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Abstract

:

Intense, ephemeral foraging events within localized hot spots represent important trophic transfers to top predators in marine ecosystems, though the spatial extent and temporal overlap of predators and prey are difficult to observe using traditional methods. The southeastern Bering Sea has high marine productivity along the shelf break, especially near marine canyons. At a hot spot located near Bering Canyon, we observed three foraging events over a 12 day period in June 2005. These were located by aerial surveys, quantified by airborne lidar and visual counts, and characterized by ship-based acoustics and net catches. Because of the high density of seabirds, the events could be seen in images from space-based synthetic aperture radar. The events developed at the shelf slope, adjacent to passes between the Aleutian Islands, persisted for 1 to 8 days, then abruptly disappeared. Build-up and break down of the events occurred on 24 hr time scales, and diameters ranged from 10 to 20 km. These events comprised large concentrations of euphausiids, copepods, herring, other small pelagic fishes, humpback whales, Dall’s porpoise, short-tailed shearwaters, northern fulmars, and other pelagic seabirds. The lidar and acoustic remote sensing data demonstrated that prey densities inside the events were several times higher than those outside, indicating the importance of including events in forage fish surveys. This implies a need for either very intensive traditional surveys covering large expanses or for adaptive surveys guided by remote sensing. To our knowledge, this is the first time that an Alaskan hot spot was monitored with the combination of airborne and satellite remote sensing.
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1. Introduction


Marine ecosystems are generally patchy, with regions of low and high diversity and/or productivity, with the latter containing “sites of critical ecosystem linkages between trophic levels” [1] known as ecological “hot spots”. Foraging at these hot spots is often ephemeral and hot spots can occur at fixed locations, e.g., a shelf break or coral reef, or at temporary ocean features, e.g., an eddy or seasonal front [2,3,4,5,6]. The ecological importance of these hot spot features is evident from the occurrence of high numbers of predators, including some endangered species, high biodiversity, and high trophic exchange of energy, which can be orders of magnitude higher than in locations outside the hot spot in time or space [7]. In some locations, the persistence or predictability of prey availability is important in maintaining hot spots [6,8,9] and in others, hot spots are linked to primary productivity that probably leads to high prey density [10]. New methods have been developed and more will likely be required to find, track and monitor these key features in the ocean [2,4].



The sub-arctic Bering Sea is recognized as a region of extremes in seasonal productivity with regularly occurring hot spots [11,12,13,14,15]. Highly productive regions along the shelf break in the southern Bering Sea have been labeled the “green belt” [12]. Seven major canyons along this shelf break exhibit a strong influence on along-shelf and on-shelf transport [16,17,18,19]. The combination of strong tidal currents and steep bottom topography along the shelf edge, especially near the canyons, produces intense hot spots [5,6,20,21,22]. Of ten “meso-marine ecosystems”, mapped from British Columbia to Japan across the Gulf of Alaska and the Bering Sea over a multi-season and multi-year period, the region near Bering Canyon and Unimak Pass had the second highest chlorophyll concentrations, the highest mesoplankton densities, and the second highest seabird density [23].



Documentation of hot spot activity and processes in the Bering Sea greenbelt is limited because of difficulties in accessing remote locations and because of extremes in weather. Field study logistics and data collection are often limited by weather. New techniques with improved spatial and temporal coverage that can maximize data collection during optimal weather days or that can operate from a distant location will likely improve our ability to observe and document hot spots in remote, harsh environments such as the Bering Sea or over vast stretches of the open ocean.



In 2005, we studied a key hot spot near Bering Canyon using (1) space-borne SAR (Synthetic Aperture Radar), (2) airborne visual observations and lidar and (3) ship-based acoustics, visual species identifications, and net sampling. Here we describe the evolution and size of foraging events (Figure 1) that were detected by airborne remote sensing within this hot spot and we investigate environmental factors affecting their evolution.
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Figure 1. Photographs of foraging taken from the surface vessel and from the aircraft. In the left frame, the small dark objects on the surface are shearwaters, and there is a humpback whale diving in the center of the frame. See also the cover illustration on Issues 2–4, Volume 68, 2006 of Progress in Oceanography. In the right frame, the small light objects are seabirds, and seven humpback whales are visible. 
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2. Methods


This study was conducted in the southeastern Bering Sea along the northern coasts of Akutan and Akun Islands (Figure 2). Repeat lidar and visual surveys were flown at an altitude of 305 m on a twin-engine aircraft at airspeeds between 120 and 160 knots between 8 and 19 June, 2005. Surveys were flown within a 120 by 60 km rectangle including continental shelf and slope habitats. Aerial transects were flown onshore to offshore and back within ship survey areas and within foraging event regions at a spacing ranging from 550 to 750 m. Wide-area search transects were also conducted parallel to the shelf and shorelines bisecting the ship tracks at a wider spacing of 4 to 5 km. In total, we flew about 7,900 km over the 12 day sampling period with two weather days resulting in eight daytime and three nighttime aerial surveys.



The lidar system on the aircraft, described in detail by Churnside et al. [24], was a non-scanning, radiometric lidar with three major components: (1) the laser and beam-control optics, (2) the receiver telescope, associated optics, and detector, and (3) the data collection and display computer. The laser was linearly polarized and the beam diverged, using a lens in front of the laser, to meet eye-safety standards established for marine mammals [25]. The resulting spot diameter on the surface, and hence the sampling swath width, was 5 m. A polarizer in front of the telescope selected the cross-polarized component of the reflected light to maximize the contrast between larger particles, like fish and large plankton, and smaller light-scattering particles, like small plankton and suspended sediments [26,27]. An interference filter at the rear of the telescope was used to reduce the amount of background light reaching the detector. An aperture at the focus of the primary lens also limited background light by limiting the field of view of the telescope to match the divergence of the transmitted laser beam. The resulting light was incident on a photomultiplier tube, which converted the light into electrical current. The photomultiplier tube output was passed through a logarithmic amplifier to increase the dynamic range of the signal. A 50-Ω load resistor converted the current to voltage, which was digitized in the computer and stored, along with the time and position.
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Figure 2. Study area in SE Bering Sea. (a) Chart of southwestern Alaska, showing the Bering Sea and Pacific Ocean, separated by the Alaska Peninsula and Aleutian Islands. The light and dark blue regions show where the water depth is <200 m and >200 m, respectively, and the location of the detailed chart is shown by the yellow rectangle. (b) A detailed chart of the region around Akutan and Akun Islands, with the 200 m bottom contour (black line), all flight tracks (red lines), and the ship’s preselected systematic acoustic survey areas (blue lines), with the slope area on the left and shelf on the right. 
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Lidar data were inspected visually to identify fish schools [28,29,30,31] and plankton layers [32,33,34] using the characteristics of the returned signals observed in these studies. Background scattering levels and attenuation were estimated using the lidar returns in the vicinity of the schools, and a corrected backscattering strength was calculated. Corrected backscattering strength, position, time of observation, length, depth, and thickness of each school were recorded. The penetration depth of the lidar was also estimated by noting the depth at which the background scattering level was at the system noise level. A relative measure of each school size (relative index of abundance) was obtained by integrating the corrected backscattering strength over depth and along-track distance. In this way, the variation of fish density among schools was included. Since the lidar spot size was fixed at 5 m, the total lidar survey area for each transect was 5 m times the transect length.



Survey flights were also used to quantify the distribution of seabirds and marine mammals. Visual counts of seabirds and mammals followed protocols established during similar surveys [32], with time of observation related to GPS location data. To obtain a population estimate from these counts would require the effective visual detection strip width, which varies with target species and with ambient conditions [35]. A typical transect width for objects in the water is about 500 m from the aircraft at an altitude of 300 m [36], which corresponds to a view angle of 60° from nadir. No estimate of detection width was made here, and no estimates of total populations will be made.



From the aerial survey data, several density estimates were calculated. First, lidar was used to estimate the density of fish school number (schools km−1) for the slope and shelf areas by the number of schools within each area divided by the total length of the flight track within each area. To account for differences in school size and density, we estimated the relative abundance of fish as the integral of the scattering strength over the school along the flight track. Second, using lidar and visual counts of foraging animals, we mapped the density of fish relative abundance (km−1), mammals (number km−1), and birds (number km−1) over the entire survey region with a spatial resolution of 2 km by 2 km. These quantities, the number of birds, and the number of mammals for each spatial bin, were divided by the length of the flight track within that bin to get a relative density. Finally, we identified three rectangular boxes within the region of highest densities for a day by day analysis of fish, seabird and marine mammal densities. These densities were estimated for a box in the center of the hot spot (CEN), one just to the northeast (NE), and one just to the southwest (SW). A fourth box (NW), adjacent to the others, but outside of the region of highest concentrations, was also included in the analysis.



Systematic acoustic surveys were conducted in continental shelf (ocean depth < 100 m) and slope (depth 100–1,200 m) areas aboard the 38 m stern trawler, F/V Great Pacific (Figure 2). The slope area was surveyed 10–13 June 2005 and shelf area during 14–19 June 2005. Shelf transects were spaced 926 m (0.5 nmi) apart and slope transects were spaced 1.852 km (1.0 nmi) apart. Fish and macro-invertebrates were intermittently sampled using nets at locations where the reflected acoustic energy (i.e., backscatter) was high. A total of 375 km of acoustic data were collected within the two systematic survey areas. In addition, the ship surveyed another 130 km within the hot spot region identified from the aircraft on 13, 14, 16, and 17 June.



Acoustic data were collected using a 38-kHz splitbeam echosounder (Simrad EK60 echosounder with ES38-12 transducer, pulse duration 1.024 ms, ping rate 1 s−1). We installed the transducer on a towed body (YSI, Inc.) suspended 2.5 m below the water surface and towed it at approximately 3.1 m s−1. Accounting for transducer depth and saturation, acoustic data were usable from depths greater than 6 m below the water surface to 0.5 m above the bottom. The echosounder was calibrated before our survey with a 38.1 mm tungsten carbide sphere using procedures outlined in [37].



Echoview (v 4.90, Myriax Pty Ltd, 2010) was used to analyze the acoustic data to obtain volume backscatter (Sv, dB re: 1 m–1) and Area Backscatter Coefficient (ABC, m2 m−2) as an index of combined plankton and fish density. Files were inspected for bottom detection, vessel noise spikes, and electrical interference prior to processing. Data from a SeaBird SBE–19 Seacat Conductivity-Temperature-Depth (CTD) casts during the survey were used to estimate absorption coefficients [38] and sound speed [39]. Vessel noise (−115 dB, Sv at 1 m) was removed from all data sets using linear subtraction [40,41]. A minimum Sv threshold of −82 dB was selected based on the calculated noise level at our maximum analytic depth of depth of 75 m. Samples with Sv values less than either our estimated vessel noise or our Sv minimum threshold were assigned −999 dB (effectively equivalent to zero backscatter in the linear domain; Myriax Pty Ltd, 2010). Acoustic data were divided into 100 m horizontal bins and two vertical bins: 6–30 m and 30–75 m. An average acoustic backscatter (ABC) value was calculated for the systematic shelf and slope surveys, the hot spot survey, and for all data (systematic + hot spot) based on the 6–30 and 30–75 m vertical bins.



Target aggregations observed in acoustic echograms were sampled using a Cantrawl 400/580 midwater trawl (5.0 m2 alloy doors, 12 mm mesh codend liner, 15–18 m height, 55–60 m width). Trawl depth was monitored real-time using a netsonde on the headrope. Trawl duration lasted between 10 and 81 minutes, depending on target density observed with the acoustics. Upon net retrieval, the catch was identified to species, counted, and weighed. When catch volume was high, we subsampled by selecting a random portion of the trawl catch to count and weigh by species. The remainder of the catch was weighed, and the species composition of the whole catch extrapolated from the subsample. Weights were adjusted to obtain equivalent values for a standard 30-minute trawl duration.



Zooplankton and ichthyoplankton were sampled with a 0.25 m2 multiple opening/closing MultiNet®, MN (HydroBios) equipped with five 335 μm mesh net bags. Two flow meters, one located inside the net opening and one located outside, were used to monitor the volume of water filtered. The MN was fished in a double oblique manner; plankton was collected over five depth ranges on the up-cast. Upon retrieval, the five nets were rinsed, cod-ends were detached and samples concentrated in sieves of the appropriate mesh size. Subsamples of major zooplankton taxa were collected and immediately frozen at −20 °C for further analyses of energy density. The remainders of the concentrated samples were fixed in 5% formalin seawater solution and returned to the University of Alaska Fairbanks laboratory in Juneau for further processing.



At the Juneau laboratory, zooplankton samples were scanned for large organisms, such as jelly fish and cephalopods, which were removed, identified to the lowest feasible taxonomic level and counted. The remaining samples were split with a Folsom plankton splitter until a sample size of approximately 100 specimens of the most abundant taxonomic group was achieved. In this split, all individuals of the abundant taxonomic groups were identified to the lowest level and developmental stage feasible and counted. The larger sub-samples were scanned for the less abundant taxa, which were identified and counted. Zooplankton energy content was analyzed using a Parr 1425 semi-micro bomb calorimeter. Prior to sample analysis, energy equivalent (EE) values were generated from 10 benzoic acid pellets with certified energy content on each of the 2 bomb units.



To determine if foraging events could be detected by satellite remote sensing, standard-mode (swath width = 100 km; resolution = 30 m) SAR data from the RADARSAT-1 satellite were obtained from the Alaska SAR Facility at the University of Alaska, and processed using software available from the same source. SAR images of the ocean surface show variations in radar reflectivity primarily caused by changes in sea surface roughness [42,43,44]. These include ship wakes [45] and schools of tuna [46].



To compare the biological observations to physical factors, wind and tide data were regressed against aerial observation data. Hourly wind speed data (http://www.wunderground.com/) and six minute local tide height data (http://tidesandcurrents.noaa.gov/) measured at Unalaska, Alaska were used to develop wind variables and tide variables. Mean winds were estimated during the survey periods and for a six hour period immediately preceding survey periods. Wind mixing was estimated by calculating the cube of each wind speed measurement, a proxy used to represent energy needed for vertical mixing [47]; mean wind mixing was also estimated for the six hour period immediately before each survey periods. The final wind variables estimated were the mean north and east components during each survey period. Tide height was the tide level for the mid-point time of the flight. The time derivative of the six minute tide height data was used as a proxy for tidal flux. Seabird, marine mammal and fish school observations were related to each other and to wind and tide variables using the Pearson correlation coefficients (r) and significance levels (p) were estimated using a two-sided Student’s t test. Only correlations with p < 0.05 are reported as significant. The Bonferroni correction for multiple hypothesis tests reduces the threshold significance level by the number of hypotheses [48]. Results are reported with and without this correction.




3. Results


The aerially-mapped spatial distributions of fish, seabirds, and marine mammals indicate large concentrations during the day just outside of the bay between Akutan and Akun Islands (Figure 3). At night, the distribution of fish changed, with high numbers of fish and plankton rising to the surface waters beyond the shelf break; peak fish densities occurred during night surveys.
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Figure 3. Spatial distributions of (a) birds, (b) marine mammals, (c) daytime fish, and (d) nighttime fish from aerial surveys. In each case, the relative density in each 2 km by 2 km bin was plotted as a percent of the highest value according to the logarithmic color scale in (b). Bins with no detections are in gray. The four rectangular boxes are those used for the hot-spot analysis, and the black line denotes the 200 m depth contour. 
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The highest concentrations of fish near the surface were observed outside the preselected intensive-survey areas (Table 1, Figure 3). The table shows that the average density of schools detected by the lidar over the total region was four times as large as that in either the slope or shelf areas. The highest concentration during the day occurred at the shelf break, but to the northeast of the slope area. The highest concentration at night was located 14 km from the shelf break and was 8.6 times the highest daytime density. The total average acoustic energy was much closer to the values in the slope and shelf areas than were the lidar results, most likely because most of the acoustic survey effort was in those areas. The lidar and 6–30 m acoustic data both show shelf values that were slightly greater than the slope values, but the differences are within the uncertainties in the measurements. Acoustic signals within the hot spot were about five times the average of the total survey.
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Table 1. Average number of schools per km detected by the lidar and Area Backscatter Coefficient (ABC, m2 m−2) measured by the echosounder in two depth bins for the total region surveyed, the slope area, and the shelf area as in Figure 2. Also presented are acoustic data collected in the hot spot on June 13 (year day 165.0).
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Lidar (schools km−1)

	
Acoustics (ABC 6–30 m)

	
Acoustics (ABC 30–75 m)




	
Total

	
0.105 ± 0.004

	
(1.13 ± 0.17) × 10−5

	
(9.63 ± 1.42) × 10−6




	
Slope

	
0.023 ± 0.005

	
(9.86 ± 0.55) × 10−6

	
(7.02 ± 0.23) × 10−6




	
Shelf

	
0.024 ± 0.004

	
(1.23 ± 0.29) × 10−5

	
(1.16 ± 0.25) × 10−5




	
Hot spot

	
—

	
(5.80 ± 2.36) × 10−5

	
(4.67 ± 2.26) × 10−5









The spatial and temporal evolution of foraging events, defined by high densities of seabirds, marine mammals, and associated fish schools, was recorded (Supplemental Material, Table S1) for the boxes denoted in Figure 3. An example of lidar data from 13 June 2005 (Figure 4) shows high densities of seabirds at and above the surface. Also in Figure 4 is a school of fish that extends from a depth of about 25 m to the limit of the lidar detection range at 50 m. Based on the acoustic data (Figure 5) and on associated net sampling, it is likely that these were either walleye pollock (Theragra chalcogramma) or Pacific herring (Clupea pallasii), which have frequently been observed feeding on euphausiids in the region (GLH, personal observations). Not visible on this scale in Figure 4 is a zooplankton layer that generally extended from the surface down to a depth of about 2 m. Because we could not reliably discriminate between this layer and seabirds at the surface from the lidar data, we were not able to investigate the spatial and temporal distribution of this zooplankton layer.



During daylight, the central box, just north of Akutan Bay, had the highest consistent densities of fishes, seabirds, and marine mammals. Although there was only limited overlap between ship surveys and aerial surveys within the hot-spot region shown in Figure 3, average acoustic backscatter values representing fish and plankton biomass were highest in the same region (the central box, between Akutan and Akun Islands, in Figure 3) that also had the consistently highest values for fish determined from lidar. Temporal comparisons of acoustics and lidar were unfortunately not possible because of the limited number of overlapping ship surveys.
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Figure 4. Gray-scale plot of lidar return as a function of depth and distance along the flight track for a 2,000 m segment of data during the large foraging event on 13 June. 
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Figure 5. Acoustic echogram (daytime) of hot spot in the central box of Figure 3, with the surface (surface to 6 m depth) and bottom (0.5 m from the bottom and below) shown in black. Biological backscatter, from fish and plankton, are scaled from grey (low biomass) to brown (high biomass). Based on aggregation structure and the acoustic frequency used (38 kHz), the layer located between 6 and 50 m is likely dominated by plankton and the discrete aggregations within and below the layer are likely fish or euphausiids. 






Figure 5. Acoustic echogram (daytime) of hot spot in the central box of Figure 3, with the surface (surface to 6 m depth) and bottom (0.5 m from the bottom and below) shown in black. Biological backscatter, from fish and plankton, are scaled from grey (low biomass) to brown (high biomass). Based on aggregation structure and the acoustic frequency used (38 kHz), the layer located between 6 and 50 m is likely dominated by plankton and the discrete aggregations within and below the layer are likely fish or euphausiids.



[image: Remotesensing 03 00621 g005]





The temporal evolution of the foraging events (Figure 6) began with the observation of a high number of marine mammals in the central box on the afternoon of 9 June (local time; decimal year day 160.9 UTC). Two days later, on 11 June (year day 163.0), there were fewer marine mammals in the central box, but thousands of seabirds. The extent of the seabirds, used as a proxy value for the spatial extent of the event, was initially 10 km. On 13 June (year day 165.1), high numbers of fish schools, seabirds, and marine mammals were all present with even more activity on the next day (14 June, year day 165.9). On that same day, a second foraging event appeared to the southwest containing high numbers of fish schools and associated marine mammals. By 17 June (year day 169.0), both foraging events were diminished and by the next day, the second one had disappeared. During the last survey day, 19 June (year day 170.8), a third event emerged along with the one originally observed. In these events, 97% of the birds were identified as dark shearwaters, most of which were probably short-tailed shearwaters (Puffinus tenuirostris). Of the marine mammals identified, 79% were humpback whales (Megaptera novaeangliae). A list of numbers by species is included in Supplemental Table S3 in the Supplemental Material. Pacific herring were the eighth most common species caught by midwater trawl in the overall study, but were not captured in any of the hot spot trawls shown in Table S2. Within the depth sampled by lidar (<50 m), the most common species caught in the hot spot trawls were walleye pollock (51% by weight), pink salmon (Onchorhynchus gorbuscha) (14%) and jellyfish (Scyphozoa) (6%). One forage event was sampled using the aircraft to direct the tow (haul 7); walleye Pollock (39%) and chum salmon (Onchorhynchus keta) (60%) were the most common species caught. One school, most likely Pacific herring, was observed with the acoustic system mounted on the net diving below the net and thus avoiding capture.
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Figure 6. Fraction of the total estimated number of seabirds (blue), marine mammals (green), and fish (red) observed in the Southwest (SW), Central (CEN), Northeast (NE), and Northwest (NW) boxes of Figure 3 during each daytime flight plotted as a function of the time of the flight in decimal year day (UTC). 
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As Figure 6 suggests, there was a high degree of spatial correlation between daytime observations of fish and birds (r = 0.997; p = 0.003), fish and mammals (r = 0.996; p = 0.004), and birds and mammals (r = 0.989; p = 0.011) averaged over the four boxes. These correlations are still significant if we apply the Bonferroni correction, which requires that p < 0.017. If we add the temporal element by breaking out the data by box and flight, the resulting correlations are not significant at the 5% level. This is also evident in Figure 6, which shows that the greatest numbers of birds, marine mammals, and fish were observed on different days. Combining the data from all four boxes and looking at only temporal correlations, we found that the only significant correlation (r = 0.72; p = 0.046) was between fish and birds densities. This result is not significant when the correction is applied.



The only significant correlation (at the 5% level) between the aerial observations and the environmental parameters was between the fish density and the easterly component of the mean wind (r = 0.74; p = 0.037). This correlation was largely the result of a shift in the wind from westerly to easterly on June 13, just before the large concentrations of fish were observed on 14 and 15 June. Because of the large number of environmental variables, this investigation involved ten hypotheses. With the Bonferroni correction, p < 0.005 would be required, and this result would not pass the more stringent test.



Generally, it was difficult to identify the source of lidar returns from very close to the surface, since specular reflections from the surface and scattering from bubbles near the surface cannot be excluded, even with a polarization filter that transmits less than 0.1% of the copolarized light from these sources. However, we frequently observed a two meter thick layer at the surface that would move deeper into the water column when there were birds on the surface (Figure 7). Our hypothesis is that these were large zooplankton diving to avoid predation by birds at the surface. This hypothesis is supported by visual observations of birds regurgitating euphausiids as the ship approached. Also, the presence of these layers on a given flight was significantly correlated with average winds of less than 3 m s−1 (r = 0.37, p = 0.018). In light winds, there are few wave slopes at the 15° incidence angle of the lidar and few breaking waves to produce near-surface bubbles. The turbulence near the surface would also be lower, which would allow plankton layers to form and to persist.
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Figure 7. Gray-scale plot of lidar return as a function of depth and distance along the flight track for a 1,200 m segment of data during the large foraging event on 9 June. Contrast has been increased to increase visibility, resulting in saturation of the return from birds at the surface (red). 
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The size of the foraging event on 11 June was large enough to be observed from space and foraging events occurred on the edge of a front detected by satellites. On 11 June, peak seabird density occurred in the central box (Figure 3) and affected surface roughness on a scale consistent with that observed in a SAR image (Figure 8). The bright regions in the SAR return are between 100 m and 1 km in extent, consistent with the length of the region of greatest activity in Figure 3 and Figure 6. At this point, it is not clear if flocks of seabirds produce a characteristic SAR signature that can be reliably identified in the presence of other sources of enhanced scattering.
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Figure 8. SAR image of Akutan Island and the hot spot region to the north taken on June 11. Image is 61 km left to right and 41 km top to bottom. Circles showing most intense backscatter are 2 km in diameter. (© CSA 2005). 
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4. Discussion and Conclusions


To our knowledge, this is the first time the evolution and temporal variability of a large foraging event at a known Bering Sea hot spot has been documented using airborne remote sensing and surface-vessel measurements. Observations and measurements of the biological activity consisting of zooplankton, fish, seabirds, and marine mammals were accomplished using aerial surveys including lidar; these measurements revealed distributions patterns of birds and prey and their interactions in three dimensions. It is also the first time that a documented foraging event was recognized in satellite imagery, although physical locations of hot spots have frequently been documented using space-borne sensors [4,49].



The species composition of seabirds and marine mammals that we observed is similar to what has been reported by others. The domination of foraging events by short-tailed shearwaters at the eastern end of the Aleutian Chain has been reported in the past [20,22,50], as has the common occurrence of northern fulmar there [20,23]. Humpback whales have also been recorded in the region [15,51], and there is much anecdotal information associating whales with seabirds.



While the largest numbers of zooplankton were copepods, the larger euphausiids had greater total energy content. On the shelf, 430 copepods m−3 were counted, but only 55 euphausiids m−3. However, these euphausiids contained 12 kJ m−3 and the copepods only 7 kJ m−3. In the southeastern Bering Sea and eastern Aleutian Islands, euphausiids are a major food source for shearwaters [13,22,50,52] and humpback whales [53]. The relative contribution of copepods and euphausiids to the lidar return is not known, and more work on relative scattering cross sections of these two groups is needed. The combination of steep slope, large tidal fluxes, mixing of nutrient-laden Pacific and Bering Sea waters, and considerable water mass exchange in Aleutian passes is known to create a biological hot spot in the region of our observations [20,21,22,23,54].



At the beginning of our observations, on 9 June, winds were light, and there was a wide-spread surface layer of euphausiids. Fish, whales, and birds were associated with this surface layer of euphausiids, although the highest concentrations of fish, whales and seabirds were at different locations, and only whales were present at high densities. On 12 June, the wind increased and shifted to the east. Over the next few days, there was a large increase in activity, with fish, whales, and birds all observed in the same regions. We hypothesize that the easterly winds would have the effect of creating an offshore flow at the surface due to Ekman transport, and an on-shelf flow of water at depth. These flows could have brought higher numbers of euphausiids onto the shelf where we observed the greatest biological activity. Renner et al. [55] have suggested a North Pacific source for the euphausiids. Along the north side of the Aleutian Islands is the Aleutian North Slope Current that transports water, originating in the Gulf of Alaska, from the major passes to the west. Near the study region, it turns sharply to the northwest to become the Bering Slope Current that runs along the edge of the eastern Bering Sea shelf. Renner et al. hypothesize that the euphausiids originate along the slope and shelf of the western Gulf of Alaska, and that they are carried first westward and then northward through the deep passes in the central Aleutian Islands (especially Amukta Pass), and thence into the Aleutian North Slope Current.



The foraging event documented in this study appeared to start within the central box of the hot spot (Figure 6) which exhibited the most consistently high numbers of fish schools, seabirds, and marine mammals, as well as high densities of zooplankton. Based on these observations, we suggest that the central box represents the core region for initialization of foraging events within the hot spot, probably due to peak prey densities, and these events spread and drifted to the northeast over the course of a few days until the event was over. Spreading and shifting could occur because of prey movement, depletion from grazing within the core region, or advection in the Aleutian North Slope Current [56]. This suggests that the ephemeral foraging events could be driven, in part, by pulses of prey brought into the region by a combination of transport in the Bering Slope Current and upwelling and on-shelf transport resulting from episodes of east winds.
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