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SC-CAMLR-VII/BG/20

PATTEANS AND PRQCESSES IN THE DISTRISUTION AND DYNAMICS QF
ANTARCTIC KRILL

S.A. Levin, A. Morin and T.M. Powell
Abstract

A general framework is presented to develop, test and integrate
companent mocels of the disiribution and dynamics of Antarctic kriil
copulatien at various spatiai and temgpaoral scales. We suggest that
modeis of increasing complexity be developed iteratively for
variability and patchiness of krill abundance. incremental modsals
should then be compared to siatistical descriptions of the cbserved
disiricution patterns at various scales of observation to ascenain the
plausibility of the model and identify critical pracessas 10 be added.
An anaiysis of spatial districution of kriill in the Bransfieid Strait
area reveals that purely physical mcdels of turpulent redistribution

. are not suificient to explain krill distribution at small scales. We
therefore propose to develop a medified diffusion-reaction model
incorporating spatiaily variable growth rates of krill, krill loss
rates due to precaters, and density-dependent attraction of krill to
account for the smail-scale aggregations.

Résumeé

Une struciure générale est présentée afin de développer, de tester et
dintégrer des modeles constitutifs de la répartition et de fa
dynamigue de 1a population du krill antarctique a différentes échelles
spatiales et temporelles. Nous suggérons que saient développes d'une
maniére itérative des modéies de complexité croissante portant sur ia
variabilité et la répartition irréguliere de I'abondance du krill. Des
modéles incrémentieis devraient ensuite étre compares aux
descriptions statistiques des formes de reépartition observées 3
différentes échelles d'cbservation afin de délerminer fa plausibilité
du modéle et d'identifier les processus critiques a ajouter. Une
analyse de la répantition spatiale du krill dans la région cu détroit de
Bransfield montre que des modéles purement physiques de
recistribution turbulente ne suffisent pas & expliquer la répartition
du krill 4 de petites échelles. Nous proposcns donc de développer un
modeéle modifié de diffusion-réaction incorporant les taux de
croissance du krill variables sur le plan spatial, les taux de perte de
krill due aux prédateurs, et [‘attraction du krill en fonction de Ia
densité pour expliquer les concentrations sur une petite echelle.

Peaiome

MpeacTasneda ofwas cxeMa paipaSoTkd, ONPOGOBAHMA H
MHTEr palLMH OJHOKOMITOHEHTHLIX MogeneR pacnpejeNeHHA A
AHHAMUAKA [TOMYISILUKHA aHTAPKTHUECKOI O KPHIIA MO PAINTHUHBIM »
NMPOCTPAHCTBEHHbBIM H BPEMEHHbBIM Macwrabam. Mni
npennaraeM, 4Tobel Bo3pacTawme CIOXHOCTH MOJENH
MHOr006paius H HEPaBHOMEPHOCTH PACNIPOCTPAHEHHA KPHIA
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paipafaTLiBATUCh HTEPATHBHO, MOABAAIOMHECH BHORL MOJEAH
JOJIKHBl 1aTEM CDABHHMBATLCH CO CTATHYUECKHM OMHCAHHAEM
HaG II0A2BWHMXCA KapTHH pacnpeneseHHA MO pa3aHM4YHbIM
MacurabaM, no KGTophiM NMPOBGAKWIUCE HAOMOAEHHUA, YTOO.I
QUEHHMTbH CTENMEHb JOCTOBEPHOCTH MOAEMH M BhISABHTL
K/IIOHEBBIE MDOUECChi, TpedyrmHe BKJIKUYEHHA B MOJeb.
AHZJIH3 TDOCTPAHCTBEHHOr O pacnpedeleHHs KDUIS B paroHe
NPOIABA DpaHCHHUIAZ MMOKA3AA, HTO UYHCTO GHIHYeCKOHA
MoZeH TypO6y.IeHTHOro nepepacnpegeneHHs XDHARA
HEJOCTATONHO 1A O6bACHEeHHA MEAKOMACWTABHOro
pacnpeenetda XpHAA. B CBAIH C 3THUM AJAA TOrO.4TOSEH
O0BACHUTD CYWECTROBAHHE HEGOIbLITHX Arperaurf KpH.Is, Msl
npeanaraemM paipafoTaTh OMGEYIHO-PEAKTHRHYIO MOJENb,
BRIQYAKIMYI0 TaKXKe K [POCTPAHCTBEHHLIE [epeMeHHble -
TAKHAE, KAK TEMIIBl POCTA KPHAS, CMEPTHOCTD KPHASA, 3JABHCAMASN
OT XAWHHKOB, H B3aUMHOE nNpHBJIeYeHHe KPHAA,
00YyC/TOBAEHHOE MTIOTHOCTbIO CKOMISHHA.

Resumen

Se presenta una estructura general a fin de desarroilar, analizar e
integrar los medelos componentes de la distribucion y dindmica de la
poolacion de «rill antartico a distintas escaias espaciales vy
temporales. Se sugiere la elaboracién de modeios de creciente
complefidad en forma iterativa para la variabilidad y discontinuidad
de la abuncancia de krill. Se deberd comparar luego los modelos de
incremento con fas descripciones estadisticas de los patrones de
distribucion obtenides a distintas escalas de observacidn para
establecar la piausibiidad de! modelo e identificar los procesos
criticos que deban agregarse. Un 4naiisis de la distribucion espacial
de krill en el &rea del estrecho de Bransfield revela que los modelos
puramente fisicos de redistribucion turbulenta no son suficientes
para explicar la distribucion del krili a pequefias escalas. Por
censiguiente se propone desarrollar un modeio modificado de
reaccion-difusién que incorpore los indices de crecimiento del! krill
de variacion espacial, los indices de pérdidas del krill a causa de
predadores, la atraccion de krill dependiente de la densidad para
explicar et porqué de las concenlraciones a pequefa escala.




1. INTROCUCTION

Among the important questions being addressad in scientific studies of living marine
resources in the Antarctic are:

1. How important are physical processes, such as lhe movement of fronts and
sea-surface contiguous zones, in determining the distribution and dynamics of
krili and fin fish?

2. How important are biclogical factors such as predation and food avaiiavility?
3. What is the interaction bemween spatial patterns and fishing hehavior?

4. How can theoretical approaches to stock assessment and predicticn facilitate the
estimation of the size of the rescurce, and aid in the deveilcpment of optimal
harvesting strategies”?

in the Antarctic ecosystems, as in other complex ecosystems, physical and biological
factors interact to produce patterns of multiple spatial and temporal scales. The initial steps
in the deveiopment of a quantitative theory of the Antarctic must involve an examination of
those scales (Denman and Powell, 1834; Levin, 1988). Spectral analysis and other
statistical approaches allow comparison of observed distributions of physical factors,
primary producers, and consumers; mechanistic investigations provide complementary
information on natural time and space scales for biclogical and physical processes
underlying patterns.

In the eguatarial mid-Pacific, over the 2-50 km spatial scales, the range for which
the best data are available for compariscn with the Antarctic ecosystem, astimation of fractal
dimensions of phytoplankton patches suggests that physical factors are the primary
determinants of spatial pattern {Slice et al., 1988). Of course, it is quite a leap from the
equatorial ocean ta the Antarctic, but spectrat analyses of data from the Scuthem Ocean lead
to the same canclusion. We turn in the next section 1o an examination of the evidence. The
implications are substantial, since if the proposition is accepted, it means that primary
productivity can be modelled as, 10 a first approximation, a reflection of physical conditions.

2. DISTRIBUTICN OF TEMPERATURE AND FLUCRESCENCE

In various data sels taken from different regions of the Antarctic, the concordance
between physical factors (temperature} and primary productivity (fluorescence) is
excellent on intermediate and broader scales. Figure 1, reprinted from Weber et al.
(1986), demonstrates the similarity of slopes in the spectral distributions of temperature
and fluorescence in the Southern Ocean in austral summer 1981; the middle panels in Figure
2 indicate strong coherence in the distributions. Weber el al. (1986) betieve that the
slightly steeper slope of the fluorescence spectrum, plus the strong coherence between
fluorescence and krill (Figure 2), is evidence that grazing is a factor in the small-scale
distribution of phytopiankton. We are not convinced, and in any case, regard physical
factors as providing an adequate explanation of the fluorescence spectrum at least on
intermediate scales (4-20 km). It is unfortunate that we do not yet have available
comparable data for the Elephant Istand-Bransfield Strait region. We hope to be able to
obtain such data to strengthen our interpretation of krill distributions, reported in the next
section. ‘

Our conclusion is that, to a first approximation, it is reasonable to regard
phytoplankton abundance as determined by physical processes. Of course, this is based
entirely on correlations; nonetheless, it is our null hypothesis. In our modelling approach,
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this assumption will represent our baseiine model. in later versions of the model, grazing
will be allowed to modify the basic distribution.

3. PRELIMINARY DATA ANALYS!S OF KRILL SPATIAL DISTRIBUTICN

Quantitative descriptions of krill spatial distribution are necessary for two purposes.
The first is that the patterns revealed by those descriptions allow the formulation of the
simplest models that can reproduce these properties. The second reason is that the

descriptions of real spatial distributions will serve as stancards to wnich to compare tha
output of the candidate models.

The most useful analyses to date are those of Weber et al. (1386) discussed in the
previous section and shown in Figures. 1 and 2, for the spatial distributions of temperature,
flucrescence, and krill biomass in the Antarctic Ccean south of Africa. The pcwer spectra for
temperature and flucrescence, shown in Figure 1 and discussed in the last section, differ
markedly frem that reported for krill biomass. The variance of fluorescence and
temperature declines with increasing wavenumber (decreasing wavelength). The slcpe of
the relationship between the log variance and the log wavenumber approaches previously
reported values for these guantities (Powell et al, 1975; Mackas, 1977; Steele and
Henderson, 1977; Lekan and Wiison, 1378; Platt and Cenman, 1880); these slopes were
close to the -5/3 prediction of Kolmogorav-(1941) for the inertial subrange of turouience,
in contrast, the krill power spectrum was almost flat, indicating an approximately equal
variance at all scales.

The description of Weber et al. (1986) implies that different mechanisms coatral
temperatuyre and fluorescence spatiai distributions on the one hand, and krill distribution cn
the other. As suggested in the previous section, purely physical mcdels may be sufficient 10
explain fluorescence spatial distribution (at least in the 2-20 km length scales of the Weber
et al. study). However, such a model could not reproduce the krill spectral estimates;
additional mechanisms must be invoked.

If the description of Weber et al. (1986) were to hold for the Elephant islang-
Branstield Strait region, it could serve as the basis for a preliminary model of that region.
The submodel for primary productivity of algal biomass distribution weuld be primarily
physical. The close correspondence of the spectral estimates for temperature and
Huorescence suggests that grazing by herbivores has a minimal effect on algal spatial
distribution. In contrast, a purely physical modei for krill wouid be inappropriate since it
could not produce the relatively high variability at small scales (high wavenumber).
Although krill distribution undoubtedly is influenced by physical processes (such as
advection and turbulence), other factors (presumably involving krill behavior) must be
responsible for the high heterogeneity at small scales. Thus, a krill submodel would have 10
inciude additional mechanisms acting predominantly at small scales.

The first step of this analysis was (o examine, through spectral analysis, the krill
biomass distribution in the vicinity of King George Island and then to compare the resulling
pawer spectrum to the description of Weber et al. (1986) to determine whether the same
type of spectrum ‘can describe the krill distribution patterns in different areas.

Acoustic data (provided by M.C. Macaulay), obtained 4-3 January 1987, aboard the
RV Professor Siedlecki, were analyzed in the following way. The data tapes contained
continuous reading of estimated average krill biomass (g m-3; 200 kHz estimates) at each
. meter of depth (range: 3-185 m) at a horizontal resolution of approximately 200 m fof
eight transects (Figure 3). Vertical profiles were summed to obtain an areal estimate of
krill biomass (g m3). The resuiting traces were then subdivided into 16 series of 64 data
points to be analyzed by spectral analysis. The power at each frequency for the 16 transecls




then was summed, and normalized to the total power of the signal to obtain a nermalized
power spectrum (Figure 4).

To facilitate comparison with the power specirum of Weber et al. (1986), we also
analyzed the data by first averaging areal hiomass into 1 km bins, and subcividing the
resulting series into traces of 20 data points. The power estimates then were treated as
abcve to cbtain an average power spectrum spanning the same scales as Weher et al.
(Figure 35).

The resulting spectra (Figures. 4-5) were closely similar to the putlished spectra
for krill, but much less steep than that which cammonly has been obsarved for fluorescance,
salinity and temperature. There is a relatively high variability of kriil biomass at small
scales that apparently cannot be explained by physical precesses alone.

A second descriptor of spatial distribution, the semivariogram (see for example,
Mackas, 1984), aiso was computed from the same data (Figure 8). The results indicate that
the variability in krill biomass between pairs of data points is anly a weak function of the
linear distance between those paoints. The samivariance of log biomass does not vary
significantly over maost distances between points except for the smallest distances. This
suggests that patch size (swarm size} is smaller than 200 m, the finest resoiution of these
data.

A thirg, simple descriptor, the frequency distribution of Dicmass, was computed for
the same data set (Figure 7). The resulting frequengy distribution is biomodal and appears
to be the mixture of two fognormal distributions. About two-thirds of the observations
(67%) can be atiributed to the first lcgnormal distribution (mean logyo (biomass) = 0.18,
SO = 0.49), and one-third to a second lognarmal distribution (mean = 1.76, SO = 0.51).
These two distributions may correspond to the between- and within-patch biomass (mean
biomass between patches = 2.8 g m'2, apparent mean biomass within patches = 115 g m3).
Note that the biomass within swarms may be substantially higher since it appears that most
swarms have a diameter smaller than 200 m, and that the observed biomass is an average
for a 200 m trace.

4. CCMPARISON OF DATA WITH THE PHENCMENCLOGICAL
MOOEL PREDICTIONS OF MANGEL

As an example of how we intend to use these descriptions to evaluate the plausibiity
and adequacy of cur models, we have reconstructed the “patch within patch” model of Mangel
(1987) with minar modification to account for the low *background” biomass of krill. This
model assumes that individual krill aggregate in swarms in surface densities of the order of
300 g/m?, over a surface spatial extent on the order of 100 m. Swarms aof krilf are further
aggregated into concenirations or patches over a large spatial extent of the order of
10 nautical miles (=20 km). A concentration with a length scale of 15 nautical miles is
assumed to have 8000 swarms of krill, randomly ptaced within the concentration.

Transect data, similar to those analyzed above, were then extracted from the
simulated krill spatial distribution, and the three descriptors calculated for 100 sets of 16
transects of 64 points. The results are presented in Figure 8. Not surprisingly, the
resulting frequency distribution (Figure 8a) is similar to the one observed for the real data.
The semivariogram (Figure 8b) also is both qualitatively and quantitatively similar to the
one obtained from real data. The power spectrum of simulated data (Figure 8c) also
approximates the one observed for the real data, though it does not mimic the ‘apparent
curvature of Figure 4, especially at small scales. Overall, the simple model of Mangel
appears to reproduce excellently the patterns observed with real krill biomass data. Of
course, this mode!l is phenomenclogical rather than mechanistic; it is useful as a descriptor
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of observed patterns, and for evaluating the success of different fishing and sampling
strategies. It does not provide a means of relaling patterns to underlying processes

Obvicusly, a larger set of real data needs to be analyzed not aniy to produce more
precise descriptions, but also to test whether the power spectra, samivariograms, and/or
frequency distributions vary in a systematic fashion among ihe various subareas of the
general Bransfietd Strait-Elephant Istand area. The same descriptors have to be obtained
from the other relevant parameters of the integrated model: temperature, salinity, algal
hiomass, and density of krill predators.

5. DEVELOPMENT OF A PRCCESS-BASED MODEL

Statistical analyses, such as those reported in the previous section, are a start, but
are limited as devices for prediction. Without some understanding of mechanisms, we have
no idea why correlations fold, or when they will fail (e.g., Lehman, 1388). Therefcre, we
seek to go beyond such statistical analyses, developing mechanistic explanations of observed
patterns. .

Qur basic approach is built upon modification of classical ditfusion reaction models.
However, that basic approach must be modified in a number of ways to take into account what
is known about mecharisms. Thus, we alter the diffusicn-reaction model so that:

1. Krill growth rates are spatially variable functions of phytcplankton
availability;

2. Krill loss rates are functions of predator abundance;

3. On broad scales, the assumpticn of diffusion is replaced by the inential subrange
of turbulence;

4. On smaller scales, the assumption of diffusion is replaced for krill by models for
aggregation, such as Kawasaki's (1978) medel for jong-range density-dependent
attraction (see Moarin et af., 1989).

6. MODEL IMPLEMENTATION

The integrated spatial and temporal madel outlined in the previcus section relies on a
large number of parameters that presently are unknown. The present data base does not
suffice to formulate the model in a more quantitative form. Although the final model may
require estimates of most of the parameters, we suggest using an iterative approach in the
development of working models.

In the first approximation, we still will assume that the physics determines the
distribution and abundance of algae, and that krill distribution depends on algal availabifity.
We further assume that krill consume an insignificant fraction of algal biomass, and that
predators have a negligible effect on detailed versions of the model. For the first
_approximation, the driving forces thus will be found in the hydrographic data. The output of
such a model will be compared to real data, both by looking at the large-scale distribution of
krill obtained by the acoustic surveys and at the three spatial distribution descriptors
(power spectra, semivariogram, frequency distribution), for temperature (or salinity).
alga! biomass, and krill. Discrepancies between the observed and simulated patterns will
indicate the major inadequacies of this simplistic model. 1t already is apparent that such @
mode! will not reproduce krill distribution adequately, although it is less clear whether it
will mimic its temporal variability.
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The next (and improved) versions of the mode! will depend on the results of the first
iteration. The second iteration will incorporate the krill aggregation modet of Kawasaki and
Qkubo, and more detailed functions for the encounter rates. Subsequent iterations will
include the grazing effect of predation by invertebrates, fish, and marine mammais.
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Figure 1: Mean spectral plots for krill, in vivo fluorescence, and temperature. (From
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"Patch within patch” model of Mangel
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