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ABSTRACT

The present paper is based on data from the International CCAMLR-2000 Synoptic Survey of Scotia Sea, obtained by four vessels, participants of a survey carried out during January-February, 2000. In this paper, we have compared krill density estimates obtained simultaneously by net and equivalent acoustic samples for each standard net haul.

Analysis of vertical and horizontal acoustic density distributions demonstrates the extreme non-uniformity of krill spatial distribution patterns. The use of fishing tactics such as standard double oblique net tows appears to be vulnerable to highly discontinuous horizontal and vertical krill biomass distribution within the fished depth range. Net density estimates appear to be dependent on the net track trajectory relative to patchiness of the density distribution pattern rather than on the krill biomass present in the depth range fished.  Calculations demonstrate statistically significant differences between density frequency plots obtained by the two techniques. Correlation between daytime acoustic estimates and net densities were not significant, but the same correlation between nighttime estimates was more pronounced.

The comparison of the net and acoustic densities reveals that different types of krill density estimates were produced by the use of the two techniques. The acoustic density estimates characterized the krill distribution and at the same time produced an index of their biomass (except for surface krill aggregations that cannot be recorded by hull-mounted transducers). Net density values do not reflect the size of the stock; krill behaviour and local spatial distribution are thought to determine them. 


  INTRODUCTION 

Antarctic krill, Euphausia superba Dana, is a key organism in the southern ocean food web and an important species for commercial fisheries in Antarctic waters.  Krill biomass assessment and knowledge of their horizontal distribution are important features for management of their stocks in area 48 based on precautionary catch limits according to subarea (SC-ССAMLR, 1992). The latter requires submission of data and analysis of data that characterize overall krill distribution within the entire area of Scotia Sea. During two recent decades, five surveys have been known to be the source of such data: three trawl surveys carried out using a research trawl during the seasons of 1983/84, 1984/1985, 1987/88 (Sushin and Shulgovsky, 1999; Sushin et al., 2001) and two acoustic surveys FIBEX-1981 and CCAMLR-2000 (Trathan and Everson, 1994; Trathan et al., 2001; Hewitt et al., present issue). Unlike methodologies and technologies of acoustic surveys that have undergone key changes, the methods of trawl-survey data collection and processing have remained practically unchanged. For example, the improvement of acoustic surveys can be illustrated by comparison of data collection and analytical methodologies used during FIBEX-1981 and CCAMLR-2000 surveys. The comparison reveals the significant influence of improvements in data collection and analytical methodologies (Kasatkina et al., 2001a), How can the trawling survey data be used for the analysis of krill spatial and temporal variability from the acoustic survey results? 

On the other hand, a net sampling programme is an integral part of acoustic surveys. Net samples have been traditionally used for species and size identification of recorded krill aggregations. Introduction of multi-frequency techniques into acoustic survey methodology has contributed to the solution of the task of acoustic identification of backscattering attributed to krill (Watkins and Brierley, in press). Thus, the biological data are one of the core data sets for the present acoustic survey. The data on catch size and krill size composition from each net sample taken in the survey area are fundamental for the krill size cluster analysis (Siegel et al., 2000). The results of the latter are used to estimate the krill target strength distribution, aimed at the subsequent determination of factors for converting relative krill density (Sa index, m2 mile2 -1) to its absolute values (Hewitt et al., present volume). Thus, net density estimates are indirectly present in the acoustic density estimates. In what way are the density estimates obtained using the two techniques correlated? 

In this paper, we compare krill density estimates obtained simultaneously from net samples and acoustic samples recorded during hauling. Any observed relationship between estimates may be useful for the application of either of the two techniques to the study of krill distribution. 
MATERIALS AND METHODS

The present paper is based on core data sets of the International CCAMLR-2000 Synoptic Survey of Scotia Sea, obtained by four vessels, participants to a survey carried out during January-February, 2000.

Net sampling
Each survey vessel deployed a Rectangular Midwater Trawl (RTM8+1) as the most appropriate of the nets presently available.  

Net stations were carried out around local midnight. The timing of the midnight station was constrained by the period of darkness. A midday station was also carried out shortly before noon.

 At each station, a quantitative standard double oblique tow was conducted.  The net was hauled from 200m depth (or within 10m of the bottom at stations shallower than 200m) at a constant rate of 0.3 m second-1  Selection of such a depth range was determined by  combining an acceptable trawl duration and the potential vertical depth of krill ( Siegel et al., 2000). The vessel’s speed during hauling was 2.5(0.5 knots. A flow meter and a real-time time depth recorder were attached to determine the volume of water filtered and the net trajectory.

Directed or targeted net hauls were also carried out to reduce the uncertainty associated with delineation of backscattering attributed to krill based on a two-frequency algorithm.
During the survey period, the vessels of four nations carried out 135 net stations, and twelve target sampling tows. In this paper, only standard double oblique net tows are considered as these formed  the core biological data sets of the survey. 

Krill net density at each station was estimated from the weight of krill in the catch and the volume of water filtered, and was expressed in g 1000m3 -1.  Density estimates obtained in this way were compared with those calculated from acoustic samples.
The net sampling programme of the international CCAMLR Survey, data recording and analysis are described in detail in Siegel et al. (2000).

Acoustic sampling.

On each vessel the acoustic data were collected using a Simrad EK500 echosounder using 38, 120 and 200 kHz hull-mounted transducers and SonarData’s EchoLog_EK data logging software in accordance with predetermined acoustic sampling protocols.  Standard sphere calibrations were conducted aboard each vessel before and after the survey (Hewitt et al., present volume; SC-CAMLR, 2000).

The acoustic data used in this paper were collected during trawl hauls at the speed of 2.5 knots. 

Post-processing of multi-frequency echosounder datasets, obtained from each haul, was made according to “dB difference” technique using SonarData’s EchoView post-processing software conforming to the technique developed at CCAMLR-2000 B0 Workshop (SC-CAMLR, 2000).  Backscattering was attributed to krill when the difference between mean volume backscattering at 120 kHz and 38 kHz was greater than 2 dB but less than 16 dB. Integration of masked, noise-free, resampled, 120-kHz krill  echograms  was made from the surface exclusion line to 200m and averaged over 100m horizontal distance and 2m depth. Integrated backscattering area was converted to area krill density by applying the conversion factor equal to the quotient of the weight of an individual krill and its backscattering cross-sectional area summed over the length frequency distribution. The conversion factors used for processing the CCAMLR Survey results (Siegel et al., 2000; Hewitt, et al., present volume) have been applied in this paper. 

From the integration results, mean area krill biomass density (ρs (g m2 -1) and its coefficient of variation were estimated for each haul by averaging the density, ρs, obtained over each 100m horizontal distance.  In addition, the estimate of mean volume biomass density,(ρv (g m3 -1), was calculated, representing mean area krill biomass density for the 200m integration layer.  However, to reveal spatial variability of krill distribution, the estimate of ((v and its coefficient of variation were calculated by averaging the density (v obtained from all integration cells (100m horizontal distance and 2m depth) within fished depth range during hauling. 
Horizontal and vertical distribution of krill biomass density were mapped using SURFER version 7 software.
RESULTS

Net and acoustic density

A comparative analysis of net and acoustic density samples was made based on the data from 120 standard double oblique net tows. 
 The comparison of frequency plots of density (g 1000 m3 -1) depicted in fig.1 clearly shows a difference between density frequency distributions (%) obtained by the two techniques for each haul. It is worthy of note that the number of zero density estimates observed in net sampling data is nearly twice as large as that suggested by echosounder results. The Kolmogorov-Smirnov test (() indicates that the two density frequency distributions are significantly different (probability P ((,)=0.95). 
A comparative analysis of krill density distributions from the results of only night or day stations reveals statistically significant differences in daytime frequency plots (fig. 2).  Calculations demonstrate that the difference between night density distributions taken from net and acoustic samples is not statistically significant (fig. 3). The coefficient of correlation between net and acoustic density samples was very low in the case of the distributions shown in figs.1,3 (or 2 and 3?) (r<-0.1). 

A difference between density frequency distributions (figs. 1-3) is clearly illustrated by mean density estimates and their coefficients of variation (table 1).  Values of overall mean net  density obtained from all 120 trawl stations or from night stations alone appeared to be higher than respective values of overall mean acoustic density. Calculations showed that the differences between mean values of krill density obtained by the two techniques were statistically significant (at a probability level of P=0.5). 

The estimate of overall mean acoustic density calculated from day samples (mean 63.79 g 1000m3 -1 and CVρv =3.11) exceeds that calculated from night samples (mean 26.34 g 1000m3 -1 and CVρv =3.41). This is the inverse relationship of day and night estimates of overall mean net density, which are mean 18.04 g 1000m3 -1 (CVρv =2.75) and mean 98.61 g 1000m3 -1 (CVρv = 4.19), respectively. It is worth noting that in the second case, there is nearly a five-fold difference between night and day estimates, as against a two-fold difference between corresponding mean values of the acoustic estimates.  Comparison of fig. 2 and fig. 3 clearly indicates that correlation between acoustic and trawl data is much stronger at night, most probably due to diurnal changes in krill behaviour (Miller and Hampton, 1989).  
Analysis of krill spatial distribution patterns by acoustic sampling

An analysis of echograms showed that during 120 net tows, fishing and acoustic observations were made of all krill aggregation forms described in the classification scheme of Miller and Hampton (1989), except for super-swarms. The krill distribution pattern is illustrated in table 2, where the results of density estimation for various krill aggregation types are given for an example of 56 net stations carried out at night and during the day for different transects. According to acoustic measurements, spatial krill distribution was non-uniform in all cases, which has been confirmed by high coefficients of variation of the mean densities(ρs and (ρv, observed both during the night and day stations. The comparison of net and acoustic densities obtained for each haul is presented in figs 4a-4c.  The relation between daytime and night-time densities indicated in figs 2 and 3 is seen from the pair comparison of the net and acoustic data (Fig. 4).

The coefficient of variation of the mean area krill biomass density, (ρs, which characterizes the change of area density within a 200 m depth layer for every 100m of distance traversed by the vessel, appears to be high, reaching CVρs between2 and 4. The lowest values of the coefficient of variation of ((s, were observed, as a rule, during recordings of layers or scattered forms of krill aggregations, while maximum values were seen during fishing swarm fields or individual swarms and irregular forms. 

Irrespective of the types of krill aggregation, very high coefficients of variation of the mean volume krill biomass density, (ρv, were revealed reaching CVρv  values between 6 and 15. This measure characterizes the variability of density values, ρv, in integration cells (100m horizontal distance and 2m depth) and revealed a very large discontinuities in spatial krill biomass distribution.

In order to characterise the non-uniformity of krill distribution, the estimates of density (ρv and its coefficients of variation CV(v, calculated for two different integration cell sizes (100m horizontal distance and 2m depth and 30m horizontal distance and 2m depth) were compared. The calculations were made in the same way as the examples of acoustic density estimates during net stations carried out in Subarea 48.4 (table 2). Selection of a 30m horizontal distance for integration cell was determined by mean krill swarm length observed during the CCAMLR –2000 survey (Kasatkina et al., 2001b). As is evident from table 2, a reduction of cell sizes entails the increase of CV values, especially in cases with swarm fields (examples 1,7,16,18). The observed increase in the coefficients of variation is indicative of the presence of still greater non-uniformity of krill biomass distribution within the fished depth layer. 

Comparison of net and acoustic densities in relation to krill spatial distribution patterns


While fishing uniform layers and scattered forms, which are characterized by relatively low coefficients of variation CVρv  and CVρs and by horizontal extent comparable to a horizontal distance covered by the net, the acoustic density is in excess of net density (fig. 5). Similar ratios of the two density estimates have been observed during both day and night stations (examples 2,12,23,48,51,52 in table 2). 


In other cases, when the ratio of acoustic to net density obtained at a net station, is reversed, the magnitude of the ratio is of a random nature. With high acoustic density estimates, sporadically very low net density estimates occur (figs. 6,7; examples 41,44 in table 2) and vice versa ( examples 29,55 in table 2). A wide range of acoustic density estimates are found with zero catches (table 2). The acoustic density distribution pattern corresponding to a net station with zero catch and averageacoustic density (ρv = 32g 1000m3 -1 (table 2, example 47) is shown in fig. 8.


The examples given demonstrate that with significant non-uniformity in krill biomass distribution within a fished depth layer, the catch size, to a large extent, depends on the net trajectory relative to “patchy” spatial density distribution patterns. When the net encounters a swarm or enters a densest parts of layer , a large catch can be expected even at low krill biomass averaged over a 200-m fished depth range . On the contrary, with high  acoustic-density estimates characterized by a high coefficients of variation , unexpectedly very low net densities may be observed (example 1,7,18 in table 2), sometimes more than 200 times lower than the respective acoustic density estimates (1.84g 1000m3 -1 and  999g 1000m3 -1) (fig.7).


As is evident from table 2, an overall maximum value of net density (1628.19g 1000m3 -1) was obtained from the results of a night haul. The corresponding acoustic-density estimate (4.3g 1000m3 -1) and its coefficient of variation were not high. An analysis of the krill spatial distribution pattern (fig. 9) shows that the aggregations, which could have been a potential source of net density that high, were not visible within a depth layer from the hull-mounted transducer surface down to 200m. This suggests that surface krill aggregations, distributed above 5m depth and inaccessible for detection by hull-mounted transducers, were fished. The second highest maximum value of net density (1425g 1000m3 -1) found out of all the standard double oblique tows in the survey area was also obtained by fishing surface krill aggregations at night. It should be noted that the majority of high net density has resulted from fishing the night krill aggregations and has been accompanied by much lower estimates of acoustic density (examples 25,27,30,55 in table 2). 

Spatial variability of krill density in the area covered by CCAMLR Survey


Mean density estimates (g m2 -1) and horizontal density distribution in the CCAMLR 2000 survey area resulting from the use of the two techniques were compared. For the first technique, the data from the 120 standard double oblique net tows that were made in the survey area are considered, and for the second technique – the acoustic density samples (approximately 10 thousand records) taken every other mile of the transects traversed by the vessels were used. 


The estimate of mean values and 95% confidence intervals derived from two techniques were obtained using a “bootstrap” procedure (Efron, 1982).


Despite differences in the techniques of data collecting and the volumes of net and acoustic samples, the data from table 3 and figs. 10-11 clearly show a general similarity in krill distribution revealed by the two techniques. Krill distribution in Subarea 48 is determined by the interaction of the Antarctic Circumpolar Current waters. In the Weddell Sea Current and the Frontal Zone of Weddell Gyre, the most abundant krill aggregations were observed in boundary zones between different waters, gyres and eddies of various scales (figs. 10-11). At the same time, mean net densities were of relatively low reliability and were less than corresponding acoustic values. As is evident from table 3, the values of standard errors for mean net densities are several times higher than those for mean acoustic density values. 

Discussion


Comparison of net and acoustic samples


The results of the comparison of net and acoustic densities obtained during fishing at net stations are considered above. Although the acoustic and net samples were collected simultaneously from the same depth layer, significant differences in density estimates obtained by the two techniques  at each net station have been revealed. 


Analysis of vertical and horizontal density distributions shows strong heterogeneity in krill biomass spatial distribution patterns. Moreover, an unexpectedly high patchiness in krill density distribution is revealed by the samples taken by day and by night. The variability in acoustic density estimates, obtained as a result of integration by cells of100m horizontal distance and 2m depth within a fished 200-m depth range, is characterized by a high coefficients of variation, CVρv between 6 and15. The dimensions of the selected integration cells (100m horizontal distance and 2m depth) match the mean size (length and thickness) of krill aggregations in the Scotia Sea, which have been estimated from the results of previous FIBEX and BIOMASS surveys (Miller et al., 1993; Siegel and Kalinowski, 1994). It should be noted that the cell vertical extent is less than the vertical opening of the RTM8 trawl.


As is evident from the comparative analysis of spatial density distribution patterns and density estimates obtained using the two techniques (figs 4 - 8, table 2), the non-uniformity of krill biomass distribution is one of the major reasons for the difference observed between net and acoustic densities. The correlation (r = 0.5) of net and acoustic densities has been only shown in cases where uniform extensive layers or scattered forms have been fished. In other types of aggregation, net density estimates appear to be dependent on the net track trajectory relative to the patchiness of the density distribution pattern rather than on the overall krill biomass present in the fished depth range. Considering the small area of the RTM8 trawl opening (8m2) and the high patchiness of the distribution of krill aggregations, the catch of the research trawl may characterize the density of individual swarms or small parts of the aggregation fished rather than the krill biomass distributed within a 200m layer. Low net densities correspond to high acoustic densities and vice versa. Added to that, zero catches and those containing less than 20 individuals (< 1.3  1000m3 -1) were obtained at nearly a half of the net stations for which a wide range of acoustic densities had been estimated (0 to 474  1000m3 -1).  Heterogeneity in horizontal and vertical krill biomass distribution within a fished depth range affects the catch obtained by a double oblique tow. The influence of the highly patchy distribution of krill aggregations on the results of double oblique net stations has been noted by Pauly et al (1997), who also observed a lack of correlation between net and acoustic densities. However, direct or target net tows result in good correlations between density estimates produced by the two techniques (Pauly et al, 1997; Watkins and Brierley, 2001; Watkins and Murray, 1998).


The overall mean acoustic density obtained at day stations (mean 63.79g  1000m3 -1) exceeds that produced at night stations (26.34g  1000m3 -1) (table 1). The relationship between these two estimates is in line with our idea of vertical daily krill migration and their dispersal within a near-surface layer in the dark hours of the day. As is evident from the commercial fishery statistics, the night catches of krill per hour of trawling are appreciably smaller than the daytime catches (Kasatkina and Latogursky, 1990). However, the results of our survey indicate the following: firstly, the overall mean net density estimate obtained during fishing for krill at night is 5 times as high as that from day hauls (table 1, figs. 2-3) and, secondly, overall mean night net density is more than 3.5 times higher compared with overall mean night acoustic density. 


The observed lack of correlation between the day and night densities may be caused by two reasons: spatial non-uniformity of krill biomass distribution and formation of surface krill aggregations at depths no deeper than 5-10m, which makes them inaccessible for detection by the echosounder. Highest densities of surface krill aggregations at night (1628.19g  1000m3 -1, 1425g  1000m3 -1) are suggestive of high krill biomass concentrated in the dark hours of the day in the surface layers. According to table 2, the high night catches were accompanied, as a rule, by low acoustic densities, one of the reasons for which might again be inaccessibility of surface aggregations to the echosounder. Another reason might be the dispersal of a proportion of the krill to a density below the detection threshold of the acoustic equipment.  By performing the acoustic survey during daylight hours this eliminates a possibility of underestimating the krill biomass due to formation of their aggregations at the surface. It was noted by Miller and Hampton (1989), that in the dark nearly 40% of krill biomass might be concentrated at depths less than 5m.

Net sampling aimed at solving the task of quantitative krill assessment


Double oblique net sampling programme is an integral part of up-to-date acoustic krill surveys pursuing the following aims (Siegel et al., 2000):

· describe krill demography and large-scale distribution patterns of size groups and maturity stages;

· study the occurrence of major zooplankton taxa such as salps and myctophids.

The weakness of double oblique tows caused by the non-uniform krill spatial distribution patterns shows in substantial lack of correspondence between krill content in the catches and their biomass within a fished depth layer. During a survey, krill are being recorded against the background of other organisms such as small euphausiids, salps, jellyfish, mysids, myctophid fish, etc., which, together with krill, form the basis of backscattering biomass in Antarctic Waters. The acoustic measurements show that spatial non-uniformity is is also found in zooplankton taxa and myctophid fish (Kasatkina and Malyshko., 2001; Emery et al., present volume). This observation is indicative of the fact that the content and ratio of different species in the catch, will not, in all likelihood, conform to such within the fished depth layer. Therefore, the double oblique tows can be responsible for uncertainty of species identification of the aggregations fished. 


The comparison of the net and acoustic densities reveals a different nature of krill density estimates produced from the use of the two techniques. The acoustic density estimates that characterize the krill distribution character are at the same time the index of their biomass (except for surface krill aggregations that cannot be recorded by hull-mounted transducers). Net density values do not reflect the biomassof the stock; krill behaviour and distribution in space may govern them. This inference conforms with the probabilistic-statistical theory of the fishing trawls, according to which the catch per haul hour cannot be regarded as a stock index (Kadilnikov et al., 1989 and Ivanova et al., 1997).


 These studies confirm the value of using the multi-frequency technique in acoustic surveys in Scotia Sea (Watkins and Brierley, 2001; SC-CAMLR, 2000; Azzali et al, 2001; Emery et al., present volume). The state-of-the-art acoustic surveys, where the acoustic identification is being realized based on the “dB difference” technique, are the preferred method for biomass assessment and for estimating spatial distribution. Double oblique tows are intended for demographic studies of krill, salps, myctophid fish, and other organisms.  Most importantly, the results of trawl surveys display krill horizontal distribution and should not be expected to characterize the stock in the investigated area.  The latter is clearly illustrated by figs 10, 11 and table 3. Mean values and krill density distributions derived from the results of the acoustic survey (over 10 thousand density values gathered every other mile of the acoustic transects of CCAMLR 2000 Survey) were compared with those obtained by nets (120 double oblique net tows) of the same survey. Major tendencies in the variability of mean estimates and krill horizontal distribution within the entire survey area shown by net densities agree with with the variability revealed by the results of the acoustic surveys, despite the fact that the trawl survey was not designed for krill distribution assessment (figs 10, 11, table 3). However, mean net densities are not thought to be reliable enough, and are appreciably lower than mean acoustic density estimates. Direct comparison of mean net and acoustic values (table 3) may not be valid because of different uncertainty levels and the different nature of the two density assessment techniques.


Since the technologies of net surveys have not undergone noticeable changes during last 20 years, the results of such surveys provide valuable information for the analysis of inter-year variability in krill distribution (Sushin and Shulgovsky, 1997; Sushin et al., 2001). The results of the trawl surveys are also valuable for interpretation of the acoustic survey results.
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