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ABSTRACT: A multibeam  echosounder (MBE) was deployed on an inflatable boat (length = 5.5 m) to 
observe swarms of Antarctic krill Euphausia superba  in the nearshore environm ent off Livingston 
Island, South Shetland Islands, Antarctica. Visual observations of air-breathing predators, including 
penguins and fur seals, w ere m ade from the boat at the same time. MBEs extend the 2-dimensional 
acoustic observations that can be m ade with conventional vertical echosounders to 3 dimensions, 
enabling direct observation of the surface areas and volumes of entire krill swarms. Krill swarms 
exhibited a w ide range of various size metrics (e.g. height, length and width) but only a narrow  range 
of surface-area-to-volum e ratios or 'roughnesses', suggesting that krill adopt a consistent group 
behavior to m aintain swarm shape. The variation in R was investigated using generalized additive 
models (GAMs). G AMs indicated that the presence of air-breathing predators influenced swarm 
shape (R decreased as the range to predators decreased, and the swarms becam e more spherical), as 
did swarm nearest-neighbor distance (R decreased w ith increasing distance) and swarm position in 
the w ater column (R decreased in the upper 70% of the w ater column). Therefore, swarm shape 
appears to be influenced by a combination of behavioral responses to predator presence and environ
m ental variables. MBEs have the potential to contribute m uch to studies of krill, and can provide data 
to improve our understanding of the behavior of krill in situ.
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INTRODUCTION

Antarctic krill play a pivotal role in the Southern 
Ocean ecosystem (M angel & Nicol 2000, Atkinson et al. 
2001) but are difficult to sample because of their ex 
trem ely patchy distribution: much krill biomass is con
tained in a few high-density swarms (Brierley et al. 
1999, Hofmann et al. 2004) that may be undersam pled 
during surveys with conventional narrow -beam  echo- 
sounders along widely spaced transects. M anaging krill

resources, particularly in an ecosystem context, re 
quires da ta  on the patterns of tem poral and spatial in 
teractions betw een krill and the m any predators that 
depend  on them, but efforts to gather requisite data  at 
sea have been  ham pered because of major difficulties 
in sam pling krill over appropriate scales (Logerwell et 
al. 1998, Hewitt & Demer 2000). Attempts to link the 
distributions of krill and their predators from observa
tions along survey transects may have been unsuccess
ful because the downw ard-looking echosounders used
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to routinely estim ate krill abundance (Hewitt et al. 
2004), fail to detect krill swarms just off the survey track 
line. Research by Zamon et al. (1996), using a small- 
scale (1852 m2), line-transect grid (transect spacing 
ca. 300 m) suggests that predators observed visually in 
the vicinity of the research vessel may be feeding upon 
these undetected  krill swarms, leading to spatial m is
m atch in the krill-p redator observations. Conventional 
single-beam  echosounders (SBEs) sample only a n a r
row eone of w ater (typically 7°) beneath  the research 
vessel. For a vessel w ith a draft of 5 m this provides a 
window of observation just 3 m wide at 30 m depth: 
visual observations of predators on the other hand may 
span tens or hundreds of m eters either side of the ves
sel. M ultibeam  echosounders (MBEs) sample a w ider 
swath (e.g. 90 to 120°) and extend greatly the observa
tion to the sides of the survey track: for exam ple in 
100 m of w ater a 120° swath may sample w ithin a range 
of 173 m to either side of the survey track. Thus, the 
2-dimensional (2D) view  provided by SBEs is effec
tively extended into 3 dimensions (3D; Gerlotto et al. 
1999) by MBEs, offering the potential to exam ine fine- 
scale interactions (sensu Zamon et al. 1996).

The sam pling volume differences betw een SBEs and 
MBEs arise due to the way each instrum ent samples 
the w ater column. The 1-dimensional observations 
from an SBE of the acoustic m ean volume backscatter- 
ing strength (Sv, logarithmic m easure, units dB) down

the w ater column are com bined over adjacent pings (a 
transm it and receive cycle; a typical ping rate is 1 s_1) 
and are used to build up a 2D matrix from a narrow  
slice of the w ater column along the survey track (Reid 
& Simmonds 1993). In contrast, a single ping from an 
MBE (Fig. 1) samples a swath through the w ater col
um n across the survey track. Each sw ath is m ade up of 
observations from multiple acoustic beam s that radiate 
from a central point, w ith the position of each Sv obser
vation within a swath being described in 2D in term s of 
a range and bearing from the origin. By combining 
successive swaths, a 3D acoustic im age of the w ater 
column along and to either side of the survey track can 
be created.

MBEs have been  used to investigate p reda to r-p rey  
interactions, for exam ple betw een  Atlantic puffins Fra
tercula arctica and herring Clupea harengus (Axelsen 
et al. 2001). Gerlotto & Paramo (2003) used MBEs to 
investigate the geom etry of pelagic aggregations of 
the clupeid Sardinella aurita. MBEs have also been 
used to study the 3D structure and vessel avoidance 
behavior of anchovy Engraulis ringens and common 
sardine Strangomera bentincki schools (Gerlotto et al. 
2004), and to assess the 3D school structure of clupeids 
S. aurita and Sardinops sagax  (Paramo et al. 2007).

The objectives of the present study w ere to (1) 
exam ine the utility of an MBE for observations of 
Antarctic krill, and (2) use an MBE to improve our

sv (dB)

Fig. 1. A sing le  m u ltib eam  ech o so u n d er (MBE) p in g  (range  = 200 m), sh o w in g  acoustic  m e a n  vo lum e b a c k sc a tte r in g  s tre n g th  
(Sv, dB, u n ca lib ra ted ) S v v a lu es from  23 to 53 dB. N u m b ers iden tify  th e  fo llow ing fea tu res : 1 = th e  MBE se a b e d  profile; 2 = th e  

effective  sam p lin g  volum e; 3 = a  krill sw arm ; a n d  4 = s e a b e d  sid e  lobe  d e tec tio n s th a t lim ited  th e  sam p lin g  vo lum e
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understanding of interactions betw een krill and 
predators at the small to mesoscale (tens to thousands 
of meters). The acoustic reflectivity or target strength 
(logarithmic m easure, units dB) of krill is approxi
mately 1000 times less than that of the fish that have 
previously been observed using MBEs. For example, 
at 120 kHz, the target strength of a 38 mm long krill 
is approxim ately -77  dB (Demer & Conti 2005), com 
pared  to about -43  dB for a 21 cm long herring 
(Gorska & Ona 2003). Although theory indicates that 
krill should be detectable w ith an MBE, the first 
objective was to achieve a practical dem onstration of 
krill observations in the Southern Ocean. The second 
objective involved using the large sam pling volume 
and the 3D im aging capabilities of the MBE to exam 
ine possible relationships betw een krill swarms and 
predators, to determ ine for exam ple if predators for
aged in regions w ith an elevated num ber of krill 
swarms. To achieve these objectives we evaluated 
the utility of an MBE for studying at-sea p red a to r- 
prey interactions by com paring MBE and SBE obser
vations. In addition, using MBE and predator observa
tions in a generalized additive m odeling (GAM) 
framework, we estim ated the spatial scales at which 
air-breathing krill predators and krill interacted, and 
investigated the influence predators may have had on 
krill swarm shape.

The observations reported  here  w ere m ade near 
Cape Shirreff in the vicinity of Livingston Island 
(62.6° S, 60.3° W), South Shetland Islands, Antarctica 
(Fig. 2). The reproductive season of m arine land- 
breeding animals, such as penguins and fur seals, at 
the South Shetland Islands lasts from November to 
M arch (Hewitt et al. 2003). During this time, large 
changes in krill w et mass density (g n r 2) year-to-year 
have been  recorded (e.g. varying from 1 to 60 g n r 2 
during 1992 to 2006; Hewitt & Demer 1994, Hewitt et 
al. 2004, Reiss et al. 2008). Moreover, years w hen land- 
based predators exhibited reduced reproductive suc
cess coincided with years of low krill density (Hewitt et 
al. 2003).

During the reproductive season, the duration of 
foraging trips m ade by land-based predators are con
strained by rearing and feeding requirem ents (i.e. 
most foraging effort is close to land by 'central place' 
foragers). It is therefore im portant to assess the d en 
sity and spatial distribution of krill, and their physical 
oceanographic environm ent, in the nearshore area 
surrounding penguin  and seal colonies, such as at 
Cape Shirreff. This information is required  for ecosys
tem studies and also as a com ponent of the holistic 
ecosystem approach to m anaging exploitation of liv
ing marine resources such as krill in a way that does 
not adversely affect dependent predators (Constable 
et al. 2000).
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Fig. 2. C ap e  Shirreff s tu d y  site, Sou th  S h e tlan d  Islands. D ep th  
contours a n d  MBE line  tran sec ts  w ith in  th e  MBE stu d y  a rea  

(grays in d ica te  d ifferen t o b se rv atio n  days) a re  show n

MATERIALS AND METHODS

An inflatable boat, RV 'Roald' (Mark V Zodiac, length 
5.5 m), was deployed in the vicinity of Cape Shirreff, 
from 2 to 9 February 2006 (Fig. 2). RV 'Roald' (Fig. 3) 
was equipped w ith a Simrad M esotech SM20, 200 kHz 
MBE that was used to conduct a high-resolution bathy
m etry survey (100% seabed coverage; depth  accuracy 
± 1 m, 95 % Cl) and to undertake sim ultaneous w ater 
column sam pling to observe krill swarms acoustically. 
Between 4 and 8 February 2006, RV 'Roald' followed a 
systematic line-transect plan (Fig. 2). Each transect was 
either 2.5 or 3.5 km long, and line spacing was 120 m.

Multibeam equipment and data description. The 
SM20 was configured with an 80-elem ent array to 
create 128 receive beams, each with a 1.5° across-track 
and 20° along-track beam  width, creating a total 
across-track swath w idth of 120°. An orthogonally 
m ounted external transm it or profiling transducer was 
used to reduce the along-track beam  w idth from 20° to 
1.5°, which im proved the precision of locating targets 
in the w ater column and reduced betw een-ping, 
along-track acoustic-sampling-volume overlap. As
suming a flat seabed, the maximum swath w idth was 
approxim ately 3.5 times the w ater depth. The ping rate 
varied betw een 1.5 and 3 pings s-1; the tim e-varied 
gain correction was set to 201og10(r), w here r  is range
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from transducer; recording range was 200 m, w ith a 
sampling resolution of 0.5 m; pulse duration was 
825 ps, and the transmission pow er was 'medium '.

The MBE was housed in a blister fairing (Fig. 3) 
m ounted on a retractable frame which, w hen d e 
ployed, positioned the SM20 transducers along the 
center line of RV 'Roald', w ith the center beam  of the 
MBE positioned vertically downward, giving a 60° 
swath to both sides of the boat and perpendicular to 
the transect. This MBE orientation perm itted sim ulta
neous observations of the bathym etry and w ater col
um n targets. The MBE observations w ere logged con
tinuously to the SM20 control computer. W ater column 
data (Sv in dB, for each 0.5 m sample) w ere converted 
to the SM2000 data format using a Simrad utility 
(MsToSm vl.0) and processed using Echoview v3.50 
(SonarData). Krill swarms w ere identified using the 
'cruise scanning 3D schools detection algorithm ' d e 
veloped by SonarData (see Cox et al. 2009 for sensitiv
ity analysis of 3D detection param eters), and krill 
swarm metrics w ere extracted. Optimized swarm d e 
tection param eters w ere (1) processing threshold = 
24 dB (uncalibrated); and (2) minimum longest, middle 
and shortest dimensions = 5 m (Cox 2008, Cox et al. 
2009).

The MBE operated at one frequency, so it was not 
possible to use m ultifrequency techniques (e.g. Brier
ley et al. 1998) to partition echoes by species. However, 
based on an analysis of m ultifrequency data  obtained 
with a conventional scientific echosounder in the same

area from a second inflatable boat (RV 'Ernest', left- 
hand  vessel in Fig. 3), all M BE-detected aggregations 
w ere assum ed to be krill swarms. The calibrated, dual
frequency (38 and 200 kHz) echosounder da ta  (Simrad 
ES60) w ere collected by RV 'Ernest' w ithin 5 km of the 
center of the m ultibeam  study site (Fig. 2) and w ere 
analyzed following the m ethods of Brierley et al. 
(1998). That analysis indicated that 96.3% of the 
pelagic aggregations by num ber w ere indeed A ntarc
tic krill swarms.

We sought to exam ine variability in krill swarm char
acteristics throughout the survey area. Simple linear 
m easures of swarm dimensions may not accurately 
represent a swarm w ith a potentially complex shape. 
Linear m easurem ents of w ater column aggregations 
are often based on a 3D bounding box placed around 
the aggregation. Such boxes only define an agg rega
tion's maximum x, y  and z  dimensions (Gerlotto & 
Paramo 2003). As an advance on this, the 3D shape of 
a krill swarm was further quantified here using the 
roughness (R), calculated as the swarm surface area 
(A) divided by its volume (V). Following the procedure 
given in Gerlotto & Paramo (2003), R values for acousti
cally detected  swarms w ere com pared to those of 3 
standard geometric shapes: a sphere; a cylinder, and 
an ellipsoid. To calculate the R for these standard geo
metric shapes, the observed swarm V  values w ere 
used, and the A  values w ere calculated in the appro
priate m anner from V  for each shape: for spheres, A  
values w ere calculated directly from the observed V;

for cylinders, A  values w ere calculated 
from the observed V and swarm heights 
(H), and for ellipsoids, the lengths of the 
axes lengths and thus A  values w ere 
calculated from the dimensions of 
the 3D bounding box, m easured using 
Echoview v3.5.

Predator-prey interactions. To assess 
the spatial overlap betw een air-breath
ing predators and krill, visual observa
tions of predators w ere m ade from RV 
'Roald' and RV 'Ernest', by a trained ob
server, concurrent w ith the m ultibeam 
sampling. Predators w ere detected  for
w ard of the protective dodger (1 m back 
from the boat's bow, see Fig. 3) to a 
range of ca. 50 m. Predator type, either 
swimming or flying, group size, activity 
(e.g. foraging, traveling), location and 
time of observation w ere recorded for 
the following predator species: A ntarc
tic tern  Sterna vittata-, black-brow ed 
albatross Thalassarche melanophris-, 
black-bellied storm petrel Fregetta tro
pica-, chinstrap penguin  Pygoscelis ant-

Fig. 3. T he M B E -equ ipped  RV 'R oald ' (rig h t-h an d  vessel) a n d  s in g le-b eam  
ech o so u n d er (SB E )-equipped RV 'E rnest'. T he MBE b lis te r fa irin g  (white) w as 
m o u n ted  on a  ro ta tin g  fram e a tta ch e d  to th e  Zodiac's tran so m  (it is v isib le  in  th e  

'u p ' position  th ro u g h  th e  tra n sp a re n t side  of th e  dodger)
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arctica; Antarctic fur seal Arctocephalus sp. (gazella); 
gray-headed albatross Thalassarche chrysostoma; 
hum pback whale M egaptera novaeangliae; south polar 
skua Catharacta maccormicki; giant petrel (unidenti
fied) M acronectes sp.; penguin  (unidentified) Pygos
celis/Eudyptes sp.; and Wilson's storm petrel Oceanites 
oceanicus. Bearing angles to predators w ere estim ated 
using a compass, and ranges w ere estim ated using 
marks on the dodger. Rapid and frequent changes in 
the boat heading due to waves probably introduced e r
rors in some of the m easurem ents of off-transect d is
tances to predators.

The interactions betw een krill swarms and predators 
w ere investigated using predator sighting data observed 
from RV 'Roald' (see Table 2). Since there was no a priori 
reason to expect a linear response betw een swarm 
roughness and potential explanatory variables such 
as swarm or predator nearest-neighbor distance (NND) 
or seabed depth, GAMs w ere used to investigate the 
causes of variability in krill swarm roughness (analysis 
in R v2.4.0, mgcv library vl.3-19; R Development Core 
Team 2007). GAMs can be thought of as conventional 
regressions w ith the coefficients replaced by smooth 
functions, in this instance thin-plate regression splines, 
and are useful w hen relationships betw een explanatory 
and response variables are non-linear (Venables & Dich- 
mont 2004, Wood 2006). In the present study, a variety of 
combinations of explanatory variables w ere used, and 
the best GAM from a variety of candidate GAMs was 
selected in the conventional way on the basis of Akaike 
information criteria (AIC; Akaike 1974).

Variability in the num ber of krill swarms detected  in 
the vicinity of a predator encountered  by both boats 
was determ ined using an annulus sam pler (Fig. 4). For 
each predator encounter, the num ber of krill swarms

within a given area surrounding the position of a p re 
dator was calculated by laying down first a sampling 
circle of radius = 50 m, followed by a series of concen
tric annuli w ith constant areas of 7854 m2 (equivalent 
to the area of a circle of radius = 50 m, Fig. 4A). Con
secutive sam pling annuli w ere laid down at increasing 
ranges (Fig. 4B,C). Annuli more distant from the center 
had narrow er inner to outer separations. The m axi
mum total radius of this sampling was 274 m and com 
prised 30 sampling annuli. A GAM was fitted to the 
m ean num ber of krill swarms detected  in each annu
lus, at each sam pling location. For each boat the total 
num ber of swarms in each sam pling annulus was cal
culated for all predator encounters.

A simulation procedure was devised to exam ine po
tential differences betw een  the num ber of krill swarms 
in the vicinity of predators and krill swarms in areas 
w ithout predators. For each simulation, the annulus 
sampler, described above, was centered on x  randomly 
selected transect positions, w here x  = 41 = the num ber 
of predator groups encountered. The simulation proce
dure was repeated  1000 times, and for each simulation 
a GAM w as fitted to the m ean num ber of krill swarms 
in each of the annulus sam pling areas. The m ean sim u
lated GAM curves and associated standard errors w ere 
determ ined, and differences betw een  the sim ulated 
and observed m ean num bers of swarms w ere assessed 
using a 2-sample Kolmogorov-Smirnov test.

RESULTS

A total of 1084 krill swarms w ere detected  by the 
MBE. Seabed depth  in the survey area ranged from 20 
to 140 m; this is im portant to consider, as seabed depth

0 -

20.7 m50 m 15.9 m

Fig. 4. P lan  v iew  of th e  an n u lu s sam pler (constant a re a  = 7854 m 2) d e fin ed  a ro u n d  p re d a to r positions. (A) C ircu lar sam p lin g  a rea  
(ni, rad iu s = 50 m) c en te re d  on  a n  exam ple  p re d a to r loca tion  in  w h ich  4 p red a to rs  w e re  seen  and , sequentially , th e  (B) first an d  
2nd  concentric  donu ts (n 2 a n d  n 3) in  w h ich  7 a n d  4 p red a to rs  w e re  se e n  respectively . In th is exam ple, th e  sam p lin g  a re a  is show n

in  gray, w ith  krill sw arm s in  th e  a re a  (X) a n d  ou tside  (O)
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T ab le  1. S u m m ary  sta tistics for th e  1006 sw arm s th a t  w e re  
lo ca ted  e n tire ly  w ith in  th e  m u ltib ea m  e ch o so u n d er sw ath . 
A: su rface  a rea ; V: vo lum e; R: ro u g h n ess ; S v: u n c a lib ra te d  
acoustic  m e a n  vo lu m e b a c k sc a tte r in g  s tre n g th ; p o s n wc: 
positio n  in  th e  w a te r  colum n; CV: coefficien t of v a ria tio n

M etric M ean  (CV) R ange

A  (m2) 11024.7 (4.70) 2 1 8 .6 -1 2 2 2  048
V  (m3) 3695.7 (4.59) 4 6 .2 -4 0 6  709.8
R ( n r 1) 3.3 (0.23) 1 .2-8 .1
S v m e a n  (dB re  1 m 2/m 3) 22.7 (0.14) 13 .6-45 .0
p o sn wc 0.6 (0.32) 0 -1 .0

T able  2. F o rag in g  p re d a to rs  o b se rv ed  from  RV 'R oald ' in  th e  m u ltib eam  study  
site an d  from  RV 'E rn es t' w ith in  5 k m  of th e  cen ter of th e  m u ltib eam  stu d y  site.

un id .: u n id en tified

Pred a to r N u m b er of ind iv idua ls 
RV 'R oald ' RV 'E rn es t'

P red a to r
type

Sterna  vittata  
A ntarctic  te rn

10 7 Flying

Thalassarche m elanophris  
b lack -b ro w ed  a lbatross

8 9 Flying

F regetta  tropica  
b lack -b e llied  sto rm  p e tre l

3 0 Flying

Pygoscelis antarctica  
ch instrap  p e n g u in

1 6 Sw im m ing

A rc to cep h a lu s  sp. (ga ze lla ) 
A ntarctic  fur seal

6 1 Sw im m ing

Thalassarche chrysostom a  
g ra y -h e a d ed  a lbatross

0 4 Flying

M eg a p tera  n o va eang liae  
h u m p b ac k  w h a le

4 7 Sw im m ing

Catharacta m accorm ick i 
sou th  p o lar sk u a

2 0 Flying

M a cro n ec tes  sp. 
g ian t p e tre l (unid.)

1 9 Flying

P yg o sce lis /E u d yp tes  sp. 
p e n g u in  (unid.)

7 3 Sw im m ing

O ceanites oceanicus  
W ilson's storm  p e tre l

12 12 Flying

determ ines the MBE sam pling volume and maximum 
observable across-track swarm w idth (70 m at 20 m 
w ater depth  and 485 m at 140 m w ater depth). MBE 
sam pling volume is further reduced by side lobe detec
tions of the seabed (Fig. 1), as krill swarms cannot be 
detected  w ithin the side lobe interference. Of the 1084 
detected  krill swarms, 78 w ere found to be truncated 
by side-lobe interference; thus 1006 krill swarms w ere 
determ ined to be entirely w ithin the MBE effective 
sam pling volume (Fig. 1) and used in subsequent 
analyses (Table 1).

During the survey, 41 foraging predator groups were 
encountered during the RV 'Roald' MBE survey, com 

prising a total of 54 individual p red a
tors (Table 2), of both swimming 
(18ind.) and flying (36 ind.) types. 
During the RV 'Ernest' SBE survey, 
both swimming (17 ind.) and flying 
(41 ind.) predators w ere encountered 
w ithin 5 km of the MBE study site. The 
predator type (swimming or flying) 
w as used as a factor variable in the 
GAM investigating the variation in 
swarm roughness (Table 3).

Swarm roughness

The observed R of krill swarms 
ranged  from 1.2 to 8.1 (mean R = 3.3; 
Table 1), and did not conform with the 
R values expected for any of the sim
ple geometric shapes considered: 
spheres have the lowest m ean R of 
0.53, followed by cylinders (mean R = 
0.68), and then ellipsoids (mean R = 
2.0, Fig. 6). This suggests that krill 
swarm geom etries cannot reliably be 
approxim ated by these simple shapes.

T able  3. E xam ple c an d id a te  g e n era lized  add itive  m odels (GAMs) ex p la in in g  sw arm  ro u g h n ess. E x p lanato ry  v a riab les  consid 
e red  in  th is exam ple  su b se t of can d id a te  GAM s w e re  sw arm  p osition  in  w a te r colum n (posnwc), m e a n  sw arm  volum e b a ck sca tte r
in g  s tre n g th  (Sv), n e a re s t-n e ig h b o r d istan ce  b e tw e e n  sw arm s (IVlVDswalm) an d  d istan ce  to n e a re s t  p re d a to r  (IVlVDpred). M odels 
w e re  se lec ted  u s in g  A k a ik e  in form ation  criteria  (AIC). M odel 1 w as se lec ted  since  th e  d ifference  in  AIC (AAIC) b e tw e e n  th is 
m odel an d  m odel 2 w as <2 (B urnham  & A nd erso n  2003), an d  th is en ab led  ex am ination  of th e  p o ten tia l in flu en ce  of p re d a to r type

(sw im m ing or flying, p i e d ) on  R

M odel n u m b er E xp lanato ry  v ariab les r2r adj D eviance ex p la in ed  (%) AIC AAIC

1 NNDpied + MVDswalm + p o sn wc + Sv + p re d 0.56 51.3 1598.1 + 1.7

2 MVDpred + N N D swmm + p o sn wc + Sv 0.56 51.3 1596.4 0

3 MVDpred + N N D swmm + p o sn wc 0.55 49.0 1634.0 + 37.6

4 ATATDpred + N N D swalm 0.15 14.4 2092.8 +496.4

5 MVDpred 0.11 11.4 2121.2 524.8
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The low variance of R is illustrated by the confidence 
intervals (CIs) of the linear regression (V  ~ A, r 2acy = 
0.97, p < 2.2 X 10~16; Fig. 6). The low variance of the ob
served R, com pared to those for A  and V, suggests that 
krill behave collectively to m aintain a preferred  swarm 
R (Table. 1).

Factors affecting swarm roughness

All candidate GAMs describing the variation in krill 
swarm R had  a log-link function and a gam m a-error 
distribution, which w ere selected so the model results 
would not violate model assumptions (Wood 2006). 
Various combinations of krill swarm descriptors

(Table 1) w ere considered as potential explanatory 
variables to explain variation in R in the GAM (see 
Table 3 for an exam ple subset of possible explanatory 
variable combinations), and the best GAM model was 
selected from candidate GAM models on the basis of 
lowest AIC (Table 3).

The best GAM explaining krill swarm R was built of 
smooth functions (Fig. 5) of the following explanatory 
variables: swarm position in the w ater column
(posnwc, p < 2 X 1(H6), m ean swarm volume backseat - 
tering strength (Sv, p < 1.03 x IO-10), predator NND 
(NNDpled, p = 7.37 X IO-11) and NND betw een swarms 
(NNDsvlaim, p = 0.049). NNDs w ere the minimum 3D- 
Euclidian distance betw een swarms, or betw een 
swarms and predators. Position in the w ater column
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Fig. 5. Sm ooths of g e n era lized  add itive  m od elin g  (GAM) te rm s sh o w in g  th e  effect of various con tinuous v a riab les  on  krill sw arm  
ro u g h n ess  (R). Locations of observations a re  show n  as v e rtica l lines on th e  x-axes. Solid lines a re  th e  estim a tes of th e  sm ooths, 
sh a d e d  a rea s  a re  s ta n d a rd  errors of th e  estim a ted  sm ooths, a n d  p o in ts a re  th e  o bservation  p a rtia l re siduals. (A) Position in  w a te r 
colum n (posnwc), (B) u n c a lib ra ted  m e a n  sw arm  volum e b ack sca tte rin g  s tre n g th  (Sv), (C) p re d a to r n e a re s t-n e ig h b o r d is tan ce

(jVjVDpred) a n d  (D) sw arm  n e a re s t-n e ig h b o r  d is tan ce  (AfAfDswarm)
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was defined as posnwc = 1 -  (lzmax -  zl/z), w here z  = 
swarm depth  and zmax = seabed depth. Thus, 0 < 
posnwc < 1, and posnwc = 1 w hen the swarm was on 
the seabed. posnwc was used to provide a consistent 
m easurem ent of the vertical location of swarm, since 
swarm depth  and distance from the seabed w ere con
strained by the actual seabed depth  and could have 
represen ted  the environm ent more than a behavior. 
The selected model explained 51.3% of the deviation 
in R, with r2acy = 0.56 (Table 3), dem onstrating that the 
selected explanatory variables significantly influ
enced R and w ere partially responsible for the varia
tion in R seen in Fig. 6.

The difference in AIC (AAIC) betw een model 1 and 
model 2 was <2, indicating no discernible difference in 
these model fits (Burnham & Anderson 2003). Since 
pred  had  no significant effect (t-value = 0.53, Prltl = 
0.59) on R, model 2 was selected as the best model.

The smooth of posnwc shows that R decreased as 
swarm depth  increased with respect to seabed depth 
(i.e. as swarms got closer to the seabed; Fig. 5A). R 
increased with higher swarm density (Sv > 27 dB; 
Fig. 5B). The effect of the proximity of predators on 
swarm R was significant: the model output shows that 
up to a distance of 0.5 km to the nearest predator, there 
was a decreasing linear relationship betw een the 
NND vled and R (Fig. 5C), and for NND vled > 0.8 km R 
increased (Fig. 5C). R decreased slightly w ith increas
ing NNDswann (Fig. 5D).

Krill predator-prey interactions

Krill p red a to r-p rey  interactions, observed by both 
the M BE-equipped RV 'Roald' and SBE-equipped RV 
'Ernest', w ere evaluated as a function of range using 
the annulus sam pling technique (Fig. 4). No relation
ship was detected  betw een the m ean num ber of 
SBE-detected swarms and distance from predator 
(Fig. 7). The m ean num bers of M BE-observed and 
MBE-simulated swarms w ere significantly different 
(2-sample Kolmogorov-Smirnov test, D = 0.5667, p =
1.4 X IO-4) suggesting that predators w ere associated 
with areas of sea w hich contained an elevated num 
ber of swarms. The GAM -estimated smooth functions 
w ere used to fit curves to (1) the observed m ean 
num ber of swarms counted around predator posi
tions, and (2) the m ean num ber of swarms counted 
around sim ulated predator positions (random posi
tions) during the simulation exercise. The observed 
and sim ulated curves did not overlap, nor did the 
standard errors of the estim ated smooths m aking up 
the curves, suggesting an increased num ber of 
swarms in the vicinity of predators than would be 
expected by chance (Fig. 7).
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Fig. 6. Krill sw arm  ro u g h n ess  (R = A /V ) ,  i llu s tra ted  by  o b se r
v a tions of sw arm  volum e ( V) a n d  sw arm  su rface  a re a  (A), w as 
co m p ared  to  th a t of sim ple  geom etric  shapes: spheres; cylin
ders, a n d  ellipsoids. O b serv ed  krill sw arm  R d id  no t conform  
w ith  th a t for th e se  sim ple g eom etrical sh ap es. T he lin ea r 
re g re ss io n  V  ~ A  (r2adj = 0.97, p  < 2.2 x 10~16) is th e  solid  line, 

a n d  95 % CIs a re  th e  d a sh e d  lines

±  MBE observations
—  Smooth of MBE observations 
  SE of MBE observation smooth
—  Smooth of MBE simulations

-  SE of MBE simulation smooth 
•  SBE observations

50 100 150 200 250
Distance from predator (m)

Fig. 7. M ean  n u m b er of krill sw arm s a ro u n d  krill p red a to r lo 
cations an d  sim ulation  locations, as d e te rm in ed  by  th e  annu lus 
sam pler (see Fig. 4). T he u p p e r  line  is th e  estim a ted  sm ooth 
an d  assoc iated  s ta n d a rd  erro r (SE) for th e  m ea n  n u m b er of 
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lation, a  GAM  sm ooth  w as fitted, a n d  th e  line  show n  h e re  for 
th e  sim ulations is th e  m e a n  an d  s ta n d a rd  dev ia tion  for all 1000 

sm ooth  curves. SBE: s in g le-b eam  echosounder
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DISCUSSION

This study dem onstrated that the SM20 200 kHz 
MBE system is capable of observing swarms of A ntarc
tic krill in 3D. The arising 3D data provided 2 im por
tant insights regarding krill swarms in the nearshore 
environment: (1) krill in swarms exhibit a more or less 
constant roughness (Fig. 6) and, (2) air-breathing krill 
predators occupy areas of sea w ith higher than aver
age num bers of krill swarms (Fig. 7).

Krill swarm roughness: anti-predation behavior

Previous investigations of krill swarms have provided 
evidence of behavioral m echanism s for swarm form a
tion, w ith anti-predation and reproduction motivations 
being particularly im portant (Hewitt & Demer 1993, 
W atkins & M urray 1998, Lascara et al. 1999, Tarling et 
al. 1999). The rapid movem ents of individual krill may 
reduce their visibility to predators (O'Brien 1987), and 
individual krill w ithin a swarm may quickly w arn  other 
krill throughout the swarm about a predator attack 
(O'Brien 1987, K rakauer 1995, Tarling et al. 2000).

Notwithstanding the m any purported m echanisms 
underlying observed variations in krill swarm shape, it 
is observed here  that one com ponent of shape — the 
roughness — is quite constrained. The m ean krill 
swarm roughness (mean R = 3.3, coefficient of varia
tion = 0.23) is rem arkably similar to that seen for 
schools of clupeid fish off V enezuela and Senegal 
(mean R = 3.15, coefficient of variation = 0.34; Gerlotto 
& Paramo 2003). The reason(s) for the similar rough
nesses betw een these species rem ains unclear, and is 
the subject of our ongoing research. However, the R ~ 
3 is not a ubiquitous feature of pelagic species: in a dif
ferent MBE investigation, Gerlotto et al. (2004) r e 
ported R = 5.7 for schools of anchovy Engraulis ringens 
and common sardine Strangomera bentincki, and R =
6.4 for layers (aggregations more diffuse than schools) 
of the same species.

Our MBE observations of krill swarms suggested that 
the aggregation roughness was influenced by predator 
presence (Fig. 5C), perhaps indicating anti-predation 
behaviors. These behaviors could include the dilution 
effect (reducing swarm density; O'Brien 1989), thereby 
reducing the predation risk of an individual krill in 
response to attack by a whale, or m aking it difficult for 
a penguin  or seal to take individual krill (Landeau & 
Terborgh 1986, K rakauer 1995, Krause & Ruxton 2002).

Krill swarm roughness was also influenced by the 
posnwc. It rem ains unclear why swarms becam e more 
spherical w hen located in the upper 70% of the w ater 
column, but in lower regions posnwc had  no influence 
on R (Fig. 5A). Since m any predators routinely forage

in the upper 30 m of the w ater column (e.g. Antarctic 
fur seals; Boyd et al. 1994), the influence of posnwc on R 
may also be due to anti-predation behavior.

Potentially, there is no standard response to the p res
ence of predators by individual krill in a swarm. How
ever, the variation in R w ith respect to nearest predator 
distance (Fig. 5C) is perhaps evidence of a consistent 
response to predation by a swarm. This 'em ergent 
property ' suggests that individuals in a swarm must 
somehow communicate, perhaps through a wave of 
agitation (O'Brien 1989, Hofmann et al. 2004). No sys
tematic variation in R to the type of predator (flying 
versus swimming) was detected  in the krill swarms we 
observed, perhaps because no difference existed or 
because the predator sample size was too small to 
detect one w ith statistical significance. If there is a dif
ferent response yet to be detected, it could be a func
tion of the life-stage of krill constituting the swarm 
(Watkins et al. 1992 suggested size/sex segregation in 
swarms), or the type of attack. Or there may be only 
one type of response by a swarm to predation. W hat
ever the truth, MBE observations offer a powerful 
m eans to further investigate the phenom enon.

Predator-prey interactions

Com bining MBE observations w ith visual observa
tions of krill predators has enabled the study of predator- 
prey interactions in a m anner that reveals small-scale 
spatial behavior likely undetectable by a conventional 
SBE system. The elevated num ber of swarms detected  
by the MBE in the vicinity of predator sightings suggests 
either that predators are targeting areas w ith a large 
num ber of krill swarms, or that krill swarms are splitting 
in response to predator presence (Fig. 7). This spatial as
sociation was not evident in SBE data (Fig. 7), perhaps 
explaining why previous studies (e.g. Logerwell et al. 
1998) failed to show significant p red a to r-p rey  associa
tion. To determ ine w hether swarms are splitting in re 
sponse to predation or predators are targeting areas of 
higher krill biomass, estim ates of krill density are 
needed. While acoustic target strength models and m ea
surements are available for krill insonified from dorsal to 
lateral aspect (e.g. Hewitt & Demer 1996, Demer & Conti 
2005, Conti & Demer 2006), the MBE was not calibrated 
and so it rem ains difficult to convert echo intensities 
to num erical densities. Moreover, because the krill 
swarms w ere not of uniform density (see Sv means, 
Table 1), the swarm volume in an annulus-sampling area 
could not be used as a proxy for krill biomass. It is clear 
that the elevated num ber of swarms detected  by the 
MBE in the vicinity of predators (0 to ca. 150 m, x-axis, 
Fig. 7) was not a sam pling artifact caused by the geo
m etry of the MBE swath (#2 in Fig. 1) or the annulus
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sampling regions (Fig. 4). If the curve of m ean observed 
num ber of swarms (Fig. 7) was driven by geom etry 
alone, then the m ean observed num ber of swarms and 
the m ean sim ulated num ber of swarms curves would 
have overlapped.

Multibeam echosounder utility

An advantage of using an MBE over the SBE is that 
the volume and surface area of pelagic aggregations 
can be observed directly, rather than derived from an 
assum ed 3D shape. Simmonds & M acLennan (2005) 
presen ted  a statistical technique that enabled  the 
m ean area of an aggregation to be determ ined from 
SBE observations by assum ing that aggregations have 
a circular horizontal cross-section (i.e. assum ing either 
spherical or cylindrical shapes). Here it is shown that in 
the case of krill swarms, neither assum ption is valid. 
While the ellipsoid had the closest roughness to the 
M BE-observed roughness (Fig. 6), the ellipsoid re 
quires 3 length m easurem ents to approxim ate area 
and volume, w hereas only swarm length  and height 
are available from SBE observations. This finding indi
cates that extrapolation of SBE observations to 3D can 
not be used to estim ate swarm shape or roughness.

CONCLUSIONS

This investigation has dem onstrated that krill 
swarms can be detected  and described in 3D with a 
200 kHz MBE, and that the external envelope of krill 
swarms cannot be accurately described by simple geo
metric shapes. It appears that krill swarms m aintain a 
similar roughness irrespective of shape, perhaps as a 
response to predator presence. The increased sam 
pling volume of the MBE com pared to the SBE used in 
this investigation revealed a previously undetected  
elevated num ber of krill swarms in the vicinity of air- 
breath ing predators.
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