporal scales of variation were most
similar for the kelp bass and the KGB rockfish group, despite differences in larval
duration, size at hatching, size at settlement, and potential swimming abilities. The
factors that were most important to these groups occurred at small spatial scales
with short lags and larger spatial scales with long lags, indicating that processes af-
fecting final delivery of settlers, pelagic larval life, and production are all important.
For the OYT rockfishes, very little variance in settlement was explained by processes
occurring at short lags, whereas events occurring during production (and potentially
very early larval life) appeared to be relatively more important.

CAVEATS AND FUTURE DIRECTIONS

Although we were able to estimate the distribution of explained variation across
spatial and temporal scales, a substantial amount of variance (40%—43%) remained
that was not linearly associated with any of the predictors in the model. Some of
this variation may be an inherent property of coastal circulation (Siegel et al., 2008).
When wind-driven turbulent eddies are included in circulation models, these ed-
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dies appear to accumulate production over time and space, hold larvae together, and
deliver them in dense pulses (Siegel et al., 2008; Mitarai et al., 2009). This inherent
stochasticity would not be easily resolved in analyses such as we conducted. Spe-
cifically, it cannot be separated from unexplained variance due to failure to include
particular predictors and/or spatiotemporal scales of importance or to our use of a
linear prediction framework.

Note that, in our study, temporal lags were continuous, but the spatial scales were
fixed at three values (local, regional, and basin). Although this method improves on
previous studies that treated time discontinuously (e.g., specifying lags of 1 wk or
1 mo; Laidig et al., 2007; Wilson et al., 2008), the next step in this type of analysis
will be to vary space in a continuous fashion, sampling oceanographic processes at
larger and larger scales. An analysis of this type would provide more detail on the
appropriate scales of management and allow more precise identification of the physi-
cal and biological oceanographic processes that influence settlement and potentially
account for some of the unexplained variance in the present study. So far as we know,
this type of multiscale spatiotemporal analysis has not yet been undertaken for a
settlement time series of any marine organism.

Without necessarily leaving the linear regression approach, the present analysis
could be improved by inclusion of additional predictors and improvement in the spa-
tial or temporal resolution of the predictor data. The predictors used here (SST, Chl,
and winds) are all available at higher spatial and temporal resolution for our study
region, but importantly, the present analysis was based only on global, publicly avail-
able oceanographic and geographic databases and could therefore be repeated for
virtually any coastal area in the world, regardless of local oceanographic observation
infrastructure. In nonupwelling systems, of course, one would want to incorporate
some proxy for the dominant nonupwelling ocean-circulation mechanisms, perhaps
using geostrophic estimates of flow from sea surface height—also available from
standardized, public global satellite oceanographic databases. Additional variables
might include actual measures of observed surface and subsurface circulation, nutri-
ents, zooplankton abundance, and other physical, chemical, and biological proper-
ties of the ocean, which presumably influence larvae on their journey from source
to destination locations along the coast. Data on small-scale (< 10-km) variation in
habitat near settlement sites might lend mechanistic insight into the variance ex-
plained by the fixed site effect in our models.

Linear regression is probably not, however, the most appropriate technique for ex-
tending the present analysis. The simplicity and accessibility of the linear regression
approach is the main reason we have applied it here, yet we have been careful to qual-
ify our results as descriptive and correlative rather and predictive and mechanistic.
The cross-validation exercise shows that the model has reasonable predictive power
for data from the same sites in the same time domain, but this result is no guarantee
that the model could be extended to prediction at other sites or times. We think do-
ing so would be dangerous without a better mechanistic understanding of observed
correlations, which is beyond the reach of standard linear-regression techniques.
Moreover, considerable effort was required to correct for violations of standard re-
gression assumptions of independence in response and predictor variables. These il-
lustrate some of the reasons ecological studies of factors affecting larval supply must
move beyond regression- and ANOVA-based approaches.
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Methods are needed that can quantitatively compare mechanistic hypotheses that
involve complex interrelationships among variables, including hierarchical struc-
ture and nonlinearity. Alternative methods in the regression family include path
analysis and structural equation modeling (see, e.g., Price et al,, 2005). Spectral
(including wavelet) and EOF approaches could also be useful (Bendat and Piersol,
2000), although we think few sets of recruitment data will meet the requirements
of these techniques. Perhaps the most promising approach is hierarchical Bayesian
estimation, which allows models of arbitrary functional and statistical complexity
to be estimated from relatively few data, easily accounts for imbalanced data sets
and missing observations, and allows for the incorporation of constraints arising
from known structure and dynamics of physical and biological variables of interest
(Cressie et al.,, 2009). Hierarchical Bayesian analysis would also allow estimation of
spatial and temporal auto- and cross-correlation of predictor and response variables
and identification of optimal integration time and space windows directly within the
model. We think this technique is particularly deserving of future research as we
move toward a synthetic understanding of the complex, multiscale set of processes
influencing larval supply to nearshore fish populations.
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