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Krill play a crucial role in the transfer of energy in the marine food web, connecting primary producers and the upper trophic levels in the Terra Nova Bay polynya (TNBP), which is part of the Ross Sea marine protected area. Despite the substantial ecological importance of krill, there are few studies on their distribution and abundance in the TNBP. An acoustic survey was conducted on 7–14 January 2019 in the TNBP, Ross Sea, using a Simrad EK60 echosounder (38 and 120 kHz) aboard the icebreaker RV Araon. The most commonly used range of the difference of the mean volume backscattering strength (MVBS) (2–16 dB) was applied to distinguish krill. The acoustic data (120 kHz) were extracted to examine the krill distribution characteristics. The study area was divided into low-value areas and high-value areas based on the third quartile of the nautical area scattering coefficient. The results showed that the krill aggregations were distributed in three layers at depths of 0–30 m, 70–110 m, and 270–300 m. The interpolated environmental parameters associated with the backscattering strength were compared. High-value areas of krill coincided with relatively low temperature, low salinity, and high chlorophyll, although very weak correlations were found. The primary goal of this study was to understand the vertical and horizontal distributions of krill acoustic biomass and to relate the observed patterns to the dominant environmental conditions.
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INTRODUCTION

Krill (euphausiids) are considered keystone species in the Southern Ocean marine ecosystem (Atkinson et al., 2004) and in commercial fisheries (Nicol et al., 2012). They also play an important role in the biogeochemical carbon cycle (Belcher et al., 2017; Cavan et al., 2019). Krill research has been intensively conducted in the pelagic and slope waters of the Southern Ocean (Nicol, 2006). However, our understanding of the krill distribution on the Antarctic continental shelf is much more limited than that in the open ocean because sea ice restricts accessibility.

The Ross Sea continental shelf is the most productive region in the Southern Ocean (Arrigo et al., 2008; Smith et al., 2014) and produces massive plankton and krill blooms that support huge numbers of fish, seals, penguins, birds, and whales (Ainley, 2010; Ballard et al., 2011). The prevalence of mid- to high-tropic levels in the Ross Sea habitat can result in extraordinarily high primary production, amounting to approximately 28% of the total primary production of the Southern Ocean (Arrigo et al., 1998, 2008; Ballard et al., 2011). In 2017, the Ross Sea became the world’s largest marine protected area. As a result, marine life resources in this region will be protected from heavy fishing and shipping pressure for the next 35 years. The Convention for the Conservation of Antarctic Marine Living Resources (CCAMLR) has strongly encouraged scientific research to protect and assess the Ross Sea marine ecosystem now and in the future.

Coastal polynyas are controlled by physical processes, such as wind, glaciers, and heat (Zwally et al., 1985; Van Woert et al., 2001; Arrigo and Van Dijken, 2003; Rusciano et al., 2013). Such areas enhance phytoplankton biomass growth (Gradinger and Baumann, 1991; Von Quillfeldt, 1997; Arrigo et al., 2000), primary production (Arrigo et al., 2000), and the rates of particle flux (Cooper et al., 2002) by fecal pellet production and aggregation during phytoplankton blooms. As a result of their persistent high productivity, coastal polynyas are also a critical habitat for microzooplankton (Li et al., 2001), copepods (Hosie and Cochran, 1994; Li et al., 2001), krill (Pakhomov et al., 2002; La et al., 2015b), and salps (Li et al., 2001; Pakhomov et al., 2002). A high density of krill has been found in coastal polynyas (La et al., 2015b). Thus, coastal polynyas are ideal sites to examine how a coastal marine ecosystem responds to environmental variations in the Southern Ocean (La et al., 2019).

The Terra Nova Bay polynya (TNBP) is a part of both the marine protected area and the Antarctic Special Protected Area (n.161) in the western Ross Sea (Mangoni et al., 2019). The TNBP is governed by katabatic winds that drive older sea ice offshore, allowing the development of new frazil ice (Van Woert et al., 2001; Arrigo and Van Dijken, 2003) and the presence of glacier ice that redirects sea ice away from the coast (Massom et al., 2001). This region persists during wintertime (Bromwich and Kurtz, 1984). The TNBP habitat in late spring and summer is often dominated by diatoms associated with a highly stratified water column due to the melting of a large amount of sea ice (Arrigo and Van Dijken, 2003), while Phaeocystis antarctica dominates more well-mixed waters (Wright and van den Enden, 2000). Diatoms and P. antarctica, two dominant phytoplankton species, coexist little on spatial and temporal scales after a bloom commences, representing competitive exclusion (Arrigo et al., 2000). The variation in phytoplankton community structures could affect the distribution pattern of dominant krill species because krill can have different biochemical compositions, diets, and habitat preferences (Bottino, 1974; Azzali et al., 2006).

Antarctic krill (Euphausia superba) and ice krill (E. crystallorophias) are two dominant species that connect primary producers to the upper trophic levels in the Ross Sea (Ainley et al., 2006; Smith et al., 2007; Pinkerton and Bradford-Grieve, 2014; Davis et al., 2017). Antarctic krill are dominant in the northern and northwestern areas of the Ross Sea. They are concentrated along the northwestern shelf break, and their habitat is characterized by deep (> 1,000 m) bottom depths, warm water, decreased sea ice, and proximity to the shelf break (Davis et al., 2017). Ice krill replace Antarctic krill in the southern high-latitude coastal zones (Sala et al., 2002; Azzali et al., 2006) and are predominant in southwestern locations, in proximity to the coast, and in cold water in the Ross Sea (Davis et al., 2017). Ice krill are known as the principal food source for many vertebrates in the high-latitude Antarctic food web (Whitehead et al., 1990; Pakhomov and Perissinotto, 1996). Recent studies have shown that high densities of ice krill are found in high-latitude coastal polynyas, such as those in Prydz Bay and the Amundsen Sea (La et al., 2015b). High densities of ice krill have been observed during summer within the Amundsen Sea coastal polynya, which is known to be one of the most productive regions in the Southern Ocean (Arrigo and Van Dijken, 2003). Plentiful summer food and the open water area could be key factors for the presence of high ice krill densities within this coastal polynya. Despite the great ecological importance and abundance of both Antarctic krill and ice krill, their presence and distribution are not well known in the coastal region around the Antarctic continent. Surprisingly, little is known about the spatial distribution of krill biomass in the TNBP and their role in food web dynamics.

It is essential to observe and assess the current spatial distribution of krill because understanding their response to environmental change and energy transfer within the food web depends on knowledge of the krill distribution. Spatial and temporal information on krill biomass can be obtained from scientific surveys with nets or acoustics, predator studies, and data from commercial fisheries. Each method has its advantages and disadvantages, and the methods are generally complementary (Atkinson et al., 2012). Net sampling, which has been a traditional method since the 1920s, provides important snapshots of marine ecosystems, but it suffers from the issues of avoidance, differing catchability, distribution heterogeneity, and a limited ability to provide a broad context (Kasatkina et al., 2004). Acoustics have been widely used to investigate the distribution, stock estimates, and ecology of krill in the Southern Ocean (Fielding et al., 2014; La et al., 2015a,b), although such studies are unable to provide species identification and suffer from acoustic dead zones. Krill monitoring programs were initiated using net and acoustic methods in the late 1980s (Reiss et al., 2008; Fielding et al., 2014; Krafft et al., 2016). In the TNBP, a few studies have been conducted to understand the spatial distribution of krill biomass using either acoustic-based methods (Azzali and Kalinowski, 2000; Azzali et al., 2006; Leonori et al., 2017) or net sampling (Sala et al., 2002; Guglielmo et al., 2009; Smith et al., 2017).

Here, we present a recent survey of the spatial variability of krill distributions during the austral summer of 2019 in the TNBP. Krill biomass was determined by acoustic-based measurements of sound-scattering layers; this method has been used for a long time to monitor the spatial and temporal variability in krill acoustic biomass in the Southern Ocean (Foote and Stanton, 2000; Fielding et al., 2014; La et al., 2015a,b). The primary goal of this study was to understand the vertical and horizontal distribution of krill and to relate the observed patterns to the dominant environmental conditions.



MATERIALS AND METHODS


Data Collection

Acoustic data were collected using a scientific echosounder (EK60 split beam, Simrad) with operating frequencies of 38 and 120 kHz aboard the icebreaker RV Araon. GPS data were input into the echosounder to provide position information (latitude and longitude). The 38- and 120-kHz transducers were calibrated under calm weather conditions at 74°41′S and 164°9′E off the Jangbogo research station according to standard procedures (Foote et al., 1987) on 12 January 2019 (Table 1). The survey was conducted on 7–14 January 2019 in the TNBP, Ross Sea, Antarctica (Figure 1). A coastal polynya was visible by the northern side of the Drygalski ice tongue and the margin of the Nansen ice sheet. While recording acoustic data, the water temperature and salinity were measured underway at a depth of 7 m using a thermosalinograph (SBE45), and the fluorescence was measured using a Turner Designs 10-AU at the same depth. In fact, the two systems were not calibrated. Acoustic data were recorded in the water column and analyzed up to a depth of 300 m. To examine the relationship between the acoustic data and the environmental attributes, environmental data were required up to 300 m. Thus, environmental data from the water surface to a depth of 300 m in the study area were retrieved from the Copernicus Marine Environment Monitoring Service (CMEMS; Copernicus Marine Service, 2020). For temperature and salinity data, the NEMO 3.1 model was employed with a spatial resolution of 0.083° × 0.083° using assimilated observations such as the CMEMS operational sea surface temperature and the ice analysis (OSTIA) and sea surface temperature (SST), the in situ profile from the CMEMS database, and others. The OSTIA SST is produced from satellite and in situ observation data. The in situ profile from CMEMS included Argo profiling floats, gliders, bathythermographs, and other sources. Detailed information on the NEMO model can be found in Madec et al. (1988). The observed temperature data were averaged hourly or daily or monthly based on the source of the observation system. The observed salinity data were averaged daily or monthly. The location for extracting the temperature and salinity data was set as 74–76°S and 160–170°E, and the time was from 7 to 14 January 2019, with a water depth range of 0–300 m. The temperature and salinity outputs were recorded daily with vertical resolution of 1–17.4 m from the water surface to 100 m and that of 36–52 m from 200 to 300 m. For chlorophyll (mg/m3), the Pelagic Interactions Scheme for Carbon and Ecosystem Studies (PISCES) biogeochemical model was used, with a spatial resolution of 0.25°× 0.25° and various sensors such as the sea-viewing wide field-of-view sensor (SeaWiFS), the medium resolution imaging spectrometer (MERIS), the moderate resolution imaging spectroradiometer (MODIS), the visible infrared imaging radiometer suite (VIIRS), and the Ocean and Land Colour Instrument (OLCI). The observed chlorophyll data were averaged daily. The chlorophyll output was recorded daily and had the same vertical resolution as that of the temperature. The environmental data were retrieved in the form of a Net-CDF file.


TABLE 1. The parameters of transceiver calibrated for the acoustic surveys.
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FIGURE 1. The study area off the Terra Nova Bay polynya, Ross Sea, Antarctica, conducted on 7–14 January 2019. The green line indicates the cruise track line. The gray line with numbers is the bathymetric contour (Davey, 2013). Sea ice distribution, which was from Moderate Resolution Imaging Spectroradiometer (MODIS) on NASA’s Aqua satellite on January 4, 2019, is overlapped.




Acoustic Data Analysis

The raw acoustic data at 38 and 120 kHz from the echosounder were analyzed using Echoview (ver. 10, Echoview Software Pty. Ltd.). The calibration parameters were applied in the raw data. This study was carried out on the icebreaker RV Araon with an EK60 sounder (38 and 120 kHz), an EM122 multibeam echosounder (12 kHz), and an acoustic Doppler current profiler (ADCP; 38 kHz) installed and operating at the same time. Due to the instability of the synchronization unit of these acoustic instruments, substantial interference noise occurred at 38 kHz in the EK60. In case of background noise, it was frequency dependent, and a higher level of background noise was observed in the 120 kHz data than in the other data. First, to remove the surface noise generated by ice and rough seas, data above 4 m were excluded from further analysis. The signal-to-noise ratio (SNR) was improved by applying several noise removal algorithms. The noise removal methods treated the volume backscattering strength (Sv, dB re 1 m2/m3) echogram as an array of values, and individual data points were identified by the vertical sample number and ping number. Second, background noise was estimated and eliminated by applying a background noise removal algorithm. This algorithm provides potentially accurate estimates of the background noise for each ping and subtracts it from each sample (De Robertis and Higginbottom, 2007; Echoview, 2020). Third, the impulse noise removal and transient noise removal algorithms introduced by Ryan et al. (2015) were used to eliminate the noise generated by wave-hull collisions and instrument interference. The combination of operators identified and adjusted the scattering values that are higher than other surrounding pings at the same depth (Perrot et al., 2018; Echoview, 2020). Some other noise spikes and missing pings often appeared on echograms and were manually defined as “bad data.” Lastly, visual scrutinization was used to ensure that krill-like echoes remained for the analysis and noises were excluded. In addition, echograms at different frequencies were examined at a common observation range, which was determined by the SNR as a function of the target parameters, echosounder parameters, acoustic propagation, and noise (Kang et al., 2002). In this study, the observation range was applied to a depth of 300 m.

Krill species identification was performed using the difference of the MVBS, also known as the dB difference method. The dB difference method relies on the frequency characteristics of sound scattering by marine organisms. Fluid-like zooplankton such as krill are characterized by fluctuations between low frequencies e.g., 38 kHz (the Rayleigh scattering region), and high frequencies, e.g., 120 kHz (the geometric scattering region; Kang et al., 2002; Korneliussen and Ona, 2003). Thus, the sound scattering difference between 38 and 120 kHz is large, providing a good method for species classification. The noise-filtered data of the 38 and 120 kHz echograms were resampled to a depth of 2 m using 300 m horizontal distance bins. The MVBS120–38 dB window was used to identify krill echoes. Previous studies have applied wide MVBS120–38 ranges for krill, i.e., 2–12 dB (Watkins and Brierley, 2002; Fielding et al., 2014), 2–16 dB (Demer, 2004; Jarvis et al., 2010; Krafft et al., 2015), 4–16 dB (Reiss et al., 2008), and 4.9–12 dB (Choi et al., 2018). The most commonly used MVBS120–38 range (2–16 dB) was applied in this study because no biological sampling was performed. The krill echoes were selected using the data range bitmap algorithm, and the signals that were not selected as krill were masked out. The portions of the 120 kHz Sv echogram attributed to krill were integrated into a cell (300 m in the horizontal direction and 10 m in the vertical direction) until the entire observation range to examine the vertical distributions of krill. The nautical area scattering coefficient (NASC, m2/nm2) known as SA is calculated as the integral of the Sv values from 10 to 300 m for the horizontal distributions of krill:
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where z1 and z2 are given water depths. The NASC is calculated for a given cell or region of height T as
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Spatial Distribution of Krill

The spatial distribution in the marine structure, including the krill distribution, is often described over a wide area (Guidetti et al., 2014) and is poorly understood at short-term seasonal time scales and local spatial scales (Mustamäki et al., 2015). This study examined a small region of the TNBP (<2,000 km2). The spatiotemporal distribution of krill aggregations and the associated environmental conditions were determined by comparing areas with low and high NASC values. Nast et al. (1988) reported that the separation of low- and high-value areas was related to the actual krill biomass varying from 10 to 50 g/1,000 m3 near Elephant Island in the Antarctic Peninsula. A number of studies have estimated the biomass and density of krill in the Ross Sea. The details are explained in section “Discussion.” Various values of the krill biomass and density in different units have been reported. It was nearly impossible to apply one value to determine low and high areas of the krill population because this study utilized the acoustic scattering strength (i.e., the NASC values). To show the Antarctic krill density in the Scotia Sea in different seasons such as spring 2006, summer 2008, and autumn 2009, Fielding et al. (2012) applied the 75th percentile of their densities. A low density of Antarctic krill off East Antarctica was widely distributed in the austral summer of 2006 and was defined to be lower than the 75th percentile of krill density (Jarvis et al., 2010). Accordingly, the study area was divided into low- and high-value areas on the basis of the third NASC quartile in this study. The areas with NASC values less than the third quartile were categorized as low-value areas, and the areas with NASC values greater than the third quartile were categorized as high-value areas.



Interpolation of Environmental Parameters

Marine environmental information, such as the water temperature, salinity, and chlorophyll, was analyzed using Ocean Data View (ODV, ver. 5.2.1, AWI). The data interpolating variational analysis (DIVA) gridding algorithm was implemented to analyze and spatially interpolate the environmental data in an optimal way by taking the coastlines and bathymetry features into account (Florou et al., 2014). This method is comparable to the optimal interpolation (OI) method, which is widely used to interpolate weather data and allows computation of the relative error variance of the analyzed field (Tandaeo et al., 2011). The DIVA gridding algorithm creates a finite element grid that provides high-resolution spatial variable values and a good representation of coastlines (Troupin et al., 2012). The variational inverse method was applied to estimate surrounding data points based on the distances between each point and their error values. The background fields at each data point were then subtracted from each data value and multiplied by the alpha weight and added together (Tandaeo et al., 2011). This gridding method was chosen because it is more computationally advanced and provides several more advantages than the other ODV weighted averaging methods (Jena et al., 2013). Additionally, the interpolated environmental data were extracted on the basis of the locations of the cruise track lines for statistical analysis with the acoustic data using ArcMap (ver. 10.2, Esri).



Statistical Analysis

Statistical analysis was performed to determine whether significant differences existed between low-value areas and high-value areas and to examine the relationship between the acoustic and environmental data. A non-parametric test (Mann–Whitney U test) was performed to examine the difference between the low-value and high-value areas. The dependent variables included in the analysis were temperature, salinity, and chlorophyll. Spearman’s rank order correlation was calculated between the NASC of krill and the environmental parameters (temperature, salinity, and chlorophyll) extracted from the location of the cruise track lines to verify the significance of the relationships. Thus, the geographic locations of the NASC and the environmental parameters were equal. The statistical analyses were performed in SPSS (ver. 25, IBM).



RESULTS

The echograms, which were processed with various noise removal algorithms and krill identification techniques, indicated the presence of acoustic scattering layers composed of krill. The original Sv echogram and the krill identified echogram at 120 kHz on 07 January are shown in Figure 2 as examples. Horizontal layers appeared continuously throughout the cruise track lines below 4 m to a depth of 150 m in the water column (Figure 2B). The krill aggregations were evidently distributed in the epipelagic zone, mainly appearing at 50–100 m (Figures 2B,E). An expanded original Sv echogram showed vertically sharp noises and krill signals around 200 m (Figure 2C), and the same echogram displayed only krill signals when various noise removal algorithms were applied (Figure 2D). Another example of a noise-removed echogram shows dense krill signals around 50 m (Figure 2D). Note that the zoomed-out echograms (Figures 2A,B) do not present detailed echo signals.
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FIGURE 2. Example echograms. The original Sv echogram at 120 kHz on 7 January 2019 (A), the corresponding noise cleaned echogram (B), the expanded echogram from the black box in the Sv echogram around 200 m (C), the expanded echogram from the box in black in the noise cleaned echogram around 200 m (D), the expanded echogram from the black box in the noise cleaned echogram around 50 m (E). Black triangles indicate the cruise track line, which means that there were four cruise track lines on that day.


The vertical distribution of krill across the TNBP was described from the surface to 300 m, with intervals of 10 m (Figure 3). In regards to depth, the sum of the NASC values between 10 and 30 m accounted for 25.8 m2/nm2 (31.7%), which was the highest proportion among the depth layers. The second NASC peak was between 270 and 300 m, with a value of 24.2 m2/nm2 (29.8%), and the third peak was from 70 to 110 m with 18.9 m2/nm2 (23.2%). The vertical NASC profile indicated that, overall, krill tended to dwell mostly up to 110 m, with some dwelling at depths of 270–300 m.
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FIGURE 3. The vertical distribution of krill NASC values, averaging every 10 m using the exported NASC in 300 m in horizontal and 10 m in vertical on 7–14 January 2019.


The horizontal distribution of krill is exhibited in Figure 4. The NASC values were categorized to determine the low-value and high-value areas based on the third quartile values (19.4 m2/nm2). The smallest circle in black indicates the low-value areas. The highest NASC value (3,237.6 m2/nm2) occurred in the Drygalski Ice Tongue (75°12′S and 165°20′E). The cruise track line that was far from the other lines had a very low NASC value. The orange circles showing relatively high NASC values are located close to the coast, except for one (approximately 75°10′S and 165°E).


[image: image]

FIGURE 4. The horizontal distribution of krill NASC values, which were integral of Sv values from 10 m to 300 m, on 7–14 January 2019.


The interpolated environmental parameters along with the NASC values are presented in Figure 5. In the study area, the water temperature was relatively evenly distributed compared to the other two parameters. The salinity seemed to be relatively low along the coastline. The chlorophyll had roughly two different sections based on a longitude of approximately 165°E. During the survey time, the water temperature, which was selected in accordance with the locations of the cruise track lines, varied between 0.3 and 2.0°C [mean = 0.9, standard deviation (SD) = 0.4], the salinity ranged from 32.6 to 34.1 psu (mean = 33.1, SD = 0.4), and the chlorophyll ranged from 0.9 to 4.9 mg/m3 (mean = 3.4, SD = 1.1). Based on the spatial distribution with the interpolated environmental parameters, the low-value areas had relatively high temperatures, high salinities, and low chlorophyll, although the difference in the environmental parameters between the low-value and high-value areas was minor. The high-value areas had temperatures of 0.3–2.0°C (mean = 0.8, SD = 0.4), salinities of 32.6–33.9 psu (mean = 33.0, SD = 0.3), and chlorophylls of 0.9–4.9 mg/m3 (mean = 3.7, SD = 0.4). Meanwhile, the low-value areas had water temperatures ranging from 0.3 to 2.0°C (mean = 1.0, SD = 0.4), salinities of 32.6–34.1 psu (mean = 33.1, SD = 0.4), and chlorophylls of 0.9–4.9 mg/m3 (mean = 3.3, SD = 1.1). It was concluded that the water temperature was significantly higher in the low-value area than in the high-value area (U = 61,602.5, p < 0.01). The salinity was higher in the low-value area than in the high-value area, although the difference was not significant (U = 83,516.5, p = 0.602). The chlorophyll was significantly higher in the high-value area than in the low-value area (U = 64,109.5, p < 0.01).
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FIGURE 5. The interpolated water temperature, salinity, and chlorophyll along with the horizontal distribution of the krill NASC values. The legend of NASC is the same as that in Figure 4.


The Spearman’s rank order correlation was calculated between the NASC values and the environmental parameters. The relationship between the NASC values of the low-value areas and the environmental parameters extracted from the locations of the low-value areas and the relationship between the NASC values of the high-value areas and the environmental parameters extracted from the locations of the high-value areas were assessed. In the low-value areas, there was a weak negative correlation between the NASC value and the temperature (rs = −0.227, n = 718, p < 0.01) and a very weak negative correlation between the NASC value and the salinity (rs = −0.090, n = 718, p = 0.016). However, there was a very weak positive correlation between the NASC value and the chlorophyll content (rs = 0.094, n = 717, p = 0.012). In the high-value areas, there was a very weak negative correlation between the NASC value and the salinity (rs = −0.187, n = 238, p = 0.004), and there were no statistically significant correlations between the NASC value and the temperature (rs = −0.107, n = 238, p = 0.098) and between the NASC value and the chlorophyll (rs = 0.011, n = 238, p = 0.866).



DISCUSSION


Utilization of Noise Removal Methods

Large-scale scientific research in the Southern Ocean has the potential to provide qualitative and quantitative information on the distribution of krill and other pelagic species. However, impediments such as a high level of noise restrict data utility and are typically due to the configuration of the various electric instruments aboard ships (Wang et al., 2016). Additionally, for echosounders, the transmitted sound backscattered to the transducer face includes both echo signals from the targets in the water column and noise, i.e., backscatter from unwanted targets (Kieser et al., 2005). Postprocessing methods have been utilized to filter out noise, including a 7 × 7 convolution filter for investigating krill swarms (Klevjer et al., 2010) and a two-sided comparison filter for handling the acoustic data collected from fishing vessels and research vessels (Anderson et al., 2005; Ryan et al., 2015). However, those methods were designed to evaluate low interference noise levels; therefore, the residual error might remain significant in poor-quality data, with a high level of interference noise. This study applied noise removal algorithms in Echoview (background noise removal, impulse noise removal, and transient noise removal) to eliminate the significant influence of noise. Optimal threshold selection and other settings should be applied to exclude the noise from target signals in consideration of the data quality. A high threshold is applicable for strong acoustic scatters with a high SNR; however, in the case of a lower SNR and weak deeply distributed scatters, a substantial portion may be deleted if a high threshold is applied, especially in low-density aggregations (De Robertis and Higginbottom, 2007). In this study, noise signals outside the threshold were identified and replaced by the mean value of adjacent pings. The final result shows that the background noise outside the krill aggregations was effectively removed, the interference noise was reduced, and the echograms of both frequencies were clearly improved. The threshold was visually determined by identifying a satisfactory discrimination between noise and krill echoes; inevitably, it is possible that some krill echoes overlapped with the noise and were, in turn, mistaken as noise and deleted. In fact, a large amount of time was consumed by scrutinizing the quality of the data in the final stage of data analysis.



Acoustic Method and MVBS120–38 Window

Using the acoustic method has numerous advantages. For instance, a wide area can be covered in a relatively short time, and information on the distribution and abundance of aquatic organisms is attainable throughout the water column (Simmonds and MacLennan, 2005). Acoustic hardware produces high resolution data, and software can deal with vast volumes of data quickly and accurately. In this context, the CCAMLR adopted this method to monitor marine resources in the Southern Ocean (Hewitt et al., 2004), and the method has become a standard tool for targeting krill. Traditionally, echosounders operate within a frequency range of several dozen to several hundred kHz. The most common frequencies are 38 and 120 kHz, which can be called the de facto “standard” frequencies because 38 kHz represents a low frequency and 120 kHz represents a high frequency, with relatively large detection ranges. Numerous studies have adapted these two frequencies to identify krill species. In particular, the collaborative CCAMLR 2000 project used 38 and 120 kHz to identify krill species and assess the biomass of Antarctic krill across the Scotia Sea (Hewitt et al., 2004; Watkins et al., 2004). Therefore, 38 and 120 kHz were appropriate frequencies for identifying the krill species in this study.

One issue considered in this study was the range of the MVBS difference for krill identification. Previous studies in the Scotia Sea have shown that krill species can be visually identified by 120 kHz echograms via the MVBS difference technique at 38 and 120 kHz (Watkins and Brierley, 2002). In addition, a theoretical approach based on the target strength model confirmed that the range of 2–16 dB likely accounts for large assemblages of 10-60 mm krill (CCAMLR, 2005). In this study, the MVBS120–38 range from 2 to 16 dB was considered based on the fact that a great number of Antarctic krill and ice krill inhabit the Ross Sea in the austral summer (Azzali and Kalinowski, 2000; Azzali et al., 2006; Guglielmo et al., 2009; Murase et al., 2013). Madureira et al. (1993) determined the MVBS differences that can be used to differentiate Antarctic krill (2–12 dB) from other Southern Ocean zooplankton species. Some studies have successfully distinguished ice krill using MVBS120–38 ranges of >13.8 dB (Azzali et al., 2004) and 12.4–17.9 dB (La et al., 2016). Moreover, Chu and Wiebe (2005) found that the acoustic properties of ice krill were lower than those of Antarctic krill with similar body lengths. MVBS differences, namely the frequency response, are a function of the size, orientation, and physical properties of the target (Figure 1 of Korneliussen and Ona, 2003). The histogram of the range of the MVBS differences at 38 and 120 kHz in this study is moderately even, although it is not shown. Without consideration of the swimming orientation, small and large krill seemed to be evenly distributed in this study.



Distribution and Density of Krill in the Ross Sea

To date, a number of studies have reported the density or biomass of Antarctic krill and ice krill in the Ross Sea as well as their spatial distribution. The temporal results can be summarized as follows. From 4 January to 4 February 1988 and on 21 February 1988 in the Ross Sea, the mean numbers of adult, juvenile, and larval ice krill were assessed to be 20, 87, and, 14,764 ind/m2, respectively. The high larval concentration occurred in the shelf region of Terra Nova Bay (74°45′S and 165°E), which is very similar to our study area (Guglielmo et al., 2009). In the early summer of 1989 and 1990, under the condition of ice-free waters, and in the late spring of 1994, under partial ice cover, the mean density of Antarctic krill was estimated to be approximately 33 t/nm2 and 100–250 t/nm2, respectively. In light of the spatial distribution, in the beginning of summer, a high level of Antarctic krill biomass occurred on the continental slope (between 71 and 73°S), and in the late spring, the krill were concentrated over the continental shelf (between 73 and 75°S). Meanwhile, ice krill were found to the southward (from 75°S up to the Ross Sea Ice Barrier) and west (from 75°S to 171°E toward Terra Nova Bay). As an example of net sampling, 79,881 ice krill individuals were caught at 74°45′S and 171°13′E on 14 December 1994 (Azzali and Kalinowski, 2000). In November 1994, December 1994, December 1997, and January 2000, the estimated mean density of ice krill was 1.8, 1.6, 1.4, and 0.7 t/km2, respectively, and the biomass was 0.19, 0.21, 0.19, and 0.14 million tonnes, respectively. For Antarctic krill, the mean density was 21.9, 21.4, 16.3, and 11 t/km2, respectively, the biomass was 2.3, 2.7, 2.2, and 1.2 million tonnes, respectively (Azzali et al., 2006). Two krill species occupied clearly separate regions. Most Antarctic krill were found on the border between the Ross Sea and the Southern Ocean, whereas ice krill dominated in the coastal area south of Coulman Island (between 73° and 74°S). From 9 January to 6 February 2000, ice krill were widely distributed in the Ross Sea and were mainly concentrated southward from 74°S, with a mean density of 19.1 ind./1,000 m3 (3.0 g/1,000 m3); Antarctic krill were mainly found from the area north of the continental shelf to the continental slope (71–73°S), with a mean density of 10.9 ind./1,000 m3 (9.3 g/1,000 m3; Sala et al., 2002). The study area in the above publications included this study area. From 26 December 2004 to 6 February 2005 in the Ross Sea under nearly completely ice-free conditions, ice krill were exclusively dominant on the continental shelf and abundant in the eastern basin area (72–80°S and 170°E–170°W); Antarctic krill were found in Terra Nova Bay (70–72°S, 170°E). The maximum densities (biomass) of ice krill and Antarctic krill were approximately 56 and 13 ind./m2 (4 and 6 g/m2), respectively (Taki et al., 2008). In addition, thysanoessa spp. was widely distributed north of the continental slope in the waters adjacent to the Ross Sea (60–70°S and 170°E–180°). In a relatively wide area of the Ross Sea (170°E–160°W and 70–78°S) from 14 January to 15 February 2005, ice krill were found in the southwestern part of the study area, whereas Antarctic krill were found in the northeastern part. Their maximum densities were 13 and 57 g/m2, respectively. Two krill species seemed to be diagonally separated in that area (Murase et al., 2013). On 23–25 January 2014, dense swarms of ice krill were found in the central coastal area of the western Ross Sea. The mean density of ice krill in 2014 was 72.4 t/nm2. In particular, ice krill were found south of Coulman Island (73.5°S) off Terra Nova Bay and the Drygalski Ice Tongue (near 75°S), where the highest density of krill was found in this study. Antarctic krill were concentrated on the northern border of the Ross Sea (71.5–72.5°S and 172–175.5°E), with a mean density of 158.9 t/nm2 (Leonori et al., 2017). Accordingly, the northern and northwestern areas of the Ross Sea seemed to be favorable for Antarctic krill, and the southern and southwestern areas seemed to be favorable for ice krill in January. The krill biomass varied based on the season and year. Scientific surveys have focused on the austral spring and summer (nearly ice-free times) due to the navigational constraints of ship-based measurements during other seasons. In this study, the acoustic krill identification was not verified using methods such as net sampling. However, a number of the aforementioned studies, in particular the studies performed by Italian scientists, support the existence of krill in the Ross Sea in January. The study areas are in and near Terra Nova Bay (74.4–75.4°S and 163–168°E). It can be assumed that the majority of the detected krill were ice krill, with some detected Antarctic kill, although this did not mean that krill were the only species observed in this study.



Vertical Distribution of Krill

Several studies on the vertical distribution pattern of krill around Antarctica have been reported. Near Deception Island in the Antarctic Peninsula, ice krill were diversely distributed in the depth layer of 10–120 m throughout the day based on eleven net hauls during a single 24-h period (Everson, 1987). On the west coast of the Antarctic Peninsula, ice krill occurred in the depth layer of 50–290 m during the winter, without a peak in the depth distribution (Nordhausen, 1994). In the Weddell Sea, a high Antarctic krill density was observed under ice between 1 and 13 km south of the ice edge using an autonomous underwater vehicle (AUV) in 63°S (Brierley et al., 2002). In the Ross Sea in the austral summer of 1987–1988, ice krill larvae were found mainly in the 0–50 m depth layer within 0–100 m, with a sharp decreasing trend down to 250 m, and then extremely low values were observed from 600 to 700 m. Juveniles were rather widely distributed, with a declining distribution in the upper 200 m, and 67% of total juveniles occurred in the first 100 m, whereas only 1% was found between 550 and 600 m. Adult were mainly found at 50–100 m (41%), with the distribution decreasing down to 600 m (Guglielmo et al., 2009). In the Ross Sea from 16 January to 7 February 2000, the maximum depth of the net was between 35 and 91 m to sample ice krill, indicating that the main target krill resided in relatively shallow water layers (Sala et al., 2002). In addition, in the Ross Sea from 26 December 2004 to 6 February 2005, adult and juvenile ice krill were found at 200–300 m in the colder water of the continental shelf from stratified tows at depths of up to 1,000 m. Overall, the peak biomass of ice krill occurred in the middle depth layers (100–400 m), and adult Antarctic krill were mainly found between 400 and 600 m (Taki et al., 2008). In the Scotia Sea in January–February 2000, most acoustically detected krill were found from 6 to 100 m, with a peak of 40 m that decreased sharply until 200 m (Kasatkina et al., 2004). In the Scotia Sea, the mean depth of Antarctic krill swarms was distributed in 100 m in spring 2006, 160 m in summer 2008, 150 m in autumn 2009. The 25–75th percentile of krill swarm depths was 20–100 m, 40–60 m, and 50–300 m, respectively (Fielding et al., 2012). In the East Antarctica (30–80°E), the majority of Antarctic krill were detected in the top 100 m of the water column, centered around 50 m, and there was a lack of evidence for krill below 250 m (Jarvis et al., 2010). In the Amundsen Sea coastal polynya, the major distributed depth of ice krill was from 20 to 250 m, with a nearly constant horizontal layer. The weighted mean depth of ice krill was 50–150 m (La et al., 2015b). In the north Lützow-Holm Bay (64–70°S and 34–43°E) in the Cosmonaut Sea, based on midwater tows in six different water layers between the surface and 2,000 m, Antarctic krill occurred mainly in the 0–50 m layer, followed by the 100–200 m layer; ice krill were very scarce in the 0–100 m and 200–500 m layers in January 2005, and Antarctic krill were abundant in the 0–50 m layer (Ono and Moteki, 2017). Accordingly, krill are diversely distributed from the surface to 600 m in various areas around Antarctica. However, one of the major distribution depths of krill seems to be in rather shallower water such as 100 m. In particular, juveniles seemed to prefer the upper layer, while adults occur in rather deeper layers of the water column in the Ross Sea (Taki et al., 2008; Guglielmo et al., 2009). The three peaks in the 10–30, 70–110, and 270–300 m layers from this study have been observed in previous studies conducted in the Ross Sea. In fact, a different methodology for obtaining information on the vertical distribution of krill might have yielded different results. Some fishing gear reaches depths of up to 1,000 m, and other equipment is targeted for shallow waters, for example, depths of 200 m. AUVs have obvious short detection ranges, although they have great mobility and accessibility. For the acoustic method, the detection range is limited by frequency. Therefore, it was difficult to acquire information on the vertical distribution of krill deeper than 300 m in this study.



Krill in Relation to Environmental Attributes

In the austral summer in the Ross Sea, the polynya (ice-free areas) become larger, resulting in a considerably wide canal between the Ross Sea and the South Ocean. In particular, when the ice edge retreats in early January in the Ross Sea, the spatial extent of the Antarctic krill extends beyond the Ross Sea, and some portion of them spread into the ocean waters, whereas the ice krill seem to be delimited to the Ross Sea (Azzali et al., 2006; Guglielmo et al., 2009; Leonori et al., 2017).

From November to January, as the polynya ice front progresses northward, the length of the ice edge along Terra Nova Bay and the Ross Sea increases as the amount of ice-free water exposed to sunlight increases. As a result of ice melting, the condition of the upper layers in the water column may affect the formation of phytoplankton and zooplankton blooms and the release of algae, which are the major food for krill (Hecq et al., 2000; Fonda Umani et al., 2005). Due to ice melting, low salinities appear to be connected with a high density of Antarctic krill (Murase et al., 2013) because high productivity levels provide a favorable environment for krill, and ice edges can play a role as refuges in early stages of development (Brierley et al., 2002; Nicol, 2006). In this study, the spatial distribution of krill seemed to be influenced by the polynya environment; in particular, the low salinity around the high-value areas seemed to be related to this aspect. Krill appear to be sensitive to salinity changes. In general, the increase in salinity close to the Ross Sea potentially induces modifications in krill recruitment and affects the decrease in krill abundance (Brierley et al., 2002; Nicol, 2006; Rusciano et al., 2013); inevitably, this might have influenced the variability of the NASC values in this study.

In the late austral summer in the Ross Sea, Antarctic krill showed no relationship with the water temperature, but ice krill were marginally more abundant under higher temperatures. The density of Antarctic krill and ice krill was inversely correlated with salinity. High densities of Antarctic krill were found regardless of the level of fluorescence, whereas the ice krill biomass was positively correlated with fluorescence, which was related to trophic factors (Leonori et al., 2017). The dietary pattern of ice krill changes from carnivorous to omnivorous at the beginning of the spring phytoplankton bloom (Pakhomov et al., 1998). Therefore, it is plausible for ice krill to be concentrated where primary production is high. For this reason, high-value areas had high chlorophyll in this study. Additionally, at the circumpolar scale, a high krill distribution can be observed in regions with moderate chlorophyll concentrations (Atkinson et al., 2008) and relatively warm temperatures (Nicol, 2006). In this study, relatively warm temperatures (0.9 ± 0.4°C) were observed, similar to a previous study that documented warm surface water (0.3–1.5°C) in coastal areas in Terra Nova Bay during the austral summer (Guglielmo et al., 2009). Long-term studies in the Southern Ocean have suggested that changes in the marine environment have contributed to the variability in the krill distribution (Fielding et al., 2014). However, the relationship between krill biomass and local environmental properties is highly variable (Santora et al., 2012; Siegel et al., 2013).
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