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Importance of scale to the relationship between abundance of sardine larvae, stability,

and food
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Abstract

We used a spatially explicit regression model to relate sardin&4rdinops sagaxlarval abundance to water
column stability, phytoplankton, and zooplankton off South Australia. The distribution of sardine larvae was

significantly associated with stability p
volume (p

0.05) and phytoplankton fluorescence or zooplankton displacement
0.001) at broad scales. In contrast there was no relationship between sardine larvae, stability,

phytoplankton, or zooplankton at medium or fine scales. The relationships are shown to be scale-dependent.

Although the results generally support Lasker’s (1978)

“stable ocean” hypothesis, mid-range rather than high

stability appears to be favored, in accord with theoretical expectations at both large and small scales.

Many studies have attempted to relate recruitment
success in clupeoids to environmental and ecological
factors. No single factor explains the observed variability
in clupeoid recruitment but the role of water column
stability is considered to be critical for survival of the early
larval stages. Lasker’'s original idea (Lasker 1978) now
referred to as the “stable ocean” hypothesis, suggested that
survival of first-feeding anchovy larvae and subsequent
recruitment would be improved when food of a suitable size
and concentration aggregated in layers, associated with
a stable water column, in the absence of intense upwelling
advecting the larvae into possibly unfavorable food
environments. However, evidence for the correlation of
stability with larval survival is variable and has seldom
been shown to agree with theoretical expectations (Peter-
man and Bradford 1987; Cury and Roy 1989; Butler 1991).
The survival of newly hatched larvae is most likely
determined by a combination of physical and biological
characteristics, rather than by feeding conditions alone
(Muelbert et al. 1994). However, sardine recruitment
appears to be determined by the mortality experienced by
post-larvae to juvenile (age 0) fish (Watanabe et al. 1996),
rather than by the first feeding stage.

1To whom correspondence should be addressed. Present

Stability exerts an effect at a range of scales by altering
the prey environment experienced by larval clupeoids as
they lose their yolk sacs and begin feeding. In the case of
anchovies, the prey are often dinoflagellates (Lasker 1975),
whereas first feeding sardine consume copepod nauplii
(Watanabe et al. 1998). First feeding larvae must encounter
prey of suitable size at sufficient densities to meet their
metabolic requirements for growth (Lasker 1975). Aggre-
gation of the prey in layers provides a sufficiently
concentrated food source for the larvae to be able to meet
their metabolic requirements for growth and to grow
rapidly enough to minimize predation mortality. Some
species of early stage larval fish can swim well enough to
locate the layers of prey and to successfully capture food
particles if the stability conditions are favorable (Mac-
Kenzie and Kiorboe 2000). Although there is little
swimming speed data for sardine larvae, it is thought that
postflexion larval stages are likely to be able to move into
food layers (Letcher and Rice 1997).

Water column stability is important to food availability
at both large and small scales. Low stability at large
horizontal scales (order 1 latitude [Husby and Nelson
1982]) permits mixing necessary to entrain nutrients
required for growth of phytoplankton, possibly enhancing
the prey environment. Low stability at small scales (meters
in the vertical) whether due to intense upwelling or to storm
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food environment for clupeoids (Lasker 1978; Elsberry and
Garwood Jr. 1978). Low stability also interferes with the
striking behavior of the visually feeding fish larvae,
reducing feeding efficiency (MacKenzie and Kiorboe
2000). High stability at large scales can have a detrimental
effect on the prey environment by providing a cap to
nutrient transfer across the thermocline (Cushing 1989).
High stability at small scales enables accumulation of thin
layers of zooplankton and phytoplankton prey to develop
(McManus et al. 2003), but reduces the encounter rate
between predators and prey, according to individual-based
foraging models where relative velocities of predator and
prey, due to both mixing and swimming, affect encounter
rates (Gerritsen 1984; MacKenzie et al. 1994; Muelbert et
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Summary of the predicted effects of stability on larval fish recruitment at both broad (order tlatitude) and fine (order m

vertical) scales.

Stability Scale Forcing Result Category Effect
Low Broad Mixing Nutrient entrainment enhances phytoplankton growth  Physical Positive
Low Fine Storms or intense upwelling Disperses layers of prey Physical Negative
Low Fine Storms or intense upwelling Interferes with prey capture Behavioral  Negative
High Broad Intense stratification Prevents nutrient entrainment Physical Negative
High Fine Stratification Permits layers of prey to form Behavioral  Positive
High Fine Stratification Reduces predator-prey encounter rates Behavioral  Negative

al. 1994). Physical and behavioral factors work in contrary
directions at both large and small scales (Table 1). These
theoretical considerations suggest that at both large and
small scales, larval clupeoids should survive best at mid-
levels of stability, rather than at the extremes of high or low
stability. This has recently been demonstrated in modeling
and experimental studies (MacKenzie and Kiorboe 2000),
and in the ocean (Cury and Roy 1989; Ware and Thomson
1991; Bakun 1996).

If the theoretical predictions for the effects of stability on
larval fish hold true then we expect to find a dome-shaped
relationship between stability and the abundance of larval
sardines, with a peak in larval survival at mid-range
stability levels (MacKenzie and Kiorboe 2000). To accord
with the “stable ocean hypothesis” (Lasker 1978) we also
expect to find few larvae in upwelling-influenced water
masses where Ekman transport would move larvae off-
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Fig. 1.

shore. Finally we would expect to find the highest
concentrations of larvae in areas where their food was
most abundant. We used 2 yr of South Australian
ichthyoplankton survey data to test these predictions.

Methods

The annual South Australian sardine ichthyoplankton
surveys cover an area from the southeast of Kangaroo
Island to the Head of the Great Australian Bight (GAB),
spanning depths from near-shore almost to the 20-m edge
of the shelf (Fig. 1) (see water mass analyses in McClatchie
et al. [2006]). Survey timing is designed to coincide with
peak spawning and egg abundance, and they are a snapshot
across 20 to 28 days in February—March. Surveys defined
the spatial distribution of sardine eggs and larvae in the
eastern GAB concurrently with collection of calibrated
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Temperature—salinity plot for all profiles from the 2001 and 2002 survey (stations

shown on the map), color coded by fluorescence level. Color bar has been scaled within total data
range (0.5-1.25 V) to emphasize regional differences. Temperature—salinity pairs associated with
fluorescence greater than the maximum for the color bar are included in the maximum color bin.
Bathymetry is 500, 1,000, and then at 1,000-m intervals.
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conductivity-temperature-depth (CTD) profiles. We select-
ed 2001 and 2002 from the survey series (1995 to 2004)
because they combined the best quality CTD data with the
widest spatial coverage. The survey collects CTD profiles
along transects approximately normal to the coast, at
stations spaced 9 km apart (Fig. 1). At each station, we
lowered a Sea-Bird 19lus SEACAT conductivity-temper-
ature-depth profiler and fluorescence sensor to a depth of
70 m or to 10 m from the bottom in waters less than 80 m
deep. We analyzed the profiles with Ocean Data View
(Schlitzer 2004).

At each of the stations shown in Fig. 1 we collected
pelagic fish eggs, fish larvae, and zooplankton by vertical
net tows of a 0.3-m-diameter bongo net suspended above
the CTD and fitted with 320-mm mesh nets ending in hard
codends. Nets were retrieved at 1 ms 1 and the contents
of both nets were pooled and fixed in %6 buffered
formalin. All eggs and larvae of small pelagic fish species
in every sample were sorted to species and counted. Nets
were towed from 10 m above the bottom to the surface, or
from 70 m to the surface in water deeper than 80 m, and
the filtered volume was measured with factory calibrated
GE 2030 flow-meters. We do not have any evidence for or
against net avoidance by the larvae.

We estimated depth-integrated, larval densities standard-
ized to a 30-m vertical tow (larvaem 2|3 ) for each station
from L/(AH)30, where L is larval count, A is the net mouth
area (n?), and H is the vertical tow distance (m). We
measured zooplankton displacement volumes from the same
net and standardized them to 30 m, as for the larvae. The
zooplankton displacement volumes included gelatinous
zooplankton, but these dominated ( 90% by volume) only

3% of stations in 2001 (this fraction was not measured in
2002). Seven percent of the samples in 2001 hacb0% of
their volume filled by gelatinous zooplankton. Distributions
of mean fluorescence and zooplankton displacement volume
were both skewed to the left, so we converted them to near-
normal distributions with a fourth root transformation, but
used untransformed data elsewhere.

To illustrate the association between sardine larval
distributions, water masses (defined by temperature and
salinity), and food concentration (defined by zooplankton
displacement volume and phytoplankton fluorescence), we
plotted larval densities on the plane defined by each pair of
variables. Temperature and salinity were aggregated by
taking means for the upper 5-30 m of the water column
(because larvae are mainly in the upper 30 m [Fletcher
1999; Gray and Kingsford 2003], and the surface 5 m of the
CTD profiles was considered unreliable). Fluorescence was
averaged over the same depth interval (upper 5-30 m).
Data for both years (2001, 2002) were plotted together for
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Fig. 2. Example density profile (circles linked by thin line)

from a station in the Spencer Gulf. The thick line represents the
theoretically stable density profile.

estimated from CTD casts. For each profile, we identified

sections where density inversions occurred (Fig. 2) after
appropriate averaging to remove possible sensor spiking.
The sum of the depth intervals occupied by the density
inversions normalized to the depth of the profile gave

a measure of the percent of the water column that is likely
to be unstable, called intermittency by Thorpe (1977).

Description of statistical methodology-Fhe effect of

comparison. Fluorescence was used as a coarse index of spatial scale on the distribution of sardine larvae, mean

phytoplankton biomass in this study. We recognize that the
relationship between fluorescence and chlorophyd (Chl a)
varies with species composition, physiological state, and
time of day, but there were insufficient extracted pigment
samples to usefully calibrate fluorescence against Chlin
this study.
Water column stability was measured by the potential

for density-driven overturns detected in the density profiles

fluorescence, zooplankton displacement volume, and water
column stability was determined using principal coordinate
neighborhood matrices (PCNM) (Borcard and Legendre
2002; Borcard et al. 2004). In contrast to methods that use
polynomial fitting of spatial trend surfaces, the PCNM
method starts with the fine rather than the broad scale. It
has a superficial resemblance to Fourier analysis, but can
be used on unevenly spaced data and covers the full range
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that do not meet a specified level of one-tailed significance
in the multiple regression. The remaining significant
A) 2001 principal coordinates are often clumped, and it is these
clumps that define the broad-scale (long-period principal
coordinates), mid-scale, or fine-scale sub-models (short-
1507 O period principal coordinates). The sub-models are obtained
from multiple linear regressions using a clumped subset of
the principal coordinates that have rather similar periods
and so represent rather similar spatial scales. The predicted
values from these multiple regressions form a spatial sub-
model (of larval fish distributions in our study) at each of
the broad, mid, and fine scales. These predicted values can
o then be regressed against the environmental variables in
50 — Co 8 S, a second multiple linear regression to determine which of
the environmental variables (phytoplankton, zooplankton,
C5£58 @X@ and intermittency in our study) have significant effects on
O the distribution of the dependent variable in the spatial
0— model at each scale (predicted larval fish densities in our
study). Although we used a linear regression here, non-
0 10 20 30 40 50 linear approaches might well explain more of the variance
and could be used in future studies. Each sub-model was
200— plotted for each variable to determine if there were
O common spatial distributions between sardine larvae,
B) 2002 fluorescence, zooplankton, and stability.

Scales are not explicitly defined in this two-dimensional
application of the PCNM spatial models. The sampling
grid was irregular, and stations were also unevenly spaced
to some extent, which makes it difficult to define the fine,
medium, and broad scales of the PCNM spatial models.
Defining the scales in two-dimensions would be simple if
100 the sampling matrix were symmetrical. We can, however,
define the “outer” and “inner” scales. The outer scale is the
spatial domain of sampling over which the model was
applied. The inner scale corresponds to grain and is the
50— o) @) limit of resolution of the model.

oo OO O The outer scale in terms of sampled area was
|
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o O O 121,000 kn? in 2001 and 118,300 kra in 2002. The outer
(oY O%@) (Q O o scale corresponds to a cross-shelf length scale ofl145—
190 km and along-shelf length scale of 825 km. The inner

T | T | scale estimated from the median distance between stations
0 10 20 30 40 50 was 9.6 km. This resolution limit, and the fact that the
. larvae are assumed to be in the upper 30 m of the water
Intermittency (%) column, makes the cell size for the spatial model 10* 3
Fig. 3. Standardized densities of sardine larvae (larvae 10* 3 30 m or 3 3 10° m3. Effectively, the modeling
m 2|30 m) in relation to stability of the water column (calculated ~ assumes homogeneity within this volume, which although
as intermittency) in 2001 and 2002gge Figure 2 unrealistic, serves to demonstrate that there will be many
biologically important factors affecting the abundance of
larvae that are not resolved.
of scales. Explanatory variables for regression analysis are
initially derived from the spatial locations alone. To do this  Results
the neighborhood distances between stations are expressed
as truncated positive eigenvectors that are then clustered  The relationships between sardine larval densities and
using principal coordinates analysis. The principal coordi-  stability were quite different in 2001 and 2002 (Fig. 3), and
nates produced are a series of sinusoidal functions with this may be explained by differences between the stability
different periods representing large to small scales. These regime across the survey area in the 2 yr (Fig. 4). In 2001
principal coordinates can be used as explanatory variables larval densities peaked in the middle of the stability range,
when regressed against the dependent variable (in our case as predicted by theory (Fig. 3). Stability was almost
larval fish densities). Rather than using all of the principal normally distributed across the survey region in 2001,
coordinates in a multiple regression, a more parsimonious and there was much less potential for density overturns
model is obtained by thinning those principal coordinates (i.e., lower intermittency) compared to 2002 (Fig. 4). These
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Fig. 4. (A and B) Spatial distribution of intermittency (% of the water column that is unstable) across the survey area in 2001 and
2002. Colored solid symbols represent stations with intermittency in the range bracketed by the same colored lines in the lower panels.
Purple open symbols are the stations where larval densities were90 larvae m 2|35 . These high concentrations in 2001 were located
near and offshore of South Neptune Island (furthest east), Flinders Island (central), and Nuyts Reef (furthest west). High concentrations
in 2002 were only located near and offshore of South Neptune Island (C and D). Frequency distribution of intermittency for 2001 and

2002.

observations are consistent with the concept that mid-
ranges of stability are favorable for larval survival. By
contrast, in 2002 we found no relationship between larval
density and stability, and there were virtually no areas with
high densities of larvae ( 50 larvae m 2|39,,) in 2002,
unlike 2001 (Fig. 3). The distribution of stability over the
survey area in 2002 was trimodal, high intermittency was
widespread, and the potential for density overturns in the
water column was correspondingly greater (Fig. 4). The
change in stability between years was associated with
a contraction of high larvae densities from three locations
in 2001 back to a single island in the mouth of the Spencer
Gulf in 2002 (Fig. 4). The lower densities of larvae in the
higher intermittency regime in 2002 relative to 2001 is

consistent with the prediction that higher instability is
unfavorable for larvae.

No sardine larvae were found in the upwelling-influ-
enced water mass where temperatures werel6u and
salinities  35.5 (Fig. 5;see also Fig. L There were also no
high concentrations of larvae in the warm, salty Spencer
Gulf waters (temperature  20.50C and salinity  36.5)
(Fig. 5; see also Fig. L There were a few larvae in the
Spencer Gulf waters (larvae were present in 50% of the
stations sampled in both years, but densities were very low,

2 larvae m 239y (Fig. 5). There were also no larvae in
the warm salty waters off the hypersaline embayments in
the GAB (temperatures 16.5-168C and salinities of 36-37)
(Fig. 1). Larvae were concentrated in the shelf-break and
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(Left) Larval densities in temperature—salinity space for all profiles with matching vertical net tows from the 2001 (blue) and

2002 (magenta) surveys. Individual plots show mean temperature and salinity for 5-30-m depths where larval densities were in the range
0-2 (bottom plot), 3—4, 5-8, 9-16, 17-32, and 33-64 larvae Ao r, (top plot). Larval density intervals are indicated by the orange
colored bars in the strip headers. Temperature—salinity plots for all depths in 2001 (yellow) and 2002 (orange) underlay larval distribution
data. Temperature boundaries for four water masses (horizontal lines) and a salinity boundary (vertical line) for the saline Spencer Gulf
water are shown to locate larval concentrations in relation to water masses. (Right) Larval densities in zooplankton—fluorescence space
for all profiles with matching vertical net tows from the 2001 (blue) and 2002 (magenta) surveys. Zooplankton—fluorescence data for both
years combined underlay the larval distribution data. Mean fluorescence in the upper 30 m and mean zooplankton displacement volumes

for both years combined are shown by dashed red lines.

warm pool influenced waters in temperatures ranging from
16uC to 21.5uC and salinities of 35.5-36 (Fig. 5 and Fig. 1).

Within the water masses where larvae were more
common, higher concentrations of larvae occurred where
there were higher than average zooplankton and fluores-
cence concentrations. Low densities of larvae (0-2 larvae
m 2]30m) were found across the full range of mean
fluorescence and zooplankton displacement volumes
(Fig. 5). High densities of larvae ( 20 larvae m 2|3 ,y)
were associated with both higher than average phytoplank-
ton fluorescence and higher than average zooplankton
displacement volumes gee dotted lines on Fig.)5

Applying a spatially explicit model to the relationships
between larval abundance, stability, phytoplankton fluo-
rescence, and zooplankton volumes provided new insights
into the distribution patterns of the variables. The broad-
scale spatial model for larvae indicated high concentrations
of larvae in 2001 at three locations in the areas around and
offshore of South Neptune Island, Flinders Island, and

Nuyts Reef (Figs. 4, 6E, 2001). This spatial pattern in 2001
was similar to the broad-scale spatial model for fluores-
cence, except that high concentrations of modeled fluores-
cence were inshore and to the east of the larval concentra-
tions (Fig. 6F, 2001). The medium-scale spatial model in
2001 for larvae showed quite a different, east—west pattern
compared to the broad-scale model (compare Fig. 6l,E,
2001). An east—west pattern appears very clearly in the
broad-scale spatial model for stability, and less clearly in
the fine-scale model (Fig. 6H,P, 2001), but no east—west
trend can be seen in the 2001 spatial models for
fluorescence (Fig. 6F,J, 2001). The fine-scale spatial models
for larvae and stability are noisy, and the fine-scale model
for fluorescence was not significant (Fig. 6N, 2001).
Summaries for all of the models are given in Table 2. In
contrast to the spatial models for larval abundance and
stability, the spatial models for zooplankton in 2002
showed high concentrations in the mouth of the Spencer
Gulf (Fig. 6, 2002). This concentrated distribution of
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Fig. 6. Centered distributions of each variable (created by subtracting the mean from the data) are shown for larvae, fluorescence,
zooplankton displacement volume, and intermittency in both years. Solid circles are greater than the mean and open circles are less than
the mean. Spatial models for sardine larvae, phytoplankton fluorescence, zooplankton displacement volume, and intermittency from the
2001 and 2002 surveys are plotted in Cartesian coordinate space. Solid circles are positive spatial predictpysad open circles are
negative predictors éee Description of statistical methodology section of the Methpdduorescence was not significant at the fine scale
and is not presented for either year (N).
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Proportion of variance explained R2) and significance levels for the three spatial sub-models and three environmental
variables used to predict the abundance of larval sardines in 2001 and 2002. The model predicting sardine abundance from principal

coordinates of the spatial locations has the fornyjanae  pcnm

pcnm,. This model is presented as three sub-models (fine, mid, and

broad-scale), defined by clumps of the principal coordinateptnm see Description of statistical methodology section of the Methpdehe

model relating predicted larval distributions to environmental variables i/jarvae

fluorescencef) zooplanktor{z) percent unstablgu).

Other lines are thep-values estimating significance of the coefficients in the multiple linear regressions relating environmental variables to

the spatially predicted larval fish density.

2001 survey sardine larvae, all scales Broad Medium Fine

Viarvae  PCNM pcnmy, Rz 0.096 R2 0.0402 Rz 0.037

Yavae f Z pu Rz 0.068 Rz 0.0099 Rz 0.0049
Mean fluorescence p 0.34 p 0.00076*** p 0.92 p 0.38
Zooplankton volume p 0.81 p 0.18 p 0.10 p 0.74
Percent unstable p 0.23 p 0.036* p 0.47 p 0.54

2002 survey

Viarvae PCNM pcnmy, Rz 0.14 R2 0.0066 Rz 0.042

Viavae f Z pu Rz 0.12 Rz 0.0024 Rz 0.0098
Mean fluorescence p 0.65 p 0.070 p 0.94 p 0.35
Zooplankton volume p 0.58 p 0.00035*** p 0.86 p 0.20
Percent unstable p 0.91 p 0.014* p 0.44 p 0.44

*p 0.05; *p 0.01; **p 0.001.

zooplankton is particularly evident in both the broad-scale
and fine-scale models for zooplankton (Fig. 6G,O, 2002).
High concentrations of zooplankton overlap with only one
of the three concentrations of fluorescence (Fig. 6, 2002).
At broad scales the distribution of sardine larvae was
significantly associated with stability ¢  0.05) and mean
phytoplankton fluorescence p  0.001) in 2001 (Table 2).
There was no relationship between sardine larvae, stability,
phytoplankton fluorescence, or zooplankton at medium or

most larvae would occur in areas where food was most
abundant. A weakness in our analysis is that we could not
consistently correct in both years for the gelatinous
zooplankton content of the zooplankton displacement
volumes. This should definitely be done in future studies,
as gelatinous zooplankton may comprise a substantial
fraction of predators and do not represent food for larval
fish. In future studies, separation of the gelatinous fraction
might require reprocessing of samples, because gelatinous

fine scales in 2001. When scale was neglected entirely, weplankton volumes are seldom measured separately from

found no significant relationships between sardine larvae
and any of the environmental variables in 2001.

In 2002, despite a very different spatial distribution of
both stability and sardine larvae, relationships between
larval distributions, stability, and food were maintained.
Sardine larvae were significantly related to stability g
0.05) and zooplankton @ 0.001) at broad scales in 2002.
There were no significant relationships at either medium or

other zooplankton.

We did not find any significant relationship between
larval abundance, phytoplankton, zooplankton, and sta-
bility in a spatially implicit regression model when scale
was neglected. In contrast, using the PCNM method to
construct a spatially explicit model, we detected statistically
significant relationships between larval abundance, their
food, and water column stability. This was possible, despite

fine scales in 2002, nor when scale was neglected in the the low spatial resolution of the sampling. We conclude

analysis.

Discussion

Larvae were associated with the shelf-break and warm
pool water masses, in accord with our expectation that
larvae would occur in particular water masses. We found
few larvae in the upwelling-influenced water mass, support-
ing our prediction that upwelling waters are not the best
larval habitat. The absence of larvae in the upwelling-
influenced water is consistent with the finding of Parrish et
al. (1983) that the largest standing stocks of zooplankton
and pelagic fish tend to be downstream of intense upwelling
regions, because there is a time lag between the nutrient
enrichment and the development of higher phytoplankton
concentrations (Ware and Thomson 1991).

High densities of larvae were associated with higher than
average zooplankton displacement volumes and phyto-
plankton fluorescence, which supports our prediction that

that spatially explicit modeling was necessary to detect the
relationships between sardine larvae, water column stabil-
ity, and prey given the resolution of our data set.

Ideally, the spatial models should be predictive, espe-
cially if the models in this article were improved with non-
linear methods that explained more of the variance. If time-
series data sets were available, such series could be split into
development and test time series. The spatial models
derived from the development series could then be applied
in the predictive sense to the test series. If successful, the
capability to predict dependent variables a year or more in
advance could be developed where lags of the order of
a year are incorporated into the analyses. This could be
a fruitful area for further research.

A potential problem in any multiple regression analysis
is collinearity of the variables. To ensure that correlations
between the variables were not biasing our results, we
plotted all of the variables against each other. The plot
showed that intermittency was not correlated with any of
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Fig. 7. Relationship between larval and egg distributions
summarized by a locally weighted robust regression (LOWESS) fit
and the Spearman’s correlation coefficient (NS ap  0.05 in
either year). Large solid symbols are the locations with high
densities of larvae identified in Fig. 4.

McClatchie et al.

the other variables (temperature, salinity, plankton dis-
placement volume, phytoplankton fluorescence, or number
of sardine larvae). Temperature and salinity were highly
correlated, as expected for water masses. We conclude from
the lack of correlation between these variables that multi-
collinearity was not a bhias in our analysis.

The high concentrations of larvae associated with two
islands and a reef in 2001 and one island in 2002 could have
simply been a result of high concentrations of eggs at those
locations. To test this idea, we examined the correlations
between eggs and larvae in the 2 yr (Fig. 7). Although there
was a general positive trend between eggs and larvae,
shown by the LOWESS curves in Fig. 7, the Spearman’s
correlation coefficients were low and not significant.
Further, the highest densities of larvae, occurring around
the islands and the reef, were associated with low and
medium densities of eggs, not high densities of eggs. This
strongly suggests that the high densities of larvae were not
simply a result of there being high densities of eggs in the
same area.

We can speculate on the reasons for the relationships we
detected. The relationship between sardine larvae and
phytoplankton fluorescence in 2001 was significant at
broad scales, and these distributions appear to be related
to the presence of islands or a reef. This may be because
phytoplankton were responding to nutrient enrichment
generated by local disturbances in flow fields because of
a possible island wake effect (Suthers et al. 2004). The
sardine larvae were more abundant near the islands and
reef, possibly because there is more shelter, e.g., fish larvae
are known to aggregate around drift algae (Kingsford and
Choat 1985) and in semi-sheltered embayments near islands
in the eastern GAB. The observation that sardine larvae
were associated in both years with South Neptune Island at
the mouth of the Spencer Gulf is also consistent with
previous observations that larval fish aggregate in a tem-
perature front at the mouth of the Spencer Gulf (Bruce and
Short, 1990). We cannot distinguish between frontal effects
or island wake effects with our data set. The association of
high densities of larval sardines with the islands and reef
was an unanticipated result and suggests that the islands
and the hydrographic conditions that they create may play
an important role in larval survival.
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