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Abstract

A general framework is presented to develop, test and integrate
component models of the distribution and dynamics of Antarctic krill
population at various spatial and temporal scales. We suggest that
models of increasing complexity be developed iteratively for
variability and patchiness of krill abundance. Incremental models
should then be compared to statistical descriptions of the observed
distribution patterns at various scales of observation to ascertain the
plausibility of the model and identify critical processes to be added.
An analysis of spatial distribution of krill in the Bransfield Strait
area reveals that purely physical models of turbulent redistribution
are not sufficient to explain krill distribution at small scales. We
therefore propose to develop a modified diffusion-reaction model
incorporating spatially variable growth rates of krill, krill loss
rates due to predators, and density-dependent attraction of krill to
account for the small-scale aggregations.

Résumé -

Une structure générale est présentée afin de développer, de tester et
d'intégrer des modeéles constitutifs de la répartition et de la
dynamique de la population du krill antarctique a différentes échelles
spatiales et temporelles. Nous suggérons que soient développés d'une
maniére itérative des modeles de complexité croissante portant sur la
variabilité et la répartition irréguliere de I'abondance du krill. Des
modeles incrémentiels devraient ensuite étre comparés aux
descriptions statistiques des formes de répartition observées &
différentes échelles d'observation afin de déterminer la plausibilité
du modele et d'identifier les processus critiques & ajouter. Une
analyse de la répartition spatiale du krill dans la région du détroit de
Bransfield montre que des modeéles purement physiques de
redistribution turbulente ne suffisent pas a expliquer la répartition
du krill a de petites échelles. Nous proposons donc de développer un
modéle 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 l'attraction du krill en fonction de la
densité pour expliquer les concentrations sur une petite échelle.

Pe3siomMme

llpeacTaByieHa obuasi cxemMa pa3paboTky, onpoboBaHHUS U
MHTErpalyi OJJHOKOMIIOHEHTHBIX MOJeJiell pacnupeaesieHns U
JAVHAMMKH TIOTTYJISIIAKM aHT2PKTUUECKOT O KPUJIS IO Pa3JIMYHbIM
MPOCTPAaHCTBEHHLIM M BPEMEHHbBM MacmTabaMm. Mbl
npeasaraeM, 4TtoObl BO3pacTalomedl CJOXHOCTU MOAENH
MHOT006pa3usi 1 HEpPaBHOMEPHOCTH PaCpOCTPaHEHUS KPUJIS
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pa3pabaThiBaliCh UTEPATHUBHO, MOSBJISIONNECS] BHOBb MOZEJIN
AOJIKHBI 3aTEM CPaBHHUBATbCS CO CTATHUYECKMM OTIMCaHHEM
HabJIO1aBUIMXCA KAPTUH pacrnpefesieHUsi IO Pa3JIndHbIM
MacuTabaM, MO KOTOPHIM MPOBOAUJINCH HAOIOAEHHMS], UTOObI
OLEHHUTh CTENEHb [JOCTOBEPHOCTH MOJEJHU M BbISIBUTH
KJIIOUEeBLIE Tpollecchl, Tpebywiiie BKJIIOYEHHS B MOJEJb.
AHann3 NpOCTPaHCTBEHHOI O pacnpe/iesiEHHsI KpUJisi B palioHe
nponavsa BbpaHcpuiaza nokasaj, 4yTO UKUCTO (PU3INUECKON
MoJesn TYpPOYJEHTHOTrO TepepaclpefesleHnss KpHJIs
HEZOCTAaTOYHO [AJsA OOBbsICHEHHSA MeJKoMacuTabHOro
pacnpefeseHns KpUJiasi. B CBSI3M C 3THM JJIsI TOTO,UTOOHI
OOBSICHUTb CYIECTBOBaHHE HEOOJIBIIMX arperanuii KprUisi, Mel
npeasaraeM pa3paborath AUGHY3HO-PEAKTHUBHYIO MOZEJD,
BKJIIOUAONYI0O TakX€ M NPOCTPaHCTBEHHblE MeEpeMeHHble -
Takue, Kak TEMIIbl pOCTa KPHJIsi, CMEPTHOCTb KPHJISI, 3aBUCSIAA
OT XHUUHHUKOB, W B3aHUMHOE€ TIpUBJIeUEHHUE KPHUJH,
00YyCJIOBJIEHHOE TTJIOTHOCTBIO CKOTIJIEHUS,

Resumen

Se presenta una estructura general a fin de desarrollar, analizar e
integrar los modelos componentes de la distribuciéon y dinamica de la
poblacion de krill antartico a distintas escalas espaciales y
temporales. Se sugiere la elaboracion de modelos de creciente
complejidad en forma iterativa para la variabilidad y discontinuidad
de la abundancia de krill. Se debera comparar luego los modelos de
incremento con las descripciones estadisticas de los patrones de
distribucién obtenidos a distintas escalas de observacién para
establecer la plausibilidad del modelo e identificar los procesos
criticos que deban agregarse. Un analisis de la distribucién espacial
de krill en el area del estrecho de Bransfield revela que los modelos
puramente fisicos de redistribucion turbulenta no son suficientes
para explicar la distribuciéon del krill a pequefias escalas. Por
consiguiente se propone desarrollar un modelo modificado de
reaccion-difusion que incorpore los indices de crecimiento del krill
de variaciéon espacial, los indices de pérdidas del krill a causa de
predadores, la atraccion de krill dependiente de la densidad para
explicar el porqué de las concentraciones a pequefia escala.



1. INTRODUCTION

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

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

2. How important are biological factors such as predation and food availability?
3. What is the interaction between spatial patterns and fishing behavior?

4. How can theoretical approaches to stock assessment and prediction facilitate the
estimation of the size of the resource, and aid in the development 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 development of a quantitative theory of the Antarctic must involve an examination of
those scales (Denman and Powell, 1984; 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 biological and physical processes
underlying patterns.

In the equatorial mid-Pacific, over the 2-50 km spatial scales, the range for which
the best data are available for comparison with the Antarctic ecosystem, estimation 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 to the Antarctic, but spectral analyses of data from the Southern Ocean lead
to the same conclusion. We turn in the next section to an examination of the evidence. The
implications are substantial, since if the proposition is accepted, it means that primary
productivity can be modelled as, to a first approximation, a reflection of physical conditions.

2. DISTRIBUTION OF TEMPERATURE AND FLUORESCENCE

In various data sets 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 et al. (1986) believe 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 phytoplankton. 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 Island-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 baseline model. In later versions of the model, grazing
will be allowed to modify the basic distribution.

3. PRELIMINARY DATA ANALYSIS OF KRILL SPATIAL DISTRIBUTION

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 standards to which to compare the
output of the candidate models.

The most useful analyses to date are those of Weber et al. (1986) discussed in the
previous section and shown in Figures. 1 and 2, for the spatial distributions of temperature,
fluorescence, and krill biomass in the Antarctic Ocean south of Africa. The power spectra for
temperature and fluorescence, shown in Figure 1 and discussed in the last section, differ
markedly from that reported for krill biomass. The variance of fluorescence and
temperature declines with increasing wavenumber (decreasing wavelength). The slope of
the relationship between the log variance and the log wavenumber approaches previously
reported values for these quantities (Powell et al., 1975; Mackas, 1977; Steele and
Henderson, 1977; Lekan and Wilson, 1978; Platt and Denman, 1980); these slopes were
close to the -5/3 prediction of Kolmogorov (1941) for the inertial subrange of turbulence.
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 control
temperature and fluorescence spatial distributions on-the one hand, and krill distribution on
the other. As suggested in the previous section, purely physical models may be sufficient to
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 Island-
Bransfield Strait region, it could serve as the basis for a preliminary model of that region.
The submodel for primary productivity of algal biomass distribution would be primarily
physical. The close correspondence of the spectral estimates for temperature and
fluorescence suggests that grazing by herbivores has a minimal effect on algal spatial
distribution. In contrast, a purely physical model for krill would 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 to
include additional mechanisms acting predominantly at small scales.

The first step of this analysis was to examine, through spectral analysis, the krill
biomass distribution in the vicinity of King George Island and then to compare the resulting
power 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 4-5 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 m3; 200 kHz estimates) at each
meter of depth (range: 3-185 m) at a horizontal resolution of approximately 200 m for
eight transects (Figure 3). Vertical profiles were summed to obtain an areal estimate of
krill biomass (g m?). The resulting 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 transects
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then was summed, and normalized to the total power of the signal to obtain a normalized
power spectrum (Figure 4).

To facilitate comparison with the power spectrum of Weber et al. (1986), we also
analyzed the data by first averaging areal biomass into 1 km bins, and subdividing the
resulting series into traces of 20 data points. The power estimates then were treated as
above to obtain an average power spectrum spanning the same scales as Weber et al.
(Figure 5).

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

A second descriptor of spatial distribution, the semivariogram (see for example,
Mackas, 1984), also was computed from the same data (Figure 6). The results indicate that
the variability in krill biomass between pairs of data points is only a weak function of the
linear distance between those points. The semivariance of log biomass does not vary
significantly over most distances between points except for the smallest distances. This
suggests that patch size (swarm size) is smaller than 200 m, the finest resolution of those
data.

A third, simple descriptor, the frequency distribution of biomass, was computed for
the same data set (Figure 7). The resulting frequency distribution is biomodal and appears
to be the mixture of two lognormal distributions. About two-thirds of the observations
(67%) can be attributed to the first lognormal distribution (mean logso (biomass) = 0.18,
SD = 0.49), and one-third to a second lognormal distribution (mean = 1.76, SD = 0.51).
These two distributions may correspond to the between- and within-patch biomass (mean
biomass between patches = 2.8 g m2, apparent mean biomass within patches = 115 g m2).
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. COMPARISON OF DATA WITH THE PHENOMENOLOGICAL
MODEL PREDICTIONS OF MANGEL

As an example of how we intend to use these descriptions to evaluate the plausibility
and adequacy of our models, we have reconstructed the “patch within patch” model of Mangel
(1987) with minor 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/m2, over a surface spatial extent on the order of 100 m. Swarms of krill are further
aggregated into concentrations 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 placed 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 model is phenomenological 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 relating patterns to underlying processes.

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

5. DEVELOPMENT OF A PROCESS-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 hold, or when they will fail (e.g., Lehman, 1986). Therefore, we
seek to go beyond such statistical analyses, developing mechanistic explanations of observed
patterns. -

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

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

2. Krill loss rates are functions of predator abundance;

3. On broad scales, the assumption of diffusion is replaced by the inertial subrange
of turbulence;

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

6. MODEL IMPLEMENTATION

The integrated spatial and temporal model outlined in the previous 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 availability.
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),
algal biomass, and krill. Discrepancies between the observed and simulated patterns will
indicate the major inadequacies of this simplistic model. It already is apparent that such a
model! 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 model will depend on the results of the first
iteration. The second iteration will incorporate the krill aggregation model of Kawasaki and
Okubo, and more detailed functions for the encounter rates. Subsequent iterations will
include the grazing effect of predation by invertebrates, fish, and marine mammals.
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

PucyHox 1

Pucynok 2

Pucysox 3

Légendes des figures

Corrélations spectrales moyennes du krill, de la fluorescence in vivo, et de
la température. (De Weber et al., 1986).

Spectres de phase transversale moyenne et cohérence carrée de
fluorescence-krill, température-fluorescence, et température-krill. Les
barres verticales indiquent les limites de fiabilité de 95% en ce qui

concerne les calculs carrés de cohérence moyenne (Y £ (2.2)
(8.D.N12)). Afin d'étre clair, les limites de fiabilit¢é de
température-fluor et de température-krill ne sont montrés qu'a une
fréquence calculée sur deux. (De Weber et al., 1986).

Emplacement des transects utilisés pour les analyses de données
préliminaires. 4-5 janvier 1987.

Spectres normalisés d'intensité de Weber et al. (1986) pour la
fluorescence et le krill, et spectres observés des données acoustiques sur le
krill analysées.

Spectres d'intensité du krill sur une échelle de 2-20 km observée dans
cette analyse et par Weber et al. La moyenne de la biomasse du krill a été
prise sur 1 km.

Semivariogramme de la biomasse du krill logso (g/m2) avec une zone
d'intervalles de confiance de 95% pour les données recueillies dans le
détroit de Bransfield (4-5 janvier 1987).

Distribution de fréquences d'estimations logyo de la biomasse (g/m?) pour
les données recueillies dans le détroit de Bransfield (4-5 janvier 1987).

Distribution de fréquences (a), semivariogramme (b), et spectre
d'intensité (c) de données simulées utilisant le modéle de "regroupements a
l'intérieur de regroupements" de Mangel (1987).

[loanucu K pUCyHKaM

CriexTpayibHble rpaduky CpeAHHX BEJUUUH [JJIS1 KpUJIA, in vivo
dryopeclueHuny U TeEMIIEpATYPHI (1o Bebepy u aAp., 1986 r.).

CrnexTpsl cpeaHelt Kpocc-a3oBoil M KBaAPATUUHON KOTEPEHTHOCTH
AN COOTHomeHUNn QryopecUEeHIUA-KPUJb, TEMIleparypa-
ayopecueHns, 1 TeMIepaTypa-KpuJjb. BepTukajbHble TOJOCHI
YKa3blBalOT Ha [OBEPUTEJIbHBIE MpEJeJibl, Kacawlnuecs OLEHOK

cpeAHell KkBaJApaTUUYHON KOrepeHTHOCTHU (Y + (2.2) (S.D.\/12)).
Ansa siCHOCTH, AOBEepUTEJIbHbIE INpeJesibl AJsA COOTHOLEHHH
TeMriepatypa-QyopeclueH s U TEMIEPaTypa-KpHib YKa3bIBalOTCHA
TOJIbKO Ha KaX /0¥ BTOPO# BbIUMCJIEHHOI YacToTe, (no BebGepy u Ap.,
1986 1.).

PacrniosioxeHune ruaporpapuueckvx pa3pesos, UCNOJIb30BaHHLIX NP
aHaJIn3e Npe/iBapUTEJIbHBIX JaHHBIX. 4-5 AHBapsd 1987 r.
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HopMasin3oBaHHasi CHeEKTpaJibHass MOIHOCTh UYaCTOTHOTO
pacnpefeneHusi Aas (piryopecleHUNN U Kpuis, 1o Bebepy u Ap.
(1986 r.), M TOJYYEHHble NYyTeM HaOJJIOAE€HUS CHNEKTPhl AJA
NMPOaHAJM3UPOBAHHBIX AKYCTUUYECKNX AAHHBIX IO KPHJIIO.

MonyueHHasi (BeGepoM U Ap.) NyTeM HaOJIIOJEHUS B 5TOM aHaIn3e
CNeKTpaibHasi MOIMHOCTbh UaCTOTHOTO pacrnpeAeseHnusi AN KPUIs
no mkane 2-20 xM. Bumomacca kKpuis Oblja ycpeAHeHa IO
KNJIOMETPOBOMY KBaZpaTy.

CeMHBapHoOrpamMma c JorapugMuueckoil mkaJioii (logse) Gmomacchl
Kpuias (r/mM2) ¢ 30HON [OBEPUTEJIBHOro HMHTepBaaa (95%) ans
AaHHBbIX MO npoyuBy BpaHchuinaa (4-5 siHBapsa 1987 r.).

Pacnipe/iejieHne UaCTOThHI € JIorapumuueckoi mxanoi (1ogio)
OIl€EHOK OrnoMacchl (r/mM?) aJisi AaHHBIX Mo npoJsuBy BpaHcouiiaa
(4-5sHBaps 1987 r1.).

PacnpegeyseHiue dYacToThl (a), cemMuBapuorpamma (b), u
CleKTpaJibHasi MOIIHOCTb YacCTOTHOrO pacnpejeyieHusa (c)
CMO/JIEIMPOBAHHABIX AaHHBIX MPUA UCTIOJIb30BAHUN MoAesi MaHrea
"MsITHa B TIpeAesax nAaTeH" (1987 r.).

Leyenda de la Figura

Curvas espectrales promedio para el krill, fluorescencia in vivo 'y
temperatura. (Weber et al., 1986).

Frase-cruzada promedio y espectro de coherencia cuadrada para el
krill-fluorescencia, fluorescencia-temperatura, y krill-temperatura.
Las barras verticales indican los limites de confianza del 95% de las

estimaciones promedio de la coherenica cuadrada (¥ * (2.2) (S.D.\/ 12)).
Para mayor claridad, los limites de confianza para el fldor-temperatura y
krill-temperatura se indican solamente en las frecuencias computadas
alternas. (Weber et el.,, 1986).

Localizacién de los transectos utilizados en los analisis de los datos
preliminares. 4-5 enero de 1987.

Densidad espectral normalizada de Weber et al. (1986) para fluorescencia
y krill, y espectro observado para los datos acusticos analizados del krill.

Densidad espectral para el krill en la escala de 2-20 km observada en este
analisis y por Weber et al. La biomasa del krill fue calculada por término
medio sobre 1 km.

Semivariograma del logyg de la biomasa del krill (g/m2) con zonas de
intervalos de confianza del 95% para los datos del estrecho de Bransfield
(4-5 de enero de 1987).

Distribucién de la frecuencia del logy, de estimaciones de la biomasa
(g/m?3) para los datos del estrecho de Bransfield (4-5 de enero de 1987).




Figura 8 Distribucién de la frecuencia (a), semivariogram (b), y densidad espectral
(c) de los datos simulados usando el modelo de Mangel “mancha dentro de
mancha” (1987).
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