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Abstract

:

The spatial and temporal distribution of euphausiid krill Euphausia pacifica (Crustacea: Malacostraca) and of fish schools were observed along acoustic transects at the southwestern East Sea coastline of Korea. Two-frequency (38- and 120-kHz) acoustic backscatter data were examined from April to July 2010. A decibel identification window (SV 120–38) and school detection algorithm identified Euphausia pacifica and fish schools in the acoustic backscatter, respectively. The E. pacifica was regularly observed in middle of southern waters, where phytoplankton was abundant during spring, and irregularly during summer, when phytoplankton was homogeneously distributed. Using the distorted-wave Born approximation model, the acoustic density we calculated of E. pacifica was higher in spring (April: 75.9 mg m−2, May: 85.3 mg m−2) than in summer (June: 71.4 mg m−2, July: 54.1 mg m−2). The fish schools observed by the acoustic data tended to significantly increase from spring to summer. Although major fish species, such as anchovies and herring, fed on copepods and euphausiids in the survey area, the temporal and spatial distribution of E. pacifica was weakly correlated with the distribution of the fish schools. These findings aid in our understanding of the temporal and spatial distribution dynamics of euphausiids and fish schools in the food web of the coastal southwestern East Sea.
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1. Introduction


The East Sea is a semi-enclosed deep marginal sea in the northwestern Pacific with seasonal varying water conditions such as deep water circulation, a polar front, upwelling, and eddies due to the warm and saline equatorial waters of the Tsushima Current and cold coastal water of the North Korean Cold Current [1]. Frequent coastal upwelling and eddies caused by the well-defined oceanographic processes were also observed in the coast of the East Sea [2]. The southwestern region is one of the most productive regions in the East Sea, with extensive phytoplankton blooms consistently detected during spring and summer via satellite-based ocean color sensors [3]. The region supports high primary and secondary production, making it an important nursery ground for many invertebrates and fish stocks [4]. In addition, more than 50% of the total fishery production of korea was caught in the upwelling area, which only occupies 0.1% of the ocean [5]. The seasonal variation of the marine environment directly affects the distribution of all marine organisms, such as zooplankton and fish. Therefore, it is important to understand pelagic food web dynamics in this region.



The euphausiid E. pacifica Hansen, the North pacific krill, links the primary producers to higher predators in short and efficient food chains in the northwestern Pacific Ocean, including the East Sea [6]. This energy transfer from primary producers to top predators is strongly linked to the nutrient availability and physical properties of the water masses underlying the food web. Zooplankton, such as euphausiid krill and copepods, are highly abundant mid-trophic level organisms in the region and cause significant grazing pressure, which can be linked to heightened phytoplankton productivity. To understand the role of E. pacifica, it is important to determine the overall density, spatial and temporal distribution variability, and how the populations are controlled by environmental conditions. While the concept of a simple zooplankton-dominated food web may hold true for limited spatial and temporal scales, it is clear that fish distribution is regionally and seasonally important [7]. Fish provide a major alternative trophic pathway for a zooplankton-based system and are key members of mesopelagic communities. The various water conditions formed in the East Sea provide abundant food during the transportation and growth of migratory species, such as mackerels, horse mackerels, and sauries in the East China Sea to the East Sea [8]. In turn, they could play a significant role in the pelagic energy budget in the East Sea.



Acoustic systems, which have been ubiquitously utilized in surveillance, are considered the best tool for rapid high-resolution detection of zooplankton and fish [9,10,11]. Recently, various types of acoustic surveys have expanding worldwide. Long-term monitoring often uses acoustic systems such as ADCP (Acoustic Doppler Current Profiler) and WBAT (Wideband Acoustic Transceiver), or acquire data in wide waters at low cost using unmanned aerial vehicles such as underwater gliders and AUVs (Autonomous Underwater Vehicles) [12,13,14,15]. Acoustic surveys using research vessels serve to determine the temporal and spatial distribution of zooplankton and fish abundance at the same time [16,17]. Target identification methods and fish school detection modules using multi-frequency echo-sounders are often used to identify the zooplankton and fish in ecology studies as well as their spatial and temporal distribution and abundance variation. In our study, an 77 acoustic method was used to identify the relationship between zooplankton and fish in 78 the coastal southwestern East Sea.



To determine the spatial–temporal distribution and overlap between E. pacifica and fish schools in relation to seasonal variations in the environmental conditions in the coastal southwestern East Sea, an acoustic survey was conducted using a multi-frequency acoustic system from spring to summer of 2010.




2. Materials and Methods


Oceanographic, biological, and acoustic data were collected at 12 stations in the coastal southwestern East Sea from April to July, 2010, on the R/V Tamgu 13 (Figure 1). Each month, four transects were completed during the daytime of 2 days in April, May, and June and 1 day and night in July (Table 1).



Hydrographic variables were measured at stations along each transect using a calibrated conductivity-temperature-depth (CTD) system (Ocean Seven 305 Plus, Idronaut S.R.L, Italy). The distributions of Chl a (a proxy for phytoplankton biomass) were estimated based on satellite data collected, including the duration of each cruise. The Chl a was estimated from an 8-day composite of Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua Level 3 data (4-km resolution), which was obtained from the Goddard Space Flight Center [18].



Net hauls were conducted along each station with a RN80 (mouth diameter of 0.8 m, 500-μm mesh). Oblique tows from near the bottom to the surface were performed, with an average towing speed of 3 knots (range: 2–4 knots). Each net was equipped with a flowmeter to estimate the filtered water volume. The zooplankton samples for identification were immediately fixed and preserved in 4–5% buffered formalin. In the laboratory, their lengths were measured from the front of the eye to the tip of the telson [19]. The length−frequency distributions were estimated based on all collected samples. The net hauls were targeted to parameterize the acoustic model used to estimate the density, using the length−frequency distribution of E. pacifica.



Volume backscattering data (SV, dB re 1 m−1) were collected using a Simrad EK60 scientific echosounder system configured with 38- and 120-kHz split-beam transducers, which were calibrated by following standard procedures (Table 2) [20]. The ping rate varied from 1.0 s, with a pulse length of 0.512 ms. The nominal vessel speed for data collection on each transect was approximately 6 knots to ensure data quality.



The acoustic data were processed using the Myriax Echoview software (V. 8.0). Volume backscattering strength data were collected along the transect periods between stations. Non-biological signals, such as surface bubbles, bottom, and false bottom echoes, were identified and excluded. The background noise was removed using the time-varied gain threshold function. The ping by ping data were resampled to 1 m (vertical) by 185.2 m (0.1 n∙mi, horizontal) and imported into a Matlab program for further processing. The SV at 120 kHz (SV 120 kHz) above −90 dB was selected to demonstrate the vertical and spatial distribution of the acoustic scatterer, while the SV 120 kHz from small zooplankton, such as copepods, was removed. The SV 120 kHz above the −90 dB integration threshold in 1 m by 1 m bins were assigned to E. pacifica using a two-frequency (SV 120–38 kHz) variable dB window identification technique [21], integrated from 3 m below the transducer (5 m below the surface) to 2–200 m above the seabed, along each transect within the SV 120–38 kHz ranges. This resulted in a Nautical Area Scattering Coefficient (NASC, m2 nmi−2), and was converted to E. pacifica density using the validated physics-based target strength (TS) model called the distorted-wave Born approximation (DWBA). The DWBA was parameterized using the literature values of the sound contrast density and speed for E. pacifica in the southwestern East Sea [22]. The orientation distribution was N [30.4°, 19.9°] [23].



The E. pacifica length−frequency probability density functions (PDFs) were used to derive the weighted mean backscattering cross-sectional area (σ, m2 E. pacifica−1) on a per animal basis.


σ = 4π × 10TS/10











These were also used to calculate weighted mean wet masses per animal (W; g E. pacifica −1) using the mass-to-length relationship calculation [24].


W = 1.184 × TL0.179











Acoustic density (b, g wet mass m−2) was calculated by multiplying the 120 kHz NASC attributed to E. pacifica by the weighted mean mass W divided by the weighted σ [25].


b = NASC × ∑fi × W (TLi)/∑fi × σ (TLi) (g wet mass E. pacifica−1)











A school detection algorithm was applied to the corrected single ping noise 38 kHz echogram data eliminated using the Myriax Echoview “School detection module,” which employed a SHAPES (Shoal Analysis and Patch Estimation System) algorithm [26]. With a maximum ping interval of 1.0 s and a survey speed of 6 knots, the minimum horizontal resolution was approximately 3 m. The minimum total school length was set to 6 m, which was double the minimum horizontal resolution. The transmitted pulse duration was 0.512 ms, resulting in an approximate pulse length of 0.75 m, and a minimum vertical distance between two resolved targets of 37.5 cm. The minimum total school height was set to 1 m, which was more than double the minimum level of resolution. Therefore, the minimum school candidate length and height were set to 3 m and 1 m, respectively. The minimum volume backscattering strength of one fish per m3 of water was greater than that of E. pacifica (~−50 dB for a fish with a 3.5-mm swim bladder) [27]. Thus, fish schools were identified and corrected with a threshold level of −50 dB. Physical and acoustic descriptors of the detected schools, such as school length, corrected thickness, depth, NASC, and GPS, were exported from the 38 kHz data.




3. Results


Twelve stations were undertaken during the four cruises (Table 1). The vertical structure of water temperature and salinity represent the seasonal variations along the coastal southwestern East Sea from April to July 2010 (Figure 2). The surface temperature gradually increased from April to July, which ranged from 10.0 to 21.7 °C. In April, the water temperature from the surface to 200 m or 2 m above the seabed ranged from 1.5 to 14.1 °C, and water salinity ranged from 33.8 to 34.4 psu. The vertical structure of the water column can be used to identify the location of mesoscale eddies in the ocean [28]. The offshore near St. 3 and St. 9 were composed of a thick lens of warm water, which displaced the main thermocline downward. The temperature in May was higher than that in April, and a small eddy was confirmed near St. 3 and St. 4, similar to that in April. In June and July, water temperatures > 20 °C and salinity of 33.9–34.5 psu characterized the central part of the surface layer, owing to the high temperature and increased solar radiation.



The 8-day Chl a distribution from the MODIS data from April to July 2010 were averaged (Figure 3). The biggest phytoplankton biomass was detected during April. After April, the primary productivity rapidly decreased in the offshore region, and was relatively slow in the coastal regions during summer. In May, the Chl a was detected near the southern acoustic transect of the survey area. The bloom rapidly declined between May and July. In summer, the Chl a concentration was low in the East Sea because of the strong stratification in the upper mixed layer (<10–20 m) [29].



The acoustic data at 120 kHz were obtained along the seasonal transects, with the scattering layer in the coastal southwestern East Sea (Figure 4). The scattering layer with SV values between −90 and −50 dB was observed mainly at depths between 20 and 200 m along each transect. In terms of the temporal and spatial distribution, zooplankton and fish schools in the survey area fluctuated with seasonal variation and were affected by changes in depth. In April and May, a strong scattering layer with SV values between −72 and −54 dB was distributed near the middle layer and formed an almost constant horizontal layer. In June and July, fish school signals were frequently detected at −62.1 to −39.5 dB. However, a relatively weak scattering layer of <−65 dB was identified from mesozooplankton, compared to that in the spring season.



To visualize the overlap of E. pacifica and fish schools in space, the combined densities of E. pacifica (mg m−2) and fish schools (m2 nmi−2) were plotted over the 4 survey months (Figure 5). In April and May, the high density of E. pacifica was confirmed near the south-central region of the survey area. On the contrary, the distribution was irregular in June and July. The euphausiid Euphaisia pacifica can feed on a diverse array of food types, such as diatom [30,31], small copepod [32,33], and anchovy larvae [34]. During spring, E. pacifica was found to be concentrated in the south-central region of the survey area, which had heavily distributed Chl a, according to the satellite-based data (Figure 3). On the contrary, during summer, when Chl a is low, the krill seems to spread across based on the food activities in the survey area. The relative distribution of fish schools varied every month, but tended to significantly increase from spring to summer.



The acoustic density of E. pacifica was estimated using a dual frequency identification window. The E. pacifica adult length−frequency distribution (Figure 6) was used to calculate the dB windows used in the identification process for the acoustic data. The E. pacifica was predominant for 4 months, and the total length ranged from 11 to 24 mm with a mean of 17.2 mm (SD = 1.7 mm). From April to July, the length distribution was 16.5 mm, 17.9 mm, 17.8 mm, and 19.3 mm, respectively. The resultant SV 120–38 kHz and dB identification window used to identify E. pacifica was 13.0–19.1 dB, for calculations using the minimum and maximum lengths of E. pacifica. The estimated mean and median of the E. pacifica density using 120 kHz TS from the monthly length−frequency functions for each survey are presented in Table 3. In May, the highest weighted mean density of 85.33 mg−2 was calculated. April and June had similar weighted mean densities of 75.92 and 71.44 mg−2, respectively, while July had a weighted mean acoustic density of only 54.10 mg−2.



A total of 409 fish schools were identified in SV 38 kHz: 88 in April, 66 in May, 139 in June, and 116 in July (Figure 7). In April, the fish schools were located in narrow regions with a similar depth (mean of 61.3 m) and a low mean acoustic backscatter (467.8 m2 nmi−2). In May, the fish schools were located in broader and shallower regions (mean of 58.1 m) than in April, and coexisted with small and large acoustic backscatters (1423.5 m2 nmi−2). The fish schools in June were deeper (mean of 66.0 m) than those in May. In July, the greatest number of schools were observed, with the highest mean acoustic backscatter (1774.9 m2 nmi−2); a greater proportion of the schools were deeper, as reflected by the greater median depth (76.3 m), than in the other months. The dimensions of the fish schools were not significantly different between seasons; the mean school length was 92.4 m, 23.8 m, 44.1 m, and 35.1 m from April to June, while the thickness was 8.8 m, 6.4 m, 9.5 m, and 9.4 m, respectively. In April and May, the fish schools were distributed at relatively low latitudes, whereas after June, the fish schools tended to move to higher latitudes. From April to June, fish schools were relatively distributed in the offshore region; however, they were widely distributed in the inshore region in July.




4. Discussion


Acoustic surveys are commonly used to map and assess the biomass of a variety of fish schools and zooplankton [35]. Net estimates are typically lower and frequently unrelated to acoustic estimates of density, and suffer from avoidance issues, differing catchability, distribution heterogeneity, and low sampling volume. The accuracy of an E. pacifica density estimate is closely proportional to the accuracy of the TS when using acoustic scattering models. Only a small number of mesozooplankton, including E. pacifica, were collected due to avoidance; thus, the analysis was conducted only on the acoustic density of E. pacifica using the length distribution. It is considered that additional studies should be performed based on accurate sampling methods. The application of the DWBA requires information on the orientation distribution and acoustic properties (the density contrast, g, and the speed of sound contrast, h) of E. pacifica. However, based on previous studies conducted on the same species and survey area, the orientation distribution and acoustic properties of E. pacifica have no significant effect on the results of a study [22,23].



Areas with high E. pacifica density were observed in the coastal southwestern East Sea, and these did not overlap with areas of high fish school density. There was a weak correlation between E. pacifica and fish distribution. Stronger acoustic levels and larger fish school sizes were detected in summer than in spring. Due to their small mouths and poor ability to swim, small fish and larvae fed on zooplankton, such as Copepoda and Amphipoda, near their habitat [36]. In contrast, medium- and large-sized fish ate the E. pacifica and other small fish [37]. It was difficult to analyze the exact correlation based on the current results because there was no exact fish length distribution.



Although we can understand the distribution of fish schools by acoustic backscatter, there were limitations in identifying fish species. The monthly catch from April to July for the entire southeast East Sea was >2.5 times larger than that in other months (Korean value information services; http://kosis.kr accessed on 5 September 2021). The major species caught were anchovies, herrings, and mullets. Anchovies were caught with a high distribution of 52.6% of the total catch in the East Sea. The larval anchovy Engraulis japonicus Temminck & schlegel, 1846 on the coast of Korea fed primarily on copepods and tintinnids [38], while adult anchovies fed on E. pacifica [39]. Herring larvae also fed on Copepoda, while adults fed on both Copepoda and Euphausiacea [39]. Therefore, the spatial distribution between E. pacifica and fish schools was less correlated because the larvae consumed the copepods.



The acoustic transects were performed during day and night. Diel migration can influence the estimates of zooplankton density. However, the mean Sv at 38 and 120 kHz echograms did not show diel variation between day and night (Mann−Whitney U-test, p < 0.05). In addition, it was difficult to determine the accurate diel variation since the depth of the water varies from 32 m to 200 m in the survey transects. Thus, given the lack of evidence of diel variation, the day and night data were pooled to estimate E. pacifica density in the coastal southwestern East Sea.



Two calanoid copepods (Paracalanus parvus s. l. and Oithona similis) and E. pacifica followed a distribution in relation to the environmental features of the East Sea during spring and summer [40,41]. The TS is fundamental in estimating the number of targets in acoustic data. Currently, the most common method to estimate the copepod and E. pacifica population is the DWBA model. The total length of P. parvus and Oithona similis was less than 2 mm in the East Sea. The contribution of these copepods in acoustic data was negligible (less than −90 dB) due to the low mean-target strength (<−100 dB for 4.65-mm-long copepod at 120 kHz) [42].



We examined the characteristics of the multi-frequency data to identify E. pacifica that dominated the 120 kHz acoustic backscatter for all seasons in the East Sea, and whether they changed between seasons. Based on acoustic density with single zooplankton, it is possible to analyze multi-frequency in the Antarctic Ocean and Scotia Sea [7,29]. On the contrary, various zooplankton and fish coexist in the survey area. Other zooplankton, excluding E. pacifica, can be almost completely removed based on the threshold level. There is a possibility that acoustic scattering from small fish, such as anchovy larvae, were mixed with the acoustic signal, while E. pacifica larvae data were removed with copepods, based on the threshold level. However, it has no significant impact on the temporal and spatial distribution of E. pacifica in this study.



Although the coastal upwelling at the eastern coast of the East Sea shows seasonal and inter-annual changes, it usually occurs during periods of south or southwest wind, increasing basic Chl a [29]. Phytoplankton are generally considered as the primary food source of zooplankton, thereby influencing zooplankton growth and development rates [43]. In the East Sea, the phytoplankton bloom is regularly observed to be strong during spring and weak during fall [24]. During the survey period, the eddies in the stations and the heavily distributed Chl a, as determined by satellite data, were confirmed in April and May. However, it was difficult to establish a correlation between phytoplankton and E. pacifica distributions, and the density varied due to the discontinuous nature of the study. Therefore, we need to monitor the seasonal and inter-annual patterns and the density of zooplankton over long periods with environmental changes using a moored acoustic system. This could provide insight into the possible causes of variation of these factors, which cannot be achieved with regular ship-based sampling [12,44].



Few studies have examined the spatial and temporal distribution of E. pacifica and fish schools in the coastal southwestern East Sea. In this study, we utilized a dB window to identify E. pacifica and the acoustic backscatter attributed to fish schools in different seasons. We also attempted to predict the distribution of fish schools. The acoustic methods implemented aided in the identification of seasonal trends related to density or geographic location and provided information on varying seasonal behavior. The seasonal reorganization of the distribution of these key food web species highlights the need for inter-annual studies.




5. Conclusions


We conducted acoustic surveys using multi-frequencies on the spatial distribution of euphausiids and fish schools monthly from spring to summer in the coastal southwestern East Sea, where the marine environment highly dynamic. The euphausiid E. pacifica signals extracted through acoustic data processing were distributed in the center of the south part in the survey area during the spring season, with many phytoplankton identified in satellite data. On the other hand, in the summer, when the phytoplankton was homogeneously distributed, E. pacifica was distributed randomly in the area. The spatial distribution of the fish schools’ signals were not highly correlated with the distribution of E. pacifica. At the time of the survey, anchovy and herring, which are major pelagic species, were the main prey for the E. pacifica, in addition to copepods, according to the growth stage, showing no correlation with the spatial distribution of E. pacifica. In the future, it will be necessary for spatiotemporal studies of copepods, E. pacifica, and fish schools by including higher frequencies. This study is meaningful to examine the spatiotemporal distribution of plankton and fish groups using multiple frequencies.
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Figure 1. Study area showing the acoustic transects (black line), CTD stations (black square), and net stations (black square) in the coastal southwestern East Sea, Korea. Bathymetric contours are at 100, 200, 500, and 1000 m. 
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Figure 2. Vertical section of water temperature (°C, color shading) and salinity (contour line) from April to July 2010 in the coastal southwestern East Sea. April (a); May (b); June (c); July (d). 
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Figure 3. Monthly 8-day average of Chl a concentration from the MODIS Aqua Ocean color data in (a) 15–22 April, (b) 17–24 May, (c) 10–17 June, and (d) 12–19 July 2010 in the coastal southwestern East Sea. 
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Figure 4. Echograms of the top 200 m of the water column at 120 kHz from April to July 2010. Lower threshold is −90 dB in the coastal southwestern East Sea. 
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Figure 5. Map of the monthly concentration of Euphausia pacifica and fish schools. Sizes of the black circles correspond to the concentration of fish schools in the transects where acoustic data were collected. Interpolated measurements of E. pacifica are shown in the background. April (a); May (b); June (c); July (d). 
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Figure 6. Length−frequency distributions of Euphausia pacifica adults in the East Sea. Gray bars represent the length−frequency distribution in four surveys. The lines indicate the length−frequency distribution from April to July 2010. 
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Figure 7. Fish school parameter mean (dashed line), median (solid line), 25th and 75th percentiles (grey box), and outliers (red plus) of (a) school depth (m), (b) school length (m), (c) school thickness (m), (d) acoustic backscatter at 38 kHz (NASC, m2 nmi−2), and (e) latitude and (f) longitude of fish schools in the coastal southwestern East Sea. 
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Table 1. Details of each acoustic transect survey from April to July 2010.
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	Cruise
	Transect Start Time

(YYYY/MM/DD, UTC)
	Transect End Time

(YYYY/MM/DD, UTC)
	Distance

(km)
	Geographical Feature





	April
	15 April 2010, 09:00
	15 April 2020, 14:08
	55.93
	St.1~St.6



	
	16 April 2010, 02:40
	16 April 2010, 07:07
	33.15
	St.7~St.12



	May
	17 May 2010, 07:10
	17 May 2010, 12:24
	51.67
	St.1~St.6



	
	19 May 2010, 23:17
	20 May 2010, 04:46
	38.71
	St.7~St.12



	June
	14 June 2010, 07:38
	14 June 2010, 12:13
	42.04
	St.7~St.12



	
	15 June 2010, 03:17
	15 June 2010, 08:12
	36.30
	St.1~St.6



	July
	18 July 2010, 00:41
	18 July 2010, 09:22
	83.52
	St.1~St.12
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Table 2. Calibration specifics for transceivers (EK60).
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	Frequency (kHz)
	38
	120



	Transmitted power (W)
	1000
	500



	Pulse duration (ms)
	0.512
	0.512



	Two-way beam angle (dB)
	−15.50
	−20.80



	Receiver bandwidth (kHz)
	2.43
	3.03



	Transducer gain (dB)
	21.61
	25.46



	3-dB Beam angle (along/athwart) (°)
	12.07/11.77
	6.41/6.39



	SA correction
	−0.79
	−0.37
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Table 3. Mean (standard deviation, SD) and median (standard error, SE) of Euphausia pacifica density (g m−2), integrated from 20 m to the bottom from April to July, 2010. The monthly densities were estimated from the 120-kHz SV data using multi-frequency analysis methods.
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Date

	
120 kHz Mean TS

	
E. pacifica Density (mg m−2)




	

	
Mean (SD)

	
Median (SE)






	
April, 2010

	
−85.86 dB

	
75.92 (126.52)

	
33.12 (5.62)




	
May, 2010

	
−84.33 dB

	
85.33 (252.24)

	
0.00 (11.21)




	
June, 2010

	
−84.44 dB

	
71.44 (130.45)

	
18.53 (5.80)




	
July, 2010

	
−82.94 dB

	
54.10 (157.67)

	
3.08 (7.01)
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