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Abstract 

An observed distribution of aggregations of the euphausiid, 
Meganyctiphanes norvegica is used to model the effects of krill swarm 
orientation and shape on the success of two proposed survey designs. 
The simulation involves a number of random paths of parallel or 
radially arranged transects passing through three distributions each of 
which is given four rotations. The results indicate that the coefficient of 
variation (cv) of mean krill density varies inversely with mean density, 
and is lowest for the survey design utilising parallel transects set at right 
angles to the long axis of the aggregations. Calculations based on the 
power of surveys to reliably detect changes in mean density indicate 
that with probability of Type I and Type II errors 0.1 and 0.2 
respectively, about 100 transects would be required to detect changes of 
40% in the mean if CVs are as high as those obtained in the simulations. 

Resume 

L'observation d'une repartition de concentrations de l'euphausiace 
Meganyctiphanes norvegica est utilisee pour la modelisation des effets 
de l'orientation et de la fonne des essaims de kriU sur le succes de deux 
propositions de modeles de campagnes d'evaluation. La simulation 
met en jeu un certain nombre de voies aleatoires de transects paralleles 
ou radiaux traversant trois concentrations, chacune d'eUe subissant 
quatre rotations. Les resultats indiquent que le coefficient de variation 
(CV) de la den site moyenne du kriU varie inversement a la den site 
moyenne et qu'il atteint le taux le plus faible lorsque le modele 
d'evaluation utilise les transects paralleles perpendiculaires a la 
longueur des concentrations. Les calculs, fondes sur la capacite qu'ont 
les evaluations de deceler les changements de den site moyenne d'une 
maniere fiable, revelent qu'avec une probabilite d'erreurs de Type I et 
II de 0,1 et 0,2 respectivement, et pour des CV aussi eleves que ceux 
obtenus lors des simulations, une centaine de transects seraient 
necessaires pour deceler des changements de 40%. 

Pe3IOMe 

Ha6JIIO,l{eHHOe pacnpe,l{eJIeHHe arperaU;Hl1 3B<PaY3HH,l{, 

Meganyctiphanes norvegica HCnOJIb30BaHO B u;eJI5IX 

MO,l{eJIHpOBaHH5I BJIH5IHH5I opHeHTaU;HH H <pOPMbI CKOnJIeHHH 

KPHJI5I Ha ycnex ,l{ByX npe,l{JIO:>KeHHbIX cxeM cbeMOK. 

MO,l{eJIHpOBaHHe npe,l{nOJIaraeT HeCKOJIbKO npOH3BOJIbHbIX 

KypCOB napaJIJIeJIbHO HJIH pa,l{HaJIbHO opraHH30BaHHbIX 

pa3pe30B, npOXO,l{5III\HX lIepe3 TpH pacnpe,l{eJIeHH5I, Ka:>K,l{Oe H3 
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KOTOPbIX BPaIIlaIOT IIeTbIpe pa3a. Pe3YJIbTaTbI nOKa3bIBaIOT, IITO 

K03cpcpHI . .\HeHT H3MeHIIHBOCTH (CV) Cpe.l1HeH nJIOTHOCTH KPHJI5.I 

H3MeH5.leTC5.I 06paTHO npOnOp~HOHaJIbHO Cpe.l1HeH 

nJIOTHOCTH, H 5.IBJI5.leTC5.I HaHMeHbIIIHM, KOr.l1a CXeMa CbeMKH 

HCnOJIb3yeT napaJIJIeJIbHbIe pa3pe3bI, YCTaHOBJIeHHbIe Ha 

np5.lMbIX no OTHOIIIeHHIO K .l1JIHHHOH OCH arpera~HH yr JIax. 

BbIIIHCJIeHH5.I, OCHOBaHHbIe Ha cnoco6HOCTH CbeMOK Ha.l1e)l{HO 

BbI5.lBJI5.lTb H3MeHeHH5.I· B Cpe.l1HeH nJIOTHOCTH, nOKa3bIBaIOT, IITO 

npH Bep05.lTHOCTH OIIIH6oK THna 1(0,1) H THna II (0,2), .l1JI5.I 

BbI5.lBJIeHH5.I H3MeHeHHH B Cpe.l1HeM Ha 40%, nOTpe6yeTc5.I 

OKOJIO 100 pa3pe30B, eCJIH 3HaIIeHH5.I CV oKa)l{YTc5.I TaKHMH )l{e, 

IITO H npH MO.l1eJIHpOBaHHH. 

Resumen 

A partir de una concentracion de distribucion conocida del eufausido 
Meganyctiphanes norvegica, se modelan los efectos de la orientacion y 
de la forma de los cardumenes en el logro de dos disefios de 
prospeccion propuestos. La simulacion comprende varias rutas 
aleatorias, en transectos paralelos 0 radiales, que atraviesan las tres 
distribuciones y en las que se hacen cuatro giros en cada una. Los 
resultados indican que el coeficiente de variacion (cv) de la densidad 
media del kriU varia inversamente a la densidad media, y que es menor 
en el disefio de prospeccion basado en transectos paralelos dispuestos 
en angulos rectos al eje longitudinal de la concentracion. Los calculos 
basados en la potencia de prospeccion para conocer las variaciones en la 
densidad media indican que, con la probabilidad de errores de tipo I y 
tipo II de 0.1 y 0.2 respectivamente, haria falta realizar unos 100 
transectos para poder detectar cambios del 40%, siempre que los cv 
fueran tan altos como los que se obtuvieron en las simulaciones. 

1. INTRODUCTION 

During the FIBEX and SIBEX krill biomass surveys various systems of survey design 
and analysis were considered in order to produce reliable estimates of krill biomass and 
variance within particular regions around the Antarctic continent. BIOMASS (1980 and 1981) 
generally recommended that randomly placed transects should run across contour lines in krill 
abundance, and this meant across the mean direction of ocean currents. Some of the earlier 
surveys, however, were run with the main transects running east-west. This survey design 
was used with some success during the BIOMASS experiments (Miller and Hampton, 1989) on 
areas with diameters up to 500 n miles. 

The requirements of prey monitoring for CEMP are, for more localised surveys, directed 
at regions around CEMP sites for the duration of CEMP predator parameter monitoring; these 
may be described as having a radius of 50 to 100 km (27 to 50 n miles) (SC-CAMLR-IX, 
Annex 4, Table 3) and the same criteria as for the BIOMASS surveys (contours of krill 
abundance) are unlikely to apply. Everson (1987) has considered the requirements of these 
types of surveys and concluded that a radial transect design may be more suitable and easier to 
perform than parallel transects. 

The analysis suggested for both these designs is that recommended by BIOMASS (1986) 
and consists of obtaining mean density estimates for krill for a number of transects and 
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combining these using ratio estimator techniques within strata. This assumes that transects are 
independent (co-variance is not included) and that variance increases with transect length. 

The areal shape of euphausiid aggregations has been reviewed by Miller and Hampton 
(1989) but information on the spatial relationships of aggregations within known distributions 
is rare. To our knowledge the only studies of this type are those of Hampton (1985), using 
side-scan sonar on Euphausia superba swarms, and aerial photographs of surface swarms of 
another euphausiid, Meganyctiphanes norvegica (Nicol, 1986). These data show that swarms 
are predominantly elongated along one axis, and do not generally have shapes that can be 
approximated by circles, the case that is usually assumed for simulation studies (Butterworth, 
1988 has considered some of the consequences of elongated swarms). Furthermore, Nicol 
(1986) shows that aggregations within an area may be elongated in one direction, presumably 
in response to current structures in the area. 

This paper considers the effect of krill swarm orientation on survey design using real 
data on the distribution of euphausiid swarms collected by Nicol (1986). We examine the 
behaviour of random parallel transect and radial transect designs under a number of scenarios, 
and discuss the implications for the extent and frequency of transects required for the purposes 
of the CEMP program. 

2. METHODS 

Two maps of euphausiid distributions are shown in Figures l(a) and l(b). Although 
these are not E. superba (being Meganyctiphanes) and are on a very small scale (60 m diameter) 
they are used here to model the types of distributions shown by krill on larger scales. The most 
important feature of these distributions is that the swarms were observed to be moving and are 
orientated in a particular direction. 

These kriU distributions were coded into two areas, divided by 100 x 100 grids 
(distributions A and B, Figure la,). An additional distribution (C) was constructed from 
distribution A with the addition of two swarms duplicated within distribution A (Figure l(c». 
Each occurrence of krill in a grid square was taken to represent a unit krill density. Random 
transects were taken over the area and the proportion of krill encountered was expressed as a 
percentage and taken to represent mean krill density for the transect. This is an equivalent 
process to that used to calculate mean krill density in g.m-2 over a single transect in previous 
studies (BIOMASS, 1986). 

Figures 2(a) and (b) give examples of random transects overlying krill distributions. 
The parallel transects were overlaid vertically on the grid, and calculation of percentage cover 
involved searching each pass for krill occurrence. Radial transects were designed on a 90° arc 
from the origin at the bottom left hand corner with a constant radius of 100 units, but they had a 
gap close to the origin to simulate the sort of pattern suggested by Everson (1987). Because 
transects estimate krill density over a larger arc the further they are from the origin, estimates of 
percentage cover were weighted by the distance from the origin. 

Mean density and variance for the whole area was calculated from a number of transects 
(equation 4 of BIOMASS (1986) simplifies to a standard calculation of variance when transects 
are all the same length). For comparison, the actual mean density of krill in the area was 
calculated by taking the total possible area that the transects covered (the total survey area) and 
calculating the known percentage cover of krill in this area. 

For each survey pattern, a number of rotations of the distributions were used to 
investigate the effects of starting surveys at different positions with regard to the swarms. 
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3. RESULTS 

The results of 10 000 transects on each of the distributions rotated sequentially through 
90° intervals is shown in Table 1. It is apparent that the coefficient of variation is usually very 
high (between 100% and 160%), a result of the high number of passes encountering no krill. 
Larger surveys are unlikely to have so severe a problem of zero encounters. Krill densities 
were log normally distributed apart from the zero values. Despite this, the calculated mean 
density, taken as the mean of all untransformed transect densities, converged on the known 
mean (Table 1). Figure 3 shows that there was a relationship between the means and the 
standard deviations. There was a great deal of variation in coefficient of variation (CV) 
(calculated as standard deviation divided by the mean) using the radial design, in general more 
so than using the parallel design. The lowest CVs were obtained using the parallel designs with 
the transects going across the axis of movement of the swarms. 

4. DISCUSSION 

The coefficients of variation seen in Figure 3(b) are very high, but are similar to those 
obtained by Higginbottom et al. (1988) from 1 n mile integration intervals along transects taken 
for FIBEX, ADBEX-II and SIBEX-II (mean CV = 1.6). Most reported density and biomass 
estimates and variances are not directly comparable to those calculated here because following 
the procedures suggested in BIOMASS (1986) they are variances of the mean densities within a 

transect Pk. where that transect is typically several hundreds of nautical miles long. Because of 
the scale used in this study the more appropriate estimates of variance are those of the variance 
of integration intervals within a transect. 

It is not appropriate here to comment on the magnitude of variances that are likely to be 
obtained in whole surveys of this nature, because of the very small scale of our distributions. 
However, it is apparent that: 

(i) parallel survey designs that travel at right angles to the orientation of krill swarms 
have lower variances than either parallel designs parallel to their orientation or 
radial designs. The former is predictable but the latter somewhat surprising - radial 
designs appear to exacerbate the effect of swarm orientation; and 

(ii) with greater mean density of krill the Cv obtained by either survey declines. 

For the purposes of monitoring krill biomass for CEMP the magnitude of the CV is 
extremely important. The effect of CV on the power of a survey to detect changes in mean 
biomass is dependent on the number of transects used. Figure 4 shows the relationship 
between cv and number of transects required to confidently detect changes in mean densities of 
20 to 50% (probability of Type I error = 0.1, probability of Type 11 error = 0.2) (Sokal and 
Rohlf, 1981). The number of transects required to reliably detect changes of 20%, for 
instance, is 28 when the CV is 0.3 and 310 when it is 1.0. Everson (1987) estimates that 10 
transects in a CEMP survey could be completed in 10 days. Thus even under favourable 
conditions, when the cv is close to 0.3, prey surveys may take 30 or more days to complete if 
sufficient power for inter-annual comparisons is required by the CEMP program. 
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Table 1: Mean and standard deviation of krill density calculated from 10 000 random 
transects on four separate orientations of three kriU distributions shown in Figure 1. 
Direction of rotation is anticlockwise. With this number of transects the standard 
deviation is taken to approximate 0'. 

Datasetand Real density of Krill Calculated Mean Standard Deviation 
Method Used in Surveyed Area Krill Density After of Density 

10 000 Transects (0') 

Parallel Survey: 

Area A 4.6 4.59 5.18 
Area A rotated 90

0 4.6 4.46 6.17 
AreaB 2.24 2.21 2.87 

Area B rotated 900 2.24 2.19 3.18 
AreaC 7.85 7.78 6.86 

Area C rotated 90
0 7.85 7.88 7.04 

Radial Survey: 

Area A 5.92 5.89 7.74 
Area A rotated 90

0 2.28 2.41 3.9 
Area A rotated 180

0 5.71 5.6 7.49 
Area A rotated 270

0 5.09 5.04 6.16 
AreaB 2.56 2.51 3.81 

Area B rotated 90
0 2.08 2.01 3.17 

Area B rotated 1800 2.68 2.59 3.21 
Area B rotated 270

0 2.86 2.81 3.21 
AreaC 9.85 9.67 8.18 

Area C rotated 90
0 6.5 6.64 8.25 

Area C rotated 180
0 9.94 9.9 8.27 

Area C rotated 270
0 8.48 8.54 10.58 
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shown in their unrotated states, and rotation proceeded anticlockwise. 
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Tableau 1: 

Figure 1: 

Figure 2: 

Figure 3a): 

Figure 3b): 

Figure 4: 

Ta6JIHQa 1: 

PHCYHOK 1: 

PHCYHOK 2: 

Liste des tableaux 

Ecart moyen et ecart-type de densite du krill ca1cules a partir de 10 000 
transects choisis au hasard sur quatre orientations distinctes de trois 
concentrations de krill illustrees sur la figure 1. La rotation est effectuee dans 
le sens inverse des aiguilles d'une montre. Pour ce nombre de transects, 
l'ecart-type presume est proche de 0'. 

Liste des figures 

Schemas de repartition du krill utilises dans l'etude. La direction du 
mouvement des essaims individuels, en general d'est en ouest, est representee 
par des fleches. La repartition est illustree avant toute rotation, cette derniere 
etant effectuee dans le sens inverse des aiguilles d'une montre. 

Transects droits (a) et radiaux (b) places au hasard des repartitions A (rotation 
de 90°) et B (rotation de 270°) respectivement. 

Densite moyenne escomptee par opposition a l'ecart type de 10 000 transects 
disposes au hasard dans les trois zones et pour quatre rotations. Pour le detail 
des rotations appliquees, voir le tableau 1. 

Densite moyenne escomptee par opposition au coefficient de variation de 
10 000 transects droits et radiaux disposes au hasard, de quatre rotations de 
trois repartitions de krill. 

Taille de l'echantillon requis pour deceler un changement de den site moyenne 
de krill pour alpha = 0,1 et capacite = 0,8. 

CnHCOK Ta6JIHQ 

Cpe~Hee H CTaH~apTHoe OTKJIOHeHH5I nJIOTHOCTH KPHJI5I, 

BbIlIHCJIeHHbIe H3 10 000 npOH3BOJIbHbIX pa3pe30B Ha lIeTbIpex 

OT ~eJIbHbIX opHeHTaQH5IX Tpex pacnpe~eJIeHHH KPHJI5I, 

H306pa>KeHHbIX Ha PHCYHKe 1. HanpaBJIeHHe BPaIQeHH5I - npOTHB 

lIaCOBOH CTpeJIKH. IIpH 3TOM KOJIHlleCTBe pa3pe30B CTaH~apTHoe 
OTKJIOHeHHe ClIHTaeTC5I npH6JIH3HTeJIbHbIM KO'. 

CnHCOK PHCYHKOB 

MO~eJIH pacnpe~eJIeHH5I KPHJI5I, HCnOJIb30BaHHbIe B ~aHHoM 
HCCJIe~OBaHHH. HanpaBJIeHHe ~BH>KeHH5I OT ~eJIbHbIX CKOnJIeHHH 

nOKa3aHO CTpeJIKaMH H, B OCHOBHOM, YKa3bIBaeT Ha ~BH>KeHHe C 

BOCTOKa Ha 3ana~. Pacnpe~eJIeHH5I nOKa3aHbI B COCT05IHHH nOK05I. 

BpaIQeHHe - npOTHB lIaCOBOH CTpeJIKH. 

IIPOH3BOJIbHbIe napaJIJIeJIbHbIe (a) H pa~HaJIbHbIe (b) pa3pe3bI, 

nepeKPbIBaIO~He pacnpe~eJIeHHe A (BPaIQeHHe 90°) H B (BPaIQeHHe 270°) 
COOTBeTCTBeHHO. 
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PHCYHOK 3(a): O)lm~aeMaSl Cpe~HSISI nJIOTHOCTb B CpaBHeHHH co CTaH~apTHbIM 

OTKJIOHeHHeM 10 000 npOH3BOJIbHblX pa3pe30B Ha Bcex Tpex YlIaCTKax 

B lIeTblpex COCTOSlHHSlX Bpa.JJ.(eHHSI. B Ta6JIm~e 1 ~aeTCSI 60JIbme 

HH<pOPMaI:(HH 0 npHMeHSleMblx Bpa.JJ.(eHHSlx. 

PHCYHOK 3(b): O)l(H~aeMaSl cpe~HSISI nJIOTHOCTb B cpaBHeHHH C K03<p<pm~HeHToM 
H3MeHlIHBOCTH 10 000 npOH3BOJIbHblX napaJIJIeJIbHblX H pa~HaJIbHblX 

pa3pe30B B lIeTblpex Bpa.JJ.(eHHSlx Tpex pacnpe~eJIeHHH KPHJISI. 

PHCYHOK 4: 

Tabla 1: 

Figura 1: 

Figura2: 

Figura 3(a): 

Figura 3(b): 

Figura4: 
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KOJIHlIeCTBO npo6, Heo6xo~HMoe ~JISI BblSlBJIeHHSI H3MeHeHHSI B 

cpe~HeH nJIOTHOCTH KPHJISI, r~e aJIb<pa = 0.1 H MO~HOCTb = 0.8. 

Lista de las tablas 

Desviaci6n cuadnitica y media de la densidad del kriU, calculada a partir de 
10 000 transectos aleatorios aplicando cuatro giros diferentes alas tres 
distribuciones de kriU de la Figura 1. La direcci6n de la rotaci6n es sinistrorsa. 
La desviaci6n cuadnitica para este numero de transectos es aproximadamente 
cr. 

Lista de las figuras 

Modelos de distribuci6n empleados en este estudio. Las flechas indican la 
direcci6n del giro para cada cardumen que, por 10 general, es este-oeste. Las 
distribuciones se muestran antes de hacer la rotaci6n, siendo esta contraria a la 
de las agujas del reloj. 

Transectos aleatorios en linea paralela (a) y radial (b) superpuestas en la 
distribuci6n A (rotaci6n de 90°) y B (rotaci6n 270°) respectivamente. 

Densidad media prevista comparado con la desviaci6n cuadnitica de 10 000 
transectos aleatorios efectuados en las tres areas con cuatro rotaciones 
distintas. Vease tabla 1 para mas detaUes de las rotaciones aplicadas. 

Densidad media supuesta comparada con el coeficiente de variaci6n de 10 000 
transectos en linea recta y radiales de cuatro rotaciones de las tres 
distribuciones. 

Tamafio de muestra necesario para detectar un cambio en la densidad media del 
krill con alpha = 0.1 y potencia = 0.8. 


