ICES Journal of Marine Science (2011), 68(9), 1865—1874. doi:10.1093 /icesjms/fsr107

Epipelagic fish distributions in relation to thermal fronts
in a coastal upwelling system using high-resolution
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Coastal upwelling systems are characterized by substantial spatial and temporal variability with respect to surface conditions, with
fauna patchily distributed and high abundances in localized areas. Examining habitat associations on finer spatial scales than previous
studies have been able to achieve would advance the understanding of important marine coastal ecosystems. This study evaluates the
spatial and temporal relationships of single fish and fish schools with sea surface temperature (SST) fronts in the northern California
Current upwelling system, using lidar (light detection and ranging) from an aircraft to sample surface waters over the continental shelf.
High-resolution data were collected on the distribution of surface nekton and SST, then the locations of fish were analysed with
respect to their proximity to SST fronts using GIS spatial analyses. Both fish schools and solitary fish were located significantly
closer to fronts than would be expected by chance. The association of fish to fronts varied with the progression of the upwelling
season such that fish associated less with fronts under stronger upwelling conditions. The relationships observed indicate the impor-
tance of thermal features to fish as a habitat component in a variable upwelling environment and have implications for management

and conservation.
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Introduction

Identifying species distributions and their associations with
specific habitat features is necessary for conservation and wise
management. Recent studies in marine ecosystems, however,
have highlighted the complexities involved in such associations
within these heterogeneous environments (Etnoyer et al., 2004;
Ainley et al, 2009). Hence, considerable attention has been
directed at identifying marine biological hotspots and the bio-
physical relationships associated with these ecologically important
areas (Hughes et al., 2002; Piatt et al., 2006; Reese and Brodeur,
2006; Sydeman et al., 2006). Within terrestrial and coral reef
systems, biological hotspots have traditionally been defined in
terms of biodiversity (Myers, 1997; Hughes et al., 2002). In con-
trast, biological hotspots in pelagic systems are typically defined
as areas of high chlorophyll concentration (Valavanis et al.,
2004), areas where highly mobile species spend considerable
time foraging (Piatt et al., 2006; Polovina et al., 2006), or in
terms of community characteristics such as species richness, abun-
dance, and biomass (Reese and Brodeur, 2006).

Eastern boundary currents (California, Canary, Humboldt, and
Benguela) are some of the most biologically productive regions of
the world’s oceans as a consequence of the upwelling of
nutrient-rich waters there (Carr and Kearns, 2003). Despite the

small proportion of ocean surface upwelling areas cover (~0.1%
of the total ocean area), they support up to 50% of the global
fish catch (Lalli and Parsons, 1993). Fish catches are good in
these regions because of the high rates of production and
because large numbers of fish can be harvested in proximity to
the coast. Undoubtedly, such regions are of great ecological and
economic value, but they are at risk of environmental change
and overexploitation (Jackson et al., 2001; Myers and Worm,
2003; Planque et al., 2010).

Fish congregate in areas of sharp physical gradients, but the key
forcing mechanisms causing variability in the distribution of such
congregations are poorly understood. Recent tagging studies and
visual observations have provided insight into important habitat
features of highly mobile species (Schick et al., 2004; Etnoyer
et al., 2006; Doniol-Valcroze et al., 2007). Most of these studies
demonstrate that sea surface temperature (SST) fronts are impor-
tant habitat features that influence the distributions of pelagic
species. SST fronts have long been of interest to marine ecologists
because of the increased production typically associated with them.

Previous innovative studies employing remotely sensed data to
identify thermal features typically used averaged SST values over
some period (e.g. a week or a month) to determine the locations
of SST fronts (e.g. Belkin and Cornillon, 2003;
Hardman-Mountford and McGlade, 2003; Wang et al., 2007).
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The locations of SST fronts in areas characterized by pulsed,
upwelling events, however, tend to be ephemeral and change
over relatively short time-scales. The strength of the upwelling
event will also influence the distribution of food resources, such
that stronger upwelling and horizontal transport across the shelf
distributes and disperses prey (Chavez and Messié, 2009).
Therefore, a method of determining the fine-scale locations of
fish while obtaining synoptic coverage of SST in these areas
would be of great utility. Upwelling regions are often difficult to
map from ships because of their spatial extent and the dynamic
nature of the aggregations that do not allow ships to sample the
area of interest completely within a reasonable time.
Alternatively, airborne lidar (light detection and ranging) is effec-
tive at detecting fish and zooplankton in the ocean (Churnside
et al., 2001; Churnside and Thorne, 2005), with high correlations
between lidar and echosounder measurements (Churnside et al.,
2009). Aerial surveys and lidar imaging provide a good combi-
nation of sampling tools with which to describe and explain the
spatial distributions and habitat characteristics of marine life in
high-resolution spatial and temporal detail.

The primary goal of this study was to evaluate the spatial and
temporal relationships between both solitary fish and fish
schools and the physical environment using a GIS-based method
on synoptic measurements with improved spatial and temporal
resolution of observations. We then test the hypothesis that day-
light distributions of surface-dwelling fish are related to thermal
fronts within the coastal upwelling region by comparing the dis-
tances of both fish schools and solitary fish from SST fronts
with points selected randomly along the tracklines. Further, we
examine how this relationship changes as the upwelling season
progresses and productivity increases over the shelf, which may
make it less likely that fish will associate with fronts given the
increased availability of food resources away from the fronts.

Methods

The study was conducted along the coast of Oregon and
Washington in the northern California Current (Figure 1). The
shelf is relatively narrow, extending 14-64 km offshore, so
studies conducted there allow for sampling over the entire shelf
plus oceanic waters far off the shelf. The region encompasses the
Columbia River plume, the largest ocean plume of freshwater on
the west coast of North America, as well as offshore banks, many
submarine canyons, and persistent eddy features (Hickey and
Banas, 2003).

Upwelling

The physical oceanographic processes within the study region are
dominated by seasonal wind-driven upwelling, with considerable
horizontal structure with respect to SST. During summer, flow
along the coast is generally from the north, with meanders and
jets associated with topographic features (Barth et al, 2005).
Along the west coast of North America, equatorward wind
supplies frictional stress to the surface of the ocean, and along
with the earth’s rotation, results in surface waters moving away
from the coast. This displaced water is then replaced by deeper,
nutrient-rich, colder water that is upwelled to the surface from
depths of ~50-100 m. The upwelling season in the area typically
starts in May and ends in September/October. Seasonal upwelling
is highly variable along the coast of North America. The region is
characterized by pulsed upwelling events and, even during the
upwelling season, periods of downwelling. Daily upwelling

D. C. Reese et al.

indices at 45°N 125°W were obtained from the NOAA/NMFS
Pacific Fisheries Environmental Laboratory website (http://www
.pfeg.noaa.gov). For this study, we used the daily upwelling
indices to interpret the presence and abundance of SST fronts
within the study area.

Lidar survey data
Data were collected during three periods, 9—17 July 2003, 16—29
August 2005, and 25 May — 11 June 2006, in an attempt to
capture the seasonal progression of upwelling and related physical
and biological responses. Sampling was along the coast of northern
Oregon and southern Washington and included the Columbia
River plume (Figures 1 and 2). During each year, 6—9 flight
surveys were conducted during daylight; however, only flights
with adequate spatial coverage, fish, and SST data were used in
the analyses. Several flights were eliminated from the analyses
because of a lack of good spatial coverage or poor weather.
Aerial sampling was conducted with the NOAA fish lidar, which
is a non-scanning, profiling system that operates much like an echo-
sounder (Churnside et al., 2001; Carrera et al., 2006). The lidar
transmitted about 100 m]J of linearly polarized green (532 nm)
light in a 12-ns pulse at a rate of 30 pulses s~ . Instruments were
mounted on a twin-engine aircraft and pointed ~15° off nadir to
minimize the specular reflection from the sea surface. The flight

altitude was ~300m, and the airspeed was 60-90ms |,
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Figure 1. The study area, showing the flight-track coverage over all 3
years of the study.

20z Iudy €2 uo 1senB Aq 060999/5981/6/89/8[01HE/SWISa0l/W00"dNO oIS PESE/:SANY WOI) PEPEOIUMO(


http://www.pfeg.noaa.gov
http://www.pfeg.noaa.gov
http://www.pfeg.noaa.gov
http://www.pfeg.noaa.gov
http://www.pfeg.noaa.gov
http://www.pfeg.noaa.gov

Lidar-determined epipelagic fish distributions and thermal fronts in a coastal upwelling system 1867

N
48°0'N- A
km
[ —
areson] 01530 60 90
B Solitary Fish
arond © School
46°30°N-
46°0°N-
45°30°N-
45°0°N-
44°30°N-
44°0'N o
T L} T 1 T L]
126°30'W 125°30'W 124°30'W 123°30'W

Figure 2. Distribution of fish schools and solitary fish over the 3-year
observation period.

depending on the area to be covered in a single flight. The laser beam
diameter at the surface was 5 m, large enough for the power density
at the surface to be safe for humans (ANSI, 1993) and marine
mammals (Zorn et al., 2000). At the same time, it is small enough
for the background sunlight to be a small part of the overall
signal. The scattered light from the water column was collected by
a telescope with a field of view matched to the laser-beam diver-
gence. The light collected by the telescope was detected by a photo-
multiplier tube, logarithmically amplified to increase the dynamic
range, and digitized at a rate of 10° samples s~ '. A polarizer on
the telescope was used to detect only light linearly polarized in
the plane orthogonal to that of the transmitter to increase detect-
ability (Lewis et al., 1999). The resulting profile of scattering in
the water column had a depth resolution of 11 cm. The
maximum depth of these profiles varied with water clarity, from
~15 m near the shore to 45 m in the clearer waters off the shelf.
Schools and individual fish returns were identified manually in
the data. For schools, the start and the end of the school were ident-
ified, and the along-track length was calculated as the distance
between these points. The position was taken as that at the centre
of the school. Processing for individual fish was similar to that for
schools, except that no length was estimated. Depending on water
clarity, we estimated the smallest solitary fish size detectable by
the lidar to be some 30—50 cm long.

The SST was measured from the aircraft with a Heitronics KT
15.85 D pyrometer pointing straight down. The instrument

measures brightness temperature over a wavelength range of
8—14 pum, and the temperature was used without correction.

Front detection

A two-dimensional edge-detection algorithm (Cayula and
Cornillon, 1992) is used commonly as a front-detection tool for
satellite data (see Belkin et al., 2009). We used the algorithm by
applying it to our high-resolution aerial SST trackline data and
converting from a two-dimensional routine to a one-dimensional
routine to account for the linear nature of the flight path. All stat-
istical criteria and tests were implemented; only the cohesion test
was relaxed slightly to take into account the smaller sample sizes.
The one-dimensional version of the algorithm was tested on
windows of varying lengths, and a 24-point window was selected
as the preferred size. For a given window of data, the algorithm
was tested to evaluate where it would be most likely to detect
the presence of two distinct groups in terms of SST, as indicated
by the variances. When the variance test was successful (indicating
a bimodal distribution), we examined (i) the signal-to-noise ratio
to verify that it was sufficient, (ii) the size of the two subsets to
verify that they were sufficient, and (iii) whether there was suffi-
cient cohesion on both sides of the statistically determined front.
If successful based on the three criteria, the front was marked
and the window shifted over one point to start the analysis
again. The process continued until all points along the trackline
had been evaluated.

Trawl data

Night-time trawl sampling was conducted during July 2003
(Churnside et al, 2009) and daylight fish sampling during
August 2005 and June 2006, using a chartered fishing vessel. At
each trawl station, fish collections were made with a Nordic 264
rope trawl (Nor’Eastern Trawl Systems, Inc., Bainbridge Island,
WA) towed in the surface layer for 30 min at a speed of
6kmh! (see Brodeur et al, 2004, for additional sampling
detail). The net measured 30 m wide by 18 m deep, and its mesh
size was 162.6 cm in the throat and 8.9 cm in the codend, with a
6.1-m long, 0.8-cm mesh liner sewn into the codend. In 2005,
31 trawls were conducted in daylight, in 2006, 9 trawls in daylight,
and in 2003, 12 night-time trawls. Trawl data were used for
ground-truthing and to aid interpretation of the lidar data as a
means of determining the species of schooling fish present in the
water at the time of the aerial surveys.

Spatial data analyses

A front is commonly defined as a rapid change in SST over a
short distance as a result of the interface between two water
masses. Once SST fronts had been identified by the method
described above, the distances between the fish schools or soli-
tary fish locations and the nearest front were calculated. For
each day, an equal number of points along the flight path
was selected randomly using Hawth’s Analysis Tools for
ArcGIS  (www.spatialecology.com/htools). The distances to
SST fronts were then compared between random points along
the flight path and the observed fish school and solitary fish
locations (Figure 3).

To test the hypothesis that fish were closer to SST fronts
than would be expected from random locations along the
flight tracks, a one-sided standard t-test (a = 0.05) was used.
In some instances, equal variances were not assumed, because
of heteroscedasticity in the data that was not improved with
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Figure 3. Locations of fish schools relative to SST fronts compared with the locations selected randomly along the flight path on 16 August
2005 at two spatial scales: (a) larger scale, and (b) finer spatial scale. Note that the 200 m isobath represents the edge of the continental shelf

(shelf break).

log-transformation. In those cases, a f-test for unequal var-
iances (Ruxton, 2006) was used. In that test, the unequal var-
iance t-test still involves the calculation of a t-statistic, which is
then compared with the appropriate value in standard ¢-tables,
but the calculation of the degrees of freedom differs (Moser
and Stevens, 1992).

To test for seasonal differences in the association of SST fronts
based on the upwelling season an ANOVA followed by a Tukey hon-
estly significant difference post hoc multiple comparison test was
used. As it was not possible to conduct all flights during a year to
cover the entire upwelling season, it was assumed that the month
sampled was representative of the typical conditions experienced
in the region during that period. A one-sided Pearson’s correlation
was used to examine the relationship between daily mean fish dis-
tances to fronts and the daily upwelling index to test specifically
whether fish distances to fronts increased with increased upwelling,
as predicted. Data were log-transformed when necessary to meet the
normality and homoscedasticity assumptions of parametric tests.
To test for violation of independence in the data (spatial autocorre-
lation), Moran’s I was used to evaluate whether the pattern of dis-
tances to SST fronts was clustered, dispersed, or random (Fortin
et al., 2002). A Moran’s I value near +1.0 indicates clustering and
positive spatial autocorrelation, whereas a value near —1.0 indi-
cates dispersion. Values near zero indicate an absence of spatial
autocorrelation. The Moran’s I function calculates a z-score value
that indicates whether the spatial patterns (e.g. clustering or dis-
persion) could be the result of random chance or are statistically
significant.

Results

Catch statistics for trawl surveys

Pacific sardine (Sardinops sagax), followed by adult Pacific herring
(Clupea pallasii) and northern anchovy (Engraulis mordax), were
numerically the dominant species caught at night in 2003 (see
Churnside et al., 2009, for more catch detail). During both 2005
and 2006 surveys, adult northern anchovy (E. mordax) were
numerically the dominant fish species in surface trawls taken
during the aerial surveys, accounting for approximately half of
all the fish caught (Figure 4). Adult Pacific sardine (S. sagax)
were the second most abundant species caught during both
years. Adult Pacific herring (C. pallasii) were the third most abun-
dant species caught during August 2005, but were not abundant
during the June 2006 trawls (Figure 4). Conversely, subadult/
adult coho salmon were taken during June 2006 trawls in moderate
abundance, yet were not frequently encountered during the
August 2005 trawls (Figure 4). Each remaining species/age class
was much less abundant and individually accounted for <3% of
the total catch during each year.

Upwelling

During the July (early summer) 2003 aerial surveys, upwelling was
relaxed both immediately before and during the initial days of the
study (Figure 5a). Upwelling-favourable winds occurred briefly
during the study, but the magnitude of upwelling was moderate
and at the end of the study. Upwelling was strongest during
August (late summer) 2005, with relatively strong upwelling
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Figure 4. Fish species composition of nekton surface tows taken
during the aerial observations for (a) August 2005 and (b) June 2006.
Ad, adults; Jv, juveniles; Sb, subadults. See Churnside et al. (2009), for
trawl catches made during the July 2003 flights.

events immediately preceding the study period, followed by
a period of relaxation over the first few days of sampling
(Figure 5b). There was a brief but relatively strong, pulsed upwelling
event in the middle of the study period that was followed by a relax-
ation of upwelling-favourable wind towards the end of the surveys.
Upwelling was the weakest of any survey period during the May/
June (late spring) 2006 sampling period (Figure 5c¢). Upwelling
events were sporadic during the month before the 2006 surveys,
but there was a strong downwelling event at the onset of the
sampling and again in the middle of the sampling period, resulting
in fewer prominent SST fronts. Towards the end of the study period,
there was again a moderate upwelling event.

Fish distances to SST fronts
Many more fish schools were encountered than solitary fish during
the daylight aerial surveys (Table 1, Figure 2). A greater proportion
of schools (94.1%) than of solitary fish (68.4%) was found closer to
shore over the shelf, whereas solitary fish were encountered more
frequently beyond the shelf break (200 m isobath) than fish
schools. As a result, 31.6% of solitary fish were found offshore
beyond the shelf break, compared with only 5.9% of the fish schools.
Fish schools were consistently closer to SST fronts (mean +
s.e., 0.69 + 0.04 km) than would be expected from a random

distribution (0.97 + 0.08 km) over the 3 years of the study
(t1014 = —3.229, p < 0.001). The pattern was the same each year
despite the increased distance to fronts associated with the time
of year during the upwelling season (Figure 6). During 2003,
fish schools on average were approximately half the distance
to SST fronts compared with points selected randomly
(t76 = —1.918, p = 0.030; Figure 6). Fish schools were farthest
from SST fronts during the 2005 survey, but again were signifi-
cantly closer than random points (tg;; = —2.723, p = 0.004).
Fish schools were closest to SST fronts during the 2006 survey
(Figure 6) and were again significantly closer to SST fronts than
points chosen randomly (#3,9 = —3.131, p = 0.001).

The observed spatial distributions and associations with SST
fronts were similar for solitary fish (Figure 7). Overall, solitary
fish were significantly closer to SST fronts (0.61 + 0.09 km) than
an equal number of points selected randomly (1.02 + 0.20 km;
o= —1.876, p=0.031). However, only during 2006 (late
spring) were daylight observations of solitary fish statistically
closer to SST fronts than points selected randomly along the
flight path (tog = —2.405, p = 0.009; Figure 7).

Although spatial autocorrelation was not prevalent in the ana-
lyses, a moderate degree of spatial autocorrelation was found when
distances to SST fronts for all schools were combined for the
3 years of study (Moran’s I = 0.381, z-score = 2.278, p = 0.011)
and for distances to SST fronts for fish schools in 2005 (Moran’s
I=0.652, z-score = 2.876, p = 0.002). A lack of independence
in data can increase type I error such that some relationships
appear to be significant when they are not; however, we found
only a moderate degree of autocorrelation in just two analyses.
Given the high degree of significance obtained from the t-tests
for the fish schools in these two cases, we chose to maintain the
use of the parametric test despite the moderate degree of autocor-
relation, because the degree of autocorrelation was not likely to
affect the highly significant results of the #-test notably.
Nonetheless, results for those two analyses should be interpreted
with caution. No other significant spatial autocorrelation was
detected for schools or solitary fish.

Seasonal fish association with SST fronts

Fish school distance to SST fronts differed with respect to the time
during the upwelling season (ANOVA; F = 35.268, p < 0.001;
Figure 6). Post hoc tests indicated a significantly shorter distance
between fish schools and SST fronts for August 2005 (late
summer) than during either July 2003 (early summer, p=
0.029) or May/June 2006 (late spring, p < 0.001; Figure 6). The
pattern was not as dramatic for solitary fish, but a significant
difference in the distance to SST fronts was observed depending
on the time during the upwelling season (F = 10.114, p < 0.001;
Figure 7). Post hoc tests showed that for solitary fish, the shortest
distance to SST fronts was in late spring (May/June) of 2006,
when the fish were significantly closer to fronts than they were
in late summer (August) 2005 (p < 0.001), when the distances
were greatest.

If the time during the upwelling season, as related to the mag-
nitude of SST fronts, is responsible for the differences observed in
distances to SST fronts for both fish schools and solitary fish, then
it is predicted that the same patterns would be observed for
random points along the flight paths. For an equal number of
points selected randomly as fish schools, the pattern was the
same, with a significant difference with respect to distance to
SST fronts according to the time during the upwelling season
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Table 1. Number of suitable observation days and lidar-detected
fish in aerial surveys for each of the years of study.

Number of Number of Number of
Year (season) flights schools solitary fish
2003 (early summer) 3 39 16
2005 (late summer) 7 471 40
2006 (late spring) 3 183 50
Total 13 693 106
14-
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Figure 6. Mean ( =+ s.e.) distance (km) of fish schools and random

points along the flight paths to SST fronts for each year (season) of
study.
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Figure 7. Mean ( +s.e.) distance (km) of solitary fish and random
points along the flight paths to SST fronts for each year (season) of
study.

(F=11.874, p < 0.001; Figure 6). Post hoc tests showed signifi-
cantly shorter distances of points selected randomly to SST
fronts during May/June 2006 (late spring) than for August 2005
(late summer; p < 0.001). Although the overall pattern was the
same between random points and fish schools with increased

distance to fronts with the progression of the upwelling season,
there were no other statistically significant differences. Similarly,
for an equal number of points selected randomly as solitary fish,
the pattern was generally the same, with the shortest distances to
fronts during late spring (May/June 2006) and the greatest
distances during late summer (August 2005), with intermediate
distances during early summer (July 2003). However, no statisti-
cally significant difference was found (Figure 7).

We also examined the relationship between the daily upwelling
index and the mean daily distances to fronts for both fish schools
and solitary fish, to determine whether fish do not associate as
closely with stronger fronts. There was a positive correlation
between fish school distance to fronts and the upwelling index,
demonstrating that the distance of fish schools to SST fronts
increases with the magnitude of the upwelling index (one-sided
Pearson’s correlation coefficient 0.504, p = 0.040; Figure 8a).
Although the trend was similar for solitary fish, the result was
not statistically significant (correlation coefficient 0.460,
p = 0.066; Figure 8b).

Discussion

A novel technique was used for this work, employing aerial
sampling with lidar and other instrumentation to sample large
areas in the coastal upwelling environment of the Pacific
Northwest at high spatial and temporal resolution. The results
showed that the daylight distributions of schooling fish (most
likely northern anchovy and Pacific sardine) consistently
depended on SST fronts, yet the association was complex in that
it was related to the timing and magnitude of upwelling events.
A similar pattern was observed for solitary fish, but solitary fish
tended to be farther offshore and in general farther from fronts
than fish schools.

Fronts are biologically active areas in the ocean (Belkin, 2002;
Bakun, 2006). Phytoplankton and zooplankton accumulate in
frontal zones offering a localized area of concentrated food par-
ticles for feeding organisms (Bakun, 2006). The increased pro-
ductivity in those areas attracts a wide variety of fish, bird, and
mammal predators (Sims and Quayle, 1998; Hoefer, 2000;
Etnoyer et al., 2006; Doniol-Valcroze et al., 2007; Wang et al.,
2007; Ainley et al., 2009). In the Oregon coastal upwelling
region, cross-shelf zonation in the spatial distribution of zooplank-
ton is typically associated with SST (Reese et al, 2005).
Zooplankton concentrations are spatially patchy, with highest con-
centrations nearshore in cooler upwelled water (Reese et al., 2005).
In addition, there is typically cross-shelf variation in the sizes and
life stages of euphausiids, a primary food source for many fish
species, with higher densities and biomass of larvae and juveniles
nearshore, and of older, larger stages offshore (Gomez-Gutiérrez
et al., 2005).

Optimal foraging theory predicts that organisms should seek
out food items at locations where there is a higher probability of
finding prey, hence reducing the energy expended in searching
for prey. As predicted, schooling fish were consistently closer to
SST fronts and in greater concentration over the shelf
(<200 m), where zooplankton concentration is highest. The
results from the trawls made at the same time as the aerial
surveys demonstrated that schooling fish being observed with
the lidar were most likely northern anchovy and Pacific sardine.
In the region, both species feed on plankton (Miller and
Brodeur, 2007), which aggregate at fronts. Northern anchovy
feed primarily on phytoplankton and euphausiids, and Pacific
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sardine primarily on phytoplankton, copepods, and to a lesser
extent, euphausiids (Miller and Brodeur, 2007).

The same general pattern was observed for solitary fish. These
were encountered more frequently farther offshore than fish
schools and were overall quantitatively closer to SST fronts than
random points. Distances to fronts were not statistically different
among years for solitary fish, but they were for fish schools,
which were significantly closer only during late spring (May/
June 2006) than random points along the flight path. There are
three potential reasons for the lack of detection of significant
differences for solitary fish. The first is that there may have been
too few data on solitary fish (n = 106 solitary fish vs. 693 fish
schools) to determine a statistical difference. The second expla-
nation could be that solitary fish were farther offshore, beyond
the shelf break, where the magnitude of pulsed upwelling fronts
diminishes as the colder, upwelled water heats and becomes less
discernible from the warmer offshore water. The large, solitary
fish beyond the shelf break were most likely highly mobile albacore
(Thunnus alalunga), because there was an active fishery for that
species going on, particularly during the August period, that
could be seen from the aircraft (RDB, pers. obs.). We are less
certain of the species of solitary fish observed over the shelf.
Assuming them to be tuna, the lack of a spatial relationship with
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SST fronts is unsurprising. In the Gulf of Maine, Schick et al.
(2004) found an inconsistent relationship between visual aerial
surveys of bluefin tuna and satellite-derived SST fronts, suggesting
that some other environmental feature, such as prey density, was
important in predicting the distribution of the fish. The third
explanation could be that large solitary organisms (e.g. tuna,
sharks, or another large fish or mammal) utilize SST fronts but
do not spend extensive periods associated with them in the
region. As the productive, upwelled coastal water is transported
offshore and becomes less discernible from the surrounding
water, the patches of upwelled water likely become smaller, requir-
ing larger solitary fish to travel between patches more frequently
than fish schools located on the shelf, where productivity is
more ubiquitous. Laurs et al. (1984) and Reddy et al. (1995)
found the best catch rates for tuna near temperature fronts. It is
believed that tuna aggregate near fronts and use the areas as
feeding sites (Fiedler and Bernard, 1987). However, Laurs et al.
(1984) and Reddy et al. (1995) relied on fishery catch data, so
their relationships were based on where the fish were aggregating,
resulting in the best catches. Schick et al. (2004) used aerial visual
surveys coupled with satellite imagery, so had better spatial and
temporal resolution than the other studies. Moreover, just as in
this study, they recorded the fish locations wherever they were
encountered, not just where they were aggregating to feed. This
suggests that highly mobile tuna utilize temperature fronts, but
not for lengthy periods, possibly just to feed or thermoregulate.
A larger sample size of solitary fish identified utilizing the
methods of this study would likely yield more conclusive results,
however.

Coastal upwelling systems are well known for their high levels
of productivity and are some of the most important regions on
earth in terms of resource potential (Lalli and Parsons, 1993).
The coastal region along the west coast of the United States is
characterized by variable, pulsed, upwelling events throughout
the upwelling season. The pulsed nature of upwelling leads to
daily fluctuations in the distribution and abundance of SST
frontal structures, yet schooling fish species are consistently
found closer to them than would be expected by chance,
suggesting that schooling fish can detect the slight changes in
thermal gradients and select to associate with them.

A seasonal relationship was found for schooling and solitary
fish, as well as for random points along the flight path, in terms
of distance to SST fronts. All showed increasing distance to SST
fronts as the upwelling season progressed (late spring, early
summer, later summer; Figures 6—8). As the upwelling season pro-
gressed, upwelling events tended to be more frequent, with fewer
periods of relaxation (Figure 5). As upwelling frequency increased,
more nutrient-rich water was upwelled, resulting in greater
primary production over larger areas of the shelf. Moreover, stron-
ger upwelling and horizontal transport acts to distribute and dis-
perse prey (Chavez and Messié, 2009), so it is unsurprising that
fish schools, solitary fish, and even the points selected randomly
tended to be farther from SST fronts as the upwelling season pro-
gressed. Although our seasonal sampling was not conducted over
the course of a full year, we would expect the same results simply
based on seasonal progression in upwelling activity and the hori-
zontal transport of resources making food more ubiquitous
across the shelf. With more food resources available across the
shelf, and not just at fronts, fish could find food away from the
fronts. This would have the added benefit to fish of allowing
them to forage in locations where there were fewer predators if
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the predators (e.g. seabirds and mammals) concentrate at the pro-
minent fronts. The result of this would be that fish schools and
solitary fish associated more closely with SST fronts during the
periods of little upwelling. In such an instance, food resources
may be scarce, requiring the fish to associate more closely at
fronts where the food particles were concentrated.

Previous studies have shown the importance of thermal fronts
to fish distributions (Reddy et al., 1995; Sims and Quayle, 1998;
Wang et al., 2007). To assess the relationship between fish distri-
butions relative to environmental features, such as SST fronts,
fully, however, requires synoptic, high-resolution data. To date,
most fish studies have utilized ship-based acoustic data, collection
of which is limited by the speed that the ship can travel. In
addition, environmental data are typically obtained in situ by
sampling at stations spaced widely apart. Alternatively, some
studies used satellite SST data to determine the locations of
fronts (Fiedler and Bernard, 1987; Zainuddin et al., 2006; Wang
et al., 2007), but those data are not obtained at the same time as
information on the distributions of fish and often indicated the
presence of more permanent frontal features such as those associ-
ated with the shelf break or convergence zones. To examine more
ephemeral frontal features, which may be important habitat fea-
tures to many marine species, and to obtain actual distances to
thermal fronts, requires synoptic coverage of fish distributions
and SST data. In this study, we acquired nearly synoptic coverage
with the use of instruments mounted on an aircraft that sampled a
large area of ocean surface over a relatively short period while iden-
tifying the locations of fish schools and solitary fish and collecting
SST data.

To conclude, this study has confirmed that SST fronts in a
coastal upwelling system, although ephemeral in time and space,
provide an important habitat feature for schooling fish, in our
region most notably northern anchovy and Pacific sardine, and
to a lesser extent, solitary fish. To further understand the relation-
ship of solitary fish with SST fronts would require additional data
and sampling farther offshore. Alternatively, more solitary fish
tend to be observed over the shelf at night as a result of the dis-
banding of schools and the presence of species migrating vertically.
Nonetheless, lidar seems to be a cost-effective approach to exam-
ining the biophysical relationships between ecologically and com-
mercially important fish species and the environment, at high
spatial and temporal resolution (Gauldie et al., 1996).
Management and conservation efforts for marine fish species
could benefit by examining the locations and persistence of
thermal features in coastal waters. Such areas could be further eval-
uated as potential locations for marine protected areas (Game
et al., 2009).

As the era of decreasing fish stocks and rapidly changing
environmental conditions extends, identifying and monitoring
important environmental features and incorporating them into
management and conservation practices would lead to better-
informed decisions about coastal resources. Under favourable
environmental conditions, heavy fishing pressure may be sustain-
able, but when conditions change, such fishing pressure may
become unsustainable (Hofmann and Powell, 1998). Moreover,
the understanding and identification of environmental fluctu-
ations can be delayed easily by 1-5 years before it is realized
that a change has occurred, so management decisions that do
not consider environmental changes early can inadvertently
harm a resource (Hofmann and Powell, 1998). Hence, a more
complete and detailed understanding of the biophysical

relationships between marine species and their environment is
required. Environmental features, such as upwelling-induced
SST fronts, are important habitat components for ecologically
and economically important fish species in coastal upwelling
regions. Such features can be monitored easily by the use of remo-
tely sensed data coupled with readily available upwelling indices.
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