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1. Abstract

- This study investigated the potential usefulness of aerial
seabirds as indicators of the distribution of peculiar oceanic
biotopes and prey populations in the African sector of the
Southern Ocean. The'hfpothesis examined was that the distribution
and abundance of seabirds are non-random and predictable with
respect to the "availability of prey at the sea-surface. The
" distribution of seabirds was correlated with prey density, in
cases where the appropriate information was available. More often
than not, however, data on prey distributions were unavailable, so
that seabird .distribution' was correlated with the abiotic
indicators of hydrodynamié processes which order the distribution

of potential prey,

The distribution of seabirds was determined by means of shipboard
observations. The trophic structure of seabird assemblages was
assessed according to the diversity, biomaés and abundance of 35
seabird species according to four principal diet-classes. The
ecological structure of seabird populations was defined in tefms
of relationships between the trophic structure of seabird
assemblages and Southern Ocean oceénography, meteorology and
bidgeography. The predictability of seabird distribution and
abundance with respect to environmental variation was assessed
using linear and nonlinear regréssion procedures. A deterministic
- model was developed in which analytical techniques are

-standardized and which can be applied to other ocean areas.

There are predictable associations between the trophic structure

of seabird assemblages and the structure of the surface of the
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sea. Assemblages of putative prey feature squid and fish in low
latitudes, and plankton predominate in higher latitudes. The

ecological structure of seabird populations reflects this trend on

a macro-scale level. On a meso-scale level, the abundance of
seabirds by diet-class correlates with the relative abundance of

putative prey. Moreover, seabird abundance and biomass correlate

positively with abiotic indicators of frontal 2zones and
sea-surface mixing, where prey diversity and abundance are
greatest. Regressions of seabird abundance with sea-surface

temperature explain important aspects of the wvariation in the

ecological structure of selected seabird populations.

This study showed that it may be possible to track the
distribution of prey stocks through concurrent observations of
seabirds and hydrography.. Consequently, the descriptive model
developed in this study contributes towards the objective of
circumventing the need for direct sampling of prey stocks. The
predictability of seabird distribution and abundance previously
obtained has been surpassed by the results of this study through
progressive reduction  of the spatio-temporal scale of data
collection and analysis, and Dby treating biotic-abiotic
relationships with non-linear regression models where appropriate.
The study concludes that sufficient advances have peen made to
justify further research into the wuse of selected species of
aerial seabirds as indicators of prey distripution and abundance

at sea.



2. Introduction

2.1. Rationale

The Convention for the Conservation of Antarctic Marine Living
Resources - (CCAMLR) sets out a policy for harvesting 1living
resources in the Southern Ocean which is based on maintenance of
the basic structure and dynamics of the constituent ecosystems
(Hammond,.l982). The size of the Southern Ocean precludes the
monitoring of every species which might be impacted by harvesting.
Hence, it is intended that selected predatory species_ of the
commercially 'important .prey stocks (e.g. krill (Euphausiacea),
squid and fish) be monitored, as part of a long-term management
programme (Hammond, 1982). Aerial seabirds are candidates for such
monitoring, because they are widely ranging, highly visible, top
predators in the short marine food chains of the Southern Ocean.
This study investigates if, and to what extent, seabirds are
useful as 1indicators of the distribution and abundance of prey

stocks in the African sector of the Southern Ocean.

The monitoring of seabirds as indicators for ecosystem management
‘requires that a distinction be made between their breeding and
non-breeding phases. Cody (1974) reported that polar seabird
species take advantage of summer 'pulses' in biological production
to maximize reproductive success. He suggested that this leads to

'communities' being structured largely as a consequence of
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interspecifié compétition. The scarcity of breeding platforms for
seabirds and seals in the Southern Ocean results in the
concentration of these predators within relatively limited areas
(Croxall, 1984). Seabirds breeding in the summer in the Southern
Ocean tend to disperse at the end of the breeding season towards

lower latitudes where zooplankton, squid and fish availability are

not curtailed by winter conditions (Croxall, 1984). If

interspecific competition for food among non-breeding seabirds 1is
minimized by their dispersion over a range which is much broader
than their breeding range, then their pélagic distribution is

probably related directly to food availability.

If the distribution at sea of non—breeding.aerial seabirds is
determined primarily by the availability of food, then these
animals could be  useful as indicators of thé distribution and
abundance of their prey. Odum (1971) and Krebs (1972) suggest.that
the distribution and abundance of an indicator species should be
limited by, or correlated with, the factor (e.g. prey
availability) being monitored. The hypothesis that assemblages of

non-breeding seabirds are organized principally by the

availability of food would be supported by showing that: 1.

non-breeding seabird dispersion is non-random; 2. the trophic
structure of aerial seabird assemblages at sea is consistently the
most important dimension ordering the avifauﬁé; and 3. the trophic
structure of aerial seabird assemblages correlates  with the
distribution of their prey (see Section 4. for definitions of

terms) .

Rough seas, weather and limited dedicated ship-time hamper studies
of the diets of seabirds at sea, so that information directly

linking birds and prey is extremely expensive to obtain and very
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slow to accumulate (Siegfried, 1985). Therefore, associations
between seabirds and the biological and physical processes which
concentrate, or otherwise, make food available to them at the
sea-gsurface 1is, at present, the best approach available for
correlating their distribution with their prey ( Kinder et _}.,

1983). If, 1in the Southern Ocean, the trophic structure of

seabird assemblages is predictable with respect to the habitat
Sstructure, then it is realistic to use seabirds as indicators in

an ecosystem model.

l.1. Objectives

The objectives of this study are aimed at determining how, if at
all, seapoirds can pe used as indicators of the distribution and
relaqive abundance of prey stocks or peculiar oceanic piotopes

which concentrate prey species. More particularly, I attempt to:

1. Describe the distribution and abundance of seabirds at sea in

the African sector (see below) of the Southern Ocean.

2. Identify and rank the environmental correlates of seabird

dispersion at sea.

3. Relate pelagic seabird distribution to prey availability near

the sea-surface where this is practicable.

4. Determine the relationship of seabird distribution at sea with
selected environmental correlates, and establish the suitability
of pelagic seabi:ds as indicators of hydrographic conditions
which influence the distribution of potential prey species in the

Southern Ocean.



2.3. Presentation of dissertation

The objectives were approached by exploring a sequence of
hypotheses on the macro- and meso-scales of spatio-~-temporal

distribution:

1. The distribution of non-breeding aerial seabirds at sea 1is

non-random.

2. Non-breeding aerial seabirds are organized at sea 1into
assemblages which reflect the biogeography of the marine flora ‘and

fauna.

3. Changes in the structure of aerial seabird éssemblages at sea
vcorrelate with changes in the physical structure of the marine
habitat (e.qg. sea-surface temperature ‘or air-sea interface
characteristics) and, in particular, with physical processes which
concentrate or otherwise influence the availability of food to

seabirds.

2.3.1. Macro-scale patterns of seabird distribution

The first hypothesis was examined by mapping (Southern Ocean
Pelagic Seabird mapping program (SOPS), Abrams et al., 1981)
seabird species richness, species diversity and abundance of
individuals for all species observed during 12 research and supply
cruises of the M. V. S. A. Agulhas in 1979-1981. Annual compbsite

patterns were assessed for the Africa-Antarctica environmental
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gradient from two complete field seasons. These results are

reported in Section 5.1.1.

The second hypothesis was assessed by exploring the ecological

structure of seabird assemblages at sea in terms of the relative

proportions of secondary to tertiary consumers along the
Africa-Antarctica environmental gradient. Accordingly,. the
macro-scale environmental gradient was characterized as a

méridional series of habitat-type zones. The annual energy and
food requirements of the seabird assemblages observed in each zone
were calculated to determine if the <changes in the ecologiéal
structure of seabird assemblages along the environmental gradient
are those which can be expected from information available on the
biogeography of plankton, squid and fish in the Southern Ocean

(Section 5.1.1).

The third hypothesis was examinéd through bivariate and
lmultivariate linear regression procedures (Dixon, 1981, 1982 BMDP
‘statistical software), which were used to identify those
environmental - parameters‘ which covary with seabird parameters
(Section 5.1.2). .The strength and nature of these associations
were then explored in a non-linear regression model (Section
5.1.2) and by means of correspondence analysis (a descriptive

ordination procedure (Greenacre, 1984; Section 5.1.3)).



2.3.2. Meso—scale'patterns of seabird distribution

The resolution of the three hypotheses at a macro-scale showed
that the variance in seabird abundance was not fully explained by
correlation vwith linear environmental gradients. Moreover,
examples of meso-scale variations, nested within macro-scale
patterns, occurred in the assessment  of hypothesis 3.
Subsequently, through a refinement of the spatio-temporal scale in
both data collection and analysis, I clarified relationships which

were masked by the lumping of data.

The three hypotheses were re—examined using data sets on seabird
distribution, certain prey distributions and physical
oceanographic features at a meso-scale 1level. I report three
regional studies (Sections 5.2.1, 5.2.2 and 5.2.4) which address
the first hypothesis. 'Here, I draw attention to the first of
these which 1is a good example of the non-random distribution of

seabirds in a deep-sea area.

The first hypothesis was re-examined by determining the
distribution of séabirds in an area which, froﬁ a macro-scale
perspective, is a zone of high seabird abundance {Section 5.2.1).
The second hypothesis was addressed from a meso-scale perspective
by relating hydrographic and hydro-acoustic surveys to seabird
distribution. ‘Hydro-acoustic surveys are employed by fisheries
»biologists to assess the diétribution and abundance of plankton
(including krill) and fish stocks. In two studies (Sections 5.2.2,
5.2.3), I assessed the co-occurrence, at meso-scale sea-surface
features, of seabirds with krill, and seabirds with'zooplankton7
the distfibution of these prey were represented by hydro-acoustic

data.
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The third hypothesis was examined by relating real-time
oceanographic and seabird data (Section 5.2.4). I report how the
seabird assemblages associated with each type of meso-scale
sea-~-surface featuré (e.qg. fronts,'eddies) differ from each other.
The hydro-acoustic and hydrographic surveys of Sections 5.2.2 and
5.2.3 did not produce data on a fine -enough scale to permit
statistical correlation with seabird abundance; Fortunately, the
types of meso-scale features (e.g. fronts, eddies) found 1in the
hydrographic and hydro-acoustic studies were represented in
Section 5.2.4, so that statistical correlations between seabirds
and these meso-scale features are tested fully in this section.
Hence, I was able to determine if the reduction of Spatio—temporal
"scale of analysis improves the correlation coefficients derived

from seabird-habitat relationships.

This thesis consists of seven published or-submitted papers which
relate to one or more of the objectives and hypotheses listed.
This format has been used because I have attempted to communicate
my findings as quickly as possible. Hence, there is some
unavoidable repetition of information. The Synthesis (Section. 6.)
will, I hope, facilitate the readers' efforts to comprehend
rapidly the’ theme of the study. References applicable to each
sﬁb—section of the Results (Section 5.) appear with that
sub~section, and references applicable to the Synthesis and
Introduction are presented at the end of their respective

sections.
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location aﬁd naturé of the 'Antarctic Divergénce;. The details of
the Weddell Gyre and its interface with the 'East Wind Drift' are
now for the first time being studied in winter‘(Gordon and Huber,
in press). Whitworth (1980) and Nowlin and Clifford (1982) have
némed a frontal feature close to Antarctica as the 'Continental

Water Boundary'.

The interface zoﬁe between the Antarctic Circumpolar Current and
the sub-tropical seas (i.g. the Agulhas Current and the Benguela
Currént regions south of Africa) is perhaps the most complicated
biogeographical, boundary 2zone in the Southern Ocean (Lutjeharms,
1981: Gordon, in press). My thesis includes data from the most
detailed, intensive oceanographic research in the area: the
Agulhas Retroflection Cruise (Gordon, in press). It is not clear
whether this area 1includes a convergence, although a series of
thermohaline fronts exists and the latitudinal separation of tﬁese

fronts varies considerably (Lutjeharms and Valentine in press).

There is consensus that frontal zones are sites of high nutrient
concentration and biological production and diversity (Emery et
al., 1974; Holm-Hansen et al., 1977: Deacon, 1982; Tranter, 1982;
‘Weber and El-Sayed, 1985). The flora and fauna of each major
biogeographic zone mix within thé frontal zones and a variety of
physical processes mix nutrients and organisms across the fronts
at irregular intervals (Peterson et al., 1982; Tranter et al.,
1983a). Aécordingly, the recent attention of biological
oceanographers to finer scales of data resolution has revealed
‘that the diversity and abundance of pelagic zooplankton and squid

are enhanced in the vicinity of meso-scale mixing processes

(Brandt, 1983; Tranter et al., 1983 a, b).
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Figure 1. The African sector of the Southern Ocean showing
prevailing current flow (arrows), mean summer (dashed lines) and
winter (contihuous lines) positions for the Sub-tropical Frontal
zone (STF), the Sub-Antarctic Frontal zone (SAF), the Antarctic
Polar Frontal zone (APF) and the position of the Continental Water
Boundary (CWB). The locations of Gough 1Island and the Prince

Edward Islands are also indicated.
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4. Methods

The best examplés of the use of multivariate analyses of the
ecological structure of avian communities in relation to habitats
come from terrestrial studies. Wiens and Rotenberry (1981)
Characterized and ranked éome of the structural dimensions of

terrestrial bird communities, using the correlations of selected
-énvironmental parameters with the occurrence in time and space of
'Jthe birds. Wiens and Rotenberry (1981) point out that if a
relationship exists between birds and their habitat, then where
environmental conditions change, there should be consistent and
interpretable changes 1in the occurrence of species. Wiens angd
Rotenberry (1981) found low correlation coefficients for their
bird-habitat study, which they acknowledged <could be due to
inappropriate spatial scale of resolution in the data. Meents et
al. (1983) were able to explain relatively higher percentages of

the wvariance 1n terrestrial pird abundance by treating

biotic-abiotic associations as non-linear.

Wiens and Rotenberry (1981) advise that in the analysis of
ecological factors affecting animal distributions, the potentially
‘confusing effects of evolution and biogeography may be minimized
by considering community composition and dynamics at 'more local
écales'. Thus) by considering my data on seabird populations as
assemblages, I resolved the dynamics of their distribution rather
than trying to fit them into communities (see below). As per
Wiens and Rotenberry (1981) and Meents et al. (1983), I used
regression-based statistiqs to characterize and compare the
seabird assemblages of selected spatio-temporal scales, 1in order

to identify the relative importance of their biotic and



biotic-abiotic associations.

I used two techniques for characterizing differences in seabird
diversity and abundance from one area to another: 1) species or
species-group correlation matrices, and 2) univariate and
multivariate correlations between selected seabird variables and
environmental variables. Technique 1 was used as a ‘'signature'
for particﬁlar seabird assemblages 1in comparisons between the
avifaunas of discrete habitat areas or oceanic zones. Technique 2
was wused to <correlate gradual or sudden changes 1in seabird
diversity and abundance with gradual or sudden <changes in the
physical parameters representing environmental features or
gradients. The focus of technigque 2 1s the environmental processes
which make prey available to the seabirds. These two technigues
together described a model of the ecological structure of pelagic
seabird assemblages. The applications of these techniques to each.
data set are detailed in each section of the results of the

thesis.

The biaseé inherent in counts of seabirds at sea (Griffiths, 1981)
necessitated using data from one vessel-type, collected by a
limited number of observers using an internationally accepted
field method (Seabird Mapping Scheme, 10-minute card method,
Anon., 1982). 1In order to minimize the biases inherent in counts
‘of birds at sea, inter-observer bias was minimized by using data
from a minimum of observers. New observers were trained by current
staff and their data verified in the field wunder supervision of
.the project 1leader and the <current staff. Observations were
suspended when a standard cut-off point in visibility was passed.

A narrow field of view (beam-bar) and a fixed distance from the

snip were used to minimize recounting of individual birds, which 1I
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consider to be the most serious potential bias in counts of birds
at sea. Penguins were omitted from this study, because they are

~difficult to observe and count from ships at sea.

The sampling procedure was to collect as many counts in series as
possible during daylight, ensuring that these were always in one
hour blocks at the least. This provided steaming transects of 25
kim or more. Although it is most desirable that each field count be
a random sample, this condition was only approximated because data
from a steaming ship are a time-series of counts. These data do
not conform strictly to the assump£ion of random sampling inherent
in the use of regression—baﬁed models. Therefore, the results of
correlation analyses do not, in this context, offer a true measure
of predictability pecause some of the 'explained variance' could
be due to autocorrelation. It is for this reason that the thesis
presents two methods of examining correlations between seabirds
and physical parameters. Correlation matrices were used to
highlight relationships for further analysis. Such statistics
usually reguire the assumption of random sampling, but here were
used as relative measures of association. The second method,
bivariate or multivariate regression, addréssed the variation in
" bird numbers along environmental gradients. The thesis draws from
linear regression procedures the most 1mportant environmental
‘determinants of seabird distribution, Although these
statistics are not absolute measures of variance explained, the
bias 1s the same for all environmental parameters, so that these
regression procedures helped to identify the physial parameter
most strongly associated with variance 1in seabircd parameters:
sea-surface temperature. Thereafter, a curvilinear model was used
which reflects graphically the autocorrelation in seabird counts

as the natural, gradual increase up to and decrease away from an
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oceanic feature of attraction,.;.g. SST fronts. The curvilinear
approach 1is new to the analysis of seébird distribution and is
superior to linearizing curves because the output provides a
‘graphical presentation of the raw data, the theoretical curve, a
measure of the fit and an indication of the SST characeristics of
the front. This approach is the most meaningful to those familiar

with pelagic seabird research.

In ﬁsing linear regression procedures for the statistical
correlation of seabird-habitat relationships, I generally
transformed the raw seabird counts to normalize the distributions
‘which are skewed by a large number of zero counts. This
transformation (y=log(x+l)) reduced the influence of zero counts
and of especially large counts. This makes my analyses comparable
to a rank correlation approach, and 1 recognize that the
regression equations produce measures of association which are
épproximate, i.e. the predictive values of my results are
rélative, not absolute. The variance explained in my non-linear
vmodel (Sections 5.1.2 and 5.2.4), is not absolute, which is why I
supported the model's results with an analysis of variance to
determine if the variance explained by my model 1is significantly

greater that the variance explained by a randomized model (Section

5.2.4).

Seabird counts were coded and entered into a Sperry-Univac 1100
~computer, including with each 10-minute observation the numbers of
all species sighted in a fixed area and ‘all the environmental

parameters available for that 10-minute period from the ships'

continuous and non-continuous recorders.

The selection of data subsets for each study differed. Sections

5.1.1 and 5.1.2 included two complete field seasons. In each year
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there were approximately the same number of field observations
(3005 and 2918, 1979-80 and 1980-81, respectively) from a
replicated cruise schedule. This ensured that no habitat zone had
less than 250 observations and that all oceanic fronts wére
crossed in all months, except for the Antarctic Polar Front in
winter. Further, all cell-area means were derived from a minimum
of 6 observations 1in each <calendar season (or in cases of
" peripheral <cell areas, the adjacent cells were fully sampled).
Moreover, all habitat features (e.g. fronts) were sampled by at
least 6 <crossings, which included not less than 25 observations.
The annual composite data in Sections 5.1.1 and 5.1.2 were the
same except that for the multivariate biotic-abiotic analyses, 45
cases were dropped from Section 5.1.2 due to missing values for
some abiotic parameters and two additional cruises were included
in the analysis of cruise tracks across fronts. Section 5.1.3
assessed the single cruise track which best represented the
complete study area environmental gradient. This <cruise was the
. _most intensive summervcruise for which reliable oceanographic data

were availlable.

. Sections 5.2.1 and 5.2.3 examined a deep-sea area important to the
study of krill ecology and included hydrographic data not normally
available over an intensive grid. Section 5.2.2 examined a

deep-sea frontal zone in conjunction with a sub-Antarctic seabird

breeding site, and included extensive hydrography  and
hydro-acousticé over an intensive grid. Such -extensive
multidisciplinary studies of areas which contain meso-scale

hydrographic phenomena merited isolation for special analysis.
The research cruise which provided the data for Section 5.2.4 was
the culmination of a trend among oceanographers to resolve

meso-scale hydrography in and near a major deep-sea frontal =zone,
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and as such provided the best data set for the purposes of this

thesis.

The diet-classes into which seabirds species have been lumped for
analyses in this thesis were derived from studies conducted
primarily at or near breeding sites. It was not logistically
- possible to confirm these <classifications at sea while the
distributional data were collected. The classification of seabirds
by diet for this thesis was based upon the literature (see
relevant Sections below) and unpublished data. Unpublished
information which was more relevant to the African sector of the
Southern Ocean superseded published data. This compromise approach
was facilitated through BIOMASS participants who have agreed upon

the <classification wused in order to permit international

collaboration on seabird at sea data analysis.

The seabird diet classes presented in Section 5.1.1 and throughout
the thesis reflect this approach. It is important to point out
that where the problem of diet-shifting among seabirds might have
interefered with the interpretation of the results in this thesis,
the analysis and discussion accounts for this. In all cases the
single speclies data comprising the diet classes are presented 1in
Appendices. Where relevent, the species most important to a
specific interpretation were analysed independently of the diet
classes. In none of these cases did the results of single species
analysed independently of the diet classifications contradict the

results or interpretation of the species lumped by diet class.

In analyses performed as background to this thesis, the-
co-occurrence of seabird species was assessed to show the
difference between the a priori classification used herein and a

post iEriori classification of species by geographical
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‘co-occurrence, The seabird distribution data used for this
analysis was that of the first two seasons (i.g.

1979/1980-1980/1981, the data sets for Sections 5.1.1-5.1.2). The
data were analysed according to the oceanographic zones identified
in.vSection 5.1.1. A <cluster analysis was performed on seabird
variables (single species) baséd on presence/absence to minimize
dependency upon absolute counts (G.L. Huht, pers. comm.), which
provided a measure of association between species occurring within
one 10-minute fie;d observation. The data for the sub-tropical
and sub-Antarctic zones were used because sampling south of 50°%s

was severely biased by season (i.e. summer only).

In all five zones, a strong association occurred between the most

abundant planktivore (i.e. prions Pachyptila or Blue petrels

Halobaena caerulea) and either a mixed-diet species (Soft-plumaged

petrel Pterodroma mollis ~ or Kerguelen petrel Pterodroma

brevirostris) or a squid-eater (Fulmar Fulmarus glacialoides). In

most zones a pair of diads or triads. of these species occurred
ilndependently of each other. In sub-tropical zones, clusters
included all of the above species as well as a variety of species

from all four diet-classes, and these broad clusters were

segregated from Giant petrels Macronectes or planktivores (e.g.

'Egalaropes). In sub-Antarctic zones, the diads and triads noted
~above segregated from smaller clusters which represented cross
sections of the diet-classes (e.g. Black-browed albatross Diomedea

melanophris with Atlantic petrel Pterodroma incerta;: skuas

Catharacta with Yellow-nosed albatross Diomedea chlorohynchos;

Sooty shearwater Puffinus griseus with Wwhiteheaded petrel

Pterodroma lessoni).

The cluster analyses showed generally weak clustering by species.
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This reflects the trend throughout the thesis that all seabird
species are attracted to frontal zones. Within frontal zones,
where many of the birds are likely to be searching for food, it is
not surprising to find clusters which represent predator
assemblages which potentially take a cross-section of the
food-chain. This result strengthens the point of the thesis which
holds that the distribution and abundance of seabirds at sea 1is
most strongl§ influenced by the structure éf the marine habitat.
This point is underscored in two ways by the <cluster analysis

results.

.In the SAF zone there is a cluster of near-island species,
including all of the penguins and skuas and albatrosses. In the
STC, a frontal zone known for high biological productivity and

. Seabird apbundance, the clusters included the most species spanning

the widest range of diets and feeding behaviours. In the higher

latitudes (PFZ), strong clustering occurred among species known to
take krill and zooplankton and which occur in large flocks
randomly distributed over the very large, homogeneous habitat

area.

Certain terms used 1in this thesis reguire definition. 1 avoid
using the term 'community', because it implicitly or explicitly
implies that a degree of interaction occurs between its components
(0dum, 1971; Krebs, 1972). 1 define a seabird assemblage for a
. glven area and time period by determining the percentage
occurrence of each species or diet-class according to totzal
abundance (i.e. numbers of individuéls) and total biomass
(assuming a mean live mass per individual per speciesj. Thus, an
assemblage 1s a collection of species in a space/time framewofk,

as opposed to a collection of species for which some assumed link
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exists. Comparisons between assemblages are made using mean values
for species richness, diversity, abundances and biomass, per
observation. Species richness 1is the number of species, and
species diversity is the Shannon diversity index for a seabird
assemblage. The trophic structure of an assemblage is
characterized by the mean values of species richness, species
diversity and the abundance (numbers of individuals) of seabirds
.ordered by principal diet-classes. Thus, trophic structure
reflects the theoretical prey—type requirements of an assemblage.
The ecological structure of the avifauna 1s defined by the
relationship between the structure of a given physical

habitat-type and the trophic structure of the seabirds present.

Habitat-types are defined 1in each instance by the oceanographic

parameters which are available to distinguish between oceanic
afeas. Similarly, on a broader scale, biogeogréphic zones are
identified by the latitudinal boundaries of major water masses.
For the ‘identification of habitat-types, or zonés, I have relied
on both consultation with oceanographers and on the data logged
together with the seabird observations. For this thesis,
macro-scale habitat areas are technically defined as areas greater
than 500km diameter, but are practically defined as geographic
zones (e.g. broad frontal zones which include seasonal variation).
Meso~scale areas cannot Dpe absolutely defined because their
_structure varies over weeks or months. Consequently, in this
thesis, each meso-scale feature 1is specified and an approximate

distance measure 1is sometimes provided, but this cannot be

standardized.

For the ©obiogeography of the Southern Ocean, I rely on Deacon

(1982), Kowlin and Clifford (1982), Tranter (1982) and Clifford
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(1983). Terminology, or names of currents and zones, come from the
respective authors cited 1in each section of the results.
.Thermonaline fronts are generally considered in this thesis to pe
areas where currents, water masses or meso-scale features meet and
there 1s a rapid change in sea-surface temperature and salinity.
'Convergences' and 'divergences' are not addressed specifically in
analytical procedures in this thesis, because their oceanographic

definitions are vague.
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5. Results

5.1. Macro~scale seabird distributions

Pelagic seabird distribution and abundance 1in relation to

macro-scale structure of the African sector of the Socuthern Ocean

\
Seabird distributional data are used in this section to describe
the way in which seabirds are organized 1into assemblages with
respect to an Africa-Antarctica environmental gradient. Section
5.1.1 is a published paper which examines the latitudinal zonation
of the seabirds over two years. This paper describes the trophic
structure of seabird assemolages by the amount of energy
theoretically required by the aerial avifauna observed in the
study area. The proportions of carbon required by the birds in the
forms of plankton, squid and fish are presented for the
oceanographic habitat zones which represent the ‘environmental

gradient between Africa and Antarctica.

Section 5.1.2 is a published paper in which the macro-scale
zonation of the avifauna is quantified in terms of selected
- oceanographic and. meteorological determinants of seabird
distribution and abundance. The{ resolution in these data of

meso-scale hydrography was sufficient to develop the hypothesis

that there is an important influence of meso-scale habitat



features on seabird distribution.

Section 5.1.3 1is a manuscript presently under consideration for
publication in a Jjournal. The paper describes the non-linear
"relationship of seabird abundance with the Africa-Antarctica
environmental gradient. The data include relatively intensive
"sampling of seabird, oceanographic and meteorological parameters.
This section describes graphically the mathematical form of the
curvilinear relationship ‘between seabirds and their environment,

which provides the basis for further non-linear analyses.



5.1.1. Energy and food requirements by region

Energy and food requirements of pelagic aerial seabirds in

different regions of the African sector of the Southern Ocean



Summary. The African sector of the Southern Ocean includes 3
regions separated by oceanic fronts. The frontal areas between the
sub-tropical, sub-Antarctic and Antarctic regions are
characterized by relatively high nutrient and biotic production
levels. 1In addition, the Benguela upwelling system over the
southwestern African continental shelf is especially productive.
Daily Energy Expenditures (DEE) of seabirds capable of flight were
compared to see whether differences in primary productivity
between different areas at sea are reflected at higher trophic
levels. Theoretical carbon £flux to seabirds at sea during

2

1979-1981 was calculated to be between 0.040 g C m? yr | and 0.224

2

g ¢ m? yr™!

. The greétest C flux to seabirds occurred in the

sub-tropical, and in certain frontal, areas.



Introduction

It has been suggested that seabirds could serve as indicators of
the distribution . of prey populations in the Southern Ocean,
because they are the most visible carnivores at sea (Anon., 1977).
High seabird abundance has been related to enhanced prey
availability at oceanic fronts in the Bering Sea (Hunt et al.,
1981; Schneider, 1983), and near Antarctica (Ainley and Jacobs,
1981). Aerial seabirds (species capable of flight) in the Southern
Ocean are concentrated 1in convergence, divergence and frontal
zones (Abrams and Griffiths, 19817 Ainley and Jacobs, 1981;:
Abrams, 1982; Griffiths et al., 1982). These zones are
characterized by steep thermohaline gradients and high relative
abundance of nutrients, plankton, squid and fish (El-Sayed, 1970;
Holm-Hansen et al., l977;AIverson, 1977; Hulley, 1981l; Tranter,

1982).

In this paper I report the minimum amount of prey biomass
required by aerial seabirds, based on their energy needs, in the
African sector of the Southern Ocean during 1979-81. More
particularly, the amount of carbon theoretically transferred
through plankton (principally krill, Euphausiacea), squid and £fish
to aerial seabirds is compared between 9 oceanographic zones. The
distribution of seabirds is discussed in the context of the
physicél processes which couid influence the availability of prey.
Comparisons are made of the C flux and food required by seabirds
in the African sector of the Southern Ocean and other oceanic

regions.
Methods

Seabirds (excluding penguins) were recorded during 12 separate
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cruises of the M.V. S.A. Agulhas between April 1979 and June 198‘1
(Fig. 1). Similar areas were covered during the same seasons in
1979-80 and 1980-8l. Attempts were made to count all birds
observed flying past the moving ship (mean speed = 23.4 km 51 ) or
sitting on the sea in a lkm-wide transect (abeam of the ship)
during 59237 10-min (in 1lh periods) observation sessions
(Griffiths, 1981). No counts were made within 100 km of breeding

sites of any species.

Seabird density estimates (no.vbirds kﬁQ) were calculated for
4 frontal zones and 5 zones between the fronts and continents
(Fig. 1). The locations of fronts were taken from Deacon (1982)
and Lutjehérms and Valentine (in press). The inter-frontal zones
are named according to the fronts bordering the zones (i.e.
Sub-tropical Zone (STzZz) and Sub-tropical Convergence (STC);:
Sub-Antarctic Zone (SAZ) and Sub-Antarctic Front (SAF); Polar
Frontal Zone (PFZ) and Antarctic Polar Front (APF):; Antarctic
'Water Zone (AWZ) and Continental Water Boundary (CWB); Continental
Water Zone (CWZ) and Antarctica). Mean mass per pbird in plankton-,
squid-, fish-, and mixed-diet classes was based on the
 proportionate abundance of each species which occurred in each of

the 9 zones (Appendix 1).

Theoretical energy requirements (Daily Energy Expenditure)
(DEE in kJ pér bird of mean mass per day: Walsberg, 1980) were
calculated for each diet class in each zone. The food (ww mass)
of plankton- (including krill), and squid-eating birds was assumed

1 (Mauchline, 1980), and that

to have an energy value of 4.51 kJ g
of fish-eaters to be 210 Kj ng1x 0.27 gdw/gww' (Schneider and
Hunt, 1832) Equal proportions of plankton, sqguid and fish were

assigned to the mixed-diet species. All birds were assigned an
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assimilation efficiency of 80% (Clarke and Prince, 1981). Carbon
flux was based on a value of 0.4 g C §1 dw prey (Curl, 1962).
The seabirds' requirements for the area north of the Antarctic
Polar Front‘(maximum of 5305) (Lutjeharms_and Valentine, in press)
were full-year composites, and south of the winter pack-ice limit
half-year composites (Nov.- March), because aerial seabirds cannot

forage in ice-covered seas.

The Daily Energy Expenditure (Walsberg, 1980) eguations used here
produced generaily higher values than any of the formulae reviewed
by Schneider and Hunt (1982). However, Weathers and Nagy (1980)
found Walsberg's (1980) formula to be conservative, based on
determinations of metabolic rate using labelled water turnover
rates in free-living animals. Weathers and Nagy (1980) made the
‘methodological comparison wusing a bird with an inordinately high
water turnover rate, so that their D, &8 method would perhaps
~slightly wunder-estimate actual metabolism. This reinforces the

conservative bias of Walsberg's (1980) formula.
The Walsberg (1980) formula used was:

log (DEE) = log (13.64) + 0.663 log (Mass g)
Results

The sub-tropical areas collectively supported the highest avian
density (Fig. 1, Table 1l); the birds being concentrated in the
Sub-tropical Zone. In abundance, the avifauna was dominated by
planktivores at the Sub-tropical Convergence ahd large-bodied

sguid-eaters nearer the African continent (Figs 1-2).
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High abundance of large-bodied species in the north of the
survey area was reflected as a maximum flﬁx of ¢ (0.181-0.224. g C
m2yr4,'Table 2, Fig. 3) to seabirds in the sub-tropical areas.
The relative reguirements of plankton-eaters increased in high
latitudes (Fig. 3); the Antarctic Water Zone theoretically

2 0.5 yf1) similar

supporting, per unit time, a C flux (0.086 g C m
to those of the sub-tropical areas (Table 2). The avifauna of
high latitudes . contained a high abundance of relatively
small-bodied birds adapted to utilizing patchy but 1locally rich

prey concentrations typical of areas south of 50%s (Mauchline,

1980: Abrams, 1982; Tranter, 1982).

Large sguid-eating albatrosses_and petrels require 10-12 % of
their DEE for flight (Table 3). To sustain continual flight,
_albatrosses require between 85 and 160 g squid daily. Thus, basegd
on a meal of 650 g (Prince, 1980a), a relatively small albatross
éould forage for-6 d ana a Wandering Albatross for 3 - 4 d before
losing body mass. Prions, on the other hand, use daily 67 g food
for flight alone, which ié over 50 % of their DEE (Table 3). At
12 g per meal (Prince, 1980b), they require 5-6 meals 51, or a

meal every 4-5 h, just for flight.
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Table 1. Mean densities of seabirds (no. birds kﬁz) and their
energy regquirements (Daily Energy Expenditure, Kj km 2 ) in the
African sector of the Southern Ocean, 1979-198l1. Data for zones
south of APF represent half-year composites. See text for names of
zones |

Diet class

20N e e e e e e e No. of seabir

counts

Planktivores Squid-~Eaters Piscivores Mixed

— v —— - ——— q— —— - ———— ———— - — - ——— - ——— -———————

STZ 2.6 983 2.7 4 166 0.4 381 0.5 396 1 363
STC 4.0 1 503 1.3 2 575 0.3 209 1.1 864 865
SAZ 1.9 718 0.7 1 409 0.1 73 0.8 523 520
SAF 1.2 482 0.7 1 426 0.1 54 0.6 460 497
PFZ 1.9 721 0.5 1 158 0.1 30 1.1 730 255
APF 2.3 866 0.6 960 0.5 516 1.6 1 041 115
AWZ 7.0 2 838 0.5 852 0.4 449 1.8 1 315 661
CWB 2.6 1 113 - 0.2 348 0.7 718 1.0 944 1 224

o — — ———— . W o T - — A W ——— ——— ———— _———— T —— —— T —— _ — —— —————— -



Table 2. Annual prey biomass (g (fr. wt.) mz) and carbon

Ocean, 1979-81

flux (g C

m?2) required by seabirds in the African sector of the Southern
Diet class

mvitgsters viseiveres  wiea  rota:

Biomass C Biomass C Biomass C Biomas

STZ

STC

SAZ

SAF

PFZ

APF

AWZ

Biomass C

5-12

s C

—— . — o —_— —— T — T - —_— — N —— — —— — — ————— T — . . T— —— > — o ————— — ——— — ——— —

0.39 0.040
0.57 0.061
0.27 0.029
0.18 0.020
-0.27 0.029
0.33 0.035

0.53 0.058

1.57 0.175 0.03 0.003 0.06 0.006
0.98 0.104 0.02 0.002 0.13 0.014
0.53 0.056 0.0l o.ooi 0.08 0.009
0.51 0.058 0.01 0.001 0.07 0.007
0.43 '6.047 ©0.01 0.001 0.11 0.011
0.36 0.039 0.04 0.005 o.1§ 0.016

0.16 0.017 0.02 0.002 0.10 0.010

0.224
0.181
0.095
0.085
9.088
0.095

0.087
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Table 3. Daily Flight Energy (DFE, Pennycuick, 1982) as a

percentage. of Daily Energy Expenditure

selected species of seabirds

Species

Diomedea exulans

D. melanophris

D. chrysostoma

Phoebetria fusca

Procellaria

aequinoctialis

Daption capense

Pachyptila spp.

QOceanites oceanicus

Macronectes spp.

(wWwalsberg,

1980)

DFE

DEE

10.3
11.6
11.1
12.3

11.9

84.9

63.5

for

-—= x 100

DEE DFE
(k3 d7) (k3 &)
5 538 569
3 052 354
3 109 346
2 441 300
1 509 179

783 665

378 240

157 a5
3 710
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Fig. 3. Proportionafe distribution of the " amounts of seabird
food-types based on diets and carbon requirements (g C m2yf1) of
seabird populations in different zones of the African sector of
the Southern Oceén, 1979-1981. See text for explanation of

abbreviations of names of oceanic fronts and zones
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Discussion

Regional Carbon Flux to Seabirds in the African Sector

" In the African secﬁor of the Southern Ocean, the distribution of
the different diet classes of seabirds apparently reflects the
gross structure of the habitat and availability of prey at the sea
surface. Primary production at the Sub-tropical Convergence is
higher than at the Antarctic Polar Front (El-Sayed, 1970; Deacon,
1982). Allanson et al. (1982) found relatively high chlorophyll
levels during 2 crossings of the Sub-tropical Convergence (4Oo s).
Aerial seabirds required 0.2% of ﬁhe primary production (93 g C m2
yf1) reported fof this frontal zone by Holm-Hansen et al. (1977).

Seabird density was reiatively low in the zones associated with

thé Sub-Antarctic and Antarctic Polar frohts, where Allanson et

‘al. (1982) found high chlorophyll levels during 1 of 2 crossings.

Aerial seabirds required 1.2% of the primary production ( 8 g C m?
yf'1) ~reported for the APF Dby Holm~Hansen et al. (1977). The
seabirds in the.Antarctic Water Zone required 0.6% of the C flux,
:based on productivity (16 g C m2yr4) for these latitudes given by
Holm-Hansen et al. (1977) and El-Sayed (1978). Seabird energy
reguirements were lower at the Sub-Antarctic and Polar fronts than
in the Sub-tropical Convergence and the Antérctic Water zones
(Table 2). Yet, the percentage of C flux to the birds was higher
at the Antarctic Polar Front than in the Sub—tropical convergence
or Antarctic Water zones.

The African Sector in a Global Context

The biomass of seabirds (excluding penguins) in the Southern Ocean
has been estimated at 48,000 t (Iverson, 1977) and 56,500 Tt

(Prevost, 1981). Based on counts of seabirds at sea, the African
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sector of the Southern Ocean contains 31 t yf1 of aerial seabirds,
or 0.07% and 0.06% of 1Iverson's and Prevost's estimates,
respectively. 1Iverson (1977) estimated total‘ annual food
reéuirements for aerial seabirds in the Southern Ocean to be
6.0-8.5 x 10%t yr'' of krill, squid and fish. Prevost's (1981)
estimate was slightly lower (5.5 X 106t). The minimum amount of
food required by the seabird population in the African sector,
based on the data presented here, is 1.4 X 104 ¢ r Oor about
2.0-3.0% of Iverson's and Prevost's totals for the entire Southern
Ocean pOpﬁlation of aerial species. The area covered by my study
is 0.04% of Iverson's area; meaning that my estimates of food

consumption are comparable with his.

The sub-tropical region of southwestern Africa (Benguela upwelling
system) supported the greatest avian density, requiring between
1.8 and 2.1 g food m?yr'. Estimates of food required by breeding

birds in the sub-tropical Peruvian upwelling area (11-45 g food m2

yr'1 + Schaeffer, 1970) constitute the only example of a higher
seabird food requirement. The deep-ocean avifauna of the eastern
Pacific Sub-Arctic zone require less food (0.05-0.10 g food mzyrq,
Sanger, 1972) than the birds of the sub-Antarctic zones of the
Southern Ocean (0.77 - 0.89 g food mzyfq). A higher northern
sub-polar seabird food requirement (1.9 g food m 2 yr'1 by seabirds

in the wvicinity of an Atlantic Sub-Arctic breeding colony) was

reported by Furness (1978).

In polar latitudes (5046508) C flux to seabirds in the Southern
Ocean (0.087 g C h20.5 yrf1) was slightly higher than in the polar
Béring Sea (0.050 g C‘m20.5 yr™1, Schneider and Hunt, 1982).
Using a formula more like that of Walsberg (1980) on the same data

' set, Schneider and Hunt (1982) re-calculated DEE (after King,
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1974) which gave 'a C flux of 0.075 g C m20;5 yr-1 to séabirds in
the Bering Sea. This is very close to the values fof the Southern
Ocean. Whereas Southern Ocean aerial seabirds required 0.1-1.2%
of the estimated primary production, the Bering Sea population
required 0.02-0.03%, based on primary production estimates by
McRoy and Goering (1976). With the inclusion of penguins at the
same trophic 1level as aerial birds (Prevost, 1981), close to 10%
of the primary production may be required by the Southern Ocean

seabirds.

A composite of Antarctic food-chain models by Nemoto and Harrison
(1981) suggests only 2 or 3 trophic'levels below seabirds. Sanger
(1972) postulates 5 trophic 1levels below seabirds in the North
Pacific. The food chain to Antarctic baleen whales 1is shorter
than that to baleen whales in the North Pacific (Nemoto and
Harrison, 1981). The apparently shorter food chain to seabirds 1in
the Antarctic ié probably linked with the birds' requirements for
a greater proportion of the primary production than in the North

Pacific.

Caution. is necessary in making generalizations about oceanic
primary production and food chains, because the widest variation
in productivity values and the greatest degree of plankton
patchiness occur in the richest areas (Ryther et al., 1973;:
Longhurst, 1981). 1In the past, oceanographic stations were
operated on broad spatio-temporal scales (e.g. at 4-6 h
intervals). Recently, oceanographers have shown the existence and
complexity of small-scale events, i.e. 50-150 km diameter
(Longhurst, 1981:; Lutjeharms, 1981; Owen, 1981; Peterson et al.,

1982; Hofmann et al., in press) which probably affect plankton

productivity significantly.
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Patchy concentrations of nutrients and krill are associated with
the Antarctic Water Zone (Makarov et al., 1970; Tranter, 1982).
Prey patches at the sea surface must be frequent enough in the
zone to support dense patches of plankton-eating birds, since they
require frequent meals. Moreover, seabird mobility provides a
"constancy in their habitat preferences" on an oceanic scale
(Brown, 1980), so that the birds adapt rapidly to different.prey
distributions. Plankton-eating birds occur more uniformly in high
densities over areas where primary production is more uniformly
distributed (i.e. the sub—tropical.zones) than in high latitudes
(i.e. Antarctic Water Zone) where they occur in dense patches in
response to patchy prey distribution. Data on pref4abundance and
‘distribution, and seabird associations with small—écale
oceanographic events, are needed to investigate further the extent
to which seabird distribution'is influenced by small-scale oceanic

events which cause plankton patchiness.
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5.1.2. Macro-scale environmental determinants

Environmental determinants of pelagic seabird distribution

in the African sector of the Southern Ocean
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Abstract. The distribution of birds at sea in the Southern Ocean
south of Africa relates to the -environmental parameters at
regional écale: barometric pressure, salinity, air temperature,
water temperature, wind strength and weather. Multivariate
regression statistics are wused to assess the usefulness of
modelling seabird abundance on weather and sea-surface conditions
indicated by these variables. The birds' distribution appears
most strongly correlated with sea-surface temperature. A vafiety
of possible combinations of cause-effect interactions among the
physical parameters (barometric pressure, temperature and wind)
revealed low linear correlations between seabird distribution and
weather. Linear models explain a consistently small proportion of
the spatial variation in seabird distribution and abundance in
relation to sea-surface structure. Seabird abundance and
sea-surface temperature exhibit strong curvilinear <correlations
across frontal regions. Thus, the use of abiotic environmental
features as predictors of seabird distribution requires non-linear
analysis, which suggests that: 1) pelagic seabirds are distributed
randomly at sea or, 2) fheir distribution is non-random as a
consequence of a combination of biogeographical history, food
requirements, breeding period and lécale, and physical
environmental features. This hypothesis can only be finally
tested with a complex stochastic model, and we lack sufficient
data on the distribution of hydrological events which control prey
availability to aerial seabirds; this information is necessary
for the construction of a model which explains greater than 50% of
the variation in the distribution of seabirds. At present,
meaningfﬁl patterns in the distribution of Southern Ocean seabirds
relate to spatio-temporal separation by seabird diet-classes and

the distribution of permanent thermal fronts.



Introduction

Seabirds at sea aggregate at certain frontal zones (Griffiths,
Siegfried and Abrams, 1982; Schneider and Hunt, 1982: Section
5.1.1) apparently because of food availabe at such sites (Brown,
1980). Hunt et al. (1981) hypothesized that the spatial and
seasonal distribution of birds in the Bering Sea was structured in
relation to differences 1in continental shelf water domains.
Joiris (1978) demonstrated discrete differences between the
avifauna associated with Atlantic and North Sea water masses and
hypothesized this to be due to the differences 1in food
availability in the two areas. Pocklington (1979) associated the
distribution of certain seabird species with particular water
masses which were in turn identified on the basis of temperature
and saiinity. When Kinder et al. (1983) applied linear regression
models to seabird-habitat associations the proportion of variance
explained was very low. If regression models can be found which -
represent seabird-habitat correlations satisfactorily, then

seabird dispersion can be used in marine ecosystem analyses as an

indicator of the biological structure of the sea-surface.

In a distributional analysis, the birds at sea in the African
sector of the SouthernvOcean were organized into species-classes
which A share the same or similar diets, and. which probably
reflected the availability of different food-types in various
oceanic zones (Griffiths et al., 1982). This papér explains
pelagic seabird, i.e. all species except penguins, distribution in
relation to a generalized surface structure of the African sector
~ of the Southern Ocean. The locations of thermohaline fronts and

the habitat zones delineated by them in the Southern Ocean seem

stable on a macro-scale (frontal zones of 3-5 degrees of latitude,
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Nowlin and Clifford, 1982; Lutjeharms and Valentine, in press).
Five hydrological and meteorological variables are used to

represent these zones along an environmental gradient from Africa

to Antarctica.

Methods

Observations

Seabirds were recorded during fourteen separate cruises of the
M.V. S.A. Agulhas April 1979 to May 1982 (Fig. 1). The ship
covered nearly the same areas at the same seasons on its regular
schedule to research stations (Appendix 1). All birds observed
flying past, or passed by, the moving ship (mean speed = 23.4 km
HJ)in a lkm-wide transect were counted during 5 878 1lO-minute (in
hour blocks) obser&ation periods (Griffiths,> 1981). The ship
usually arrived at islands (Prince Edward 1Islands, Tristan da
Cunha group, Gough Island and Bouvet Island) and Antarctica-in the
early morning, and departed from them in the afternoon.
Consequently, observations of seabirds were nof made within

approximately 100 km of seabird breeding sites.

Analysis

The raw data were mapped by the Southern Ocean Pelagic Seabi:d
plotting program (Abrams et al., 198l1), which averages all
observations in a given cell area (two degrees in this study) and

prints values or symbols on an approximate mercator projection

(Figs 2 and 3).

The trophic structure of seabird assemblages was assessed in terms
of abundance (total number of all birds at an observation station)

and biomass (total live-weight of all birds at an observation
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station) of seabirds in four diet-classes (defined as in Aépendix
2; abbreviations thEOUghout for diet-classes are: plankton (PF),
squid (CF), fish (FF), mixed-diet (MF)). The ecological structure
of the avifauna was assessed by identifying associations between
seabirds and environmental conditions or features. The relative
strengths of these associations were assessed by comparison of the
coefficients of correlation (r) or coefficients of determination
(R 2) between seabird abundance and air temperature (AIR),
sea-surface temperature (WAT or SST), barometric pressure (BAR),
wind strength on Beaufort Scale (WIND) and weather (WEATH) coded
from 1 (clear sky) to 6 (storm with rain or snow). These weather
codes were a reduction in the number of variables contained in the
World Meteorological Office codes. They represent a continupm of

dry to cloudy to wet weather conditions.

In this study, the set of environmental variables presented were
the best and most consistently available from a majority of cruise
logs to represent weather patterns and latitudinal changes in the
sea surface. Changes in air and sea-surface temperatures reflect
changes in marine habitat structure because air temperature at the
sea surface 1is correlated with sea surface temperature due to
evaporation and sensible heat transfer (Viebrock, 1962). Seabirds
capable of flight are active within 20 m of the sea-surface and
_probably sense <changes in their environment through air-sea
interactions (Manikowski, 1971; Shuntov, 1974; Kinder et al.,
1983). Tne sea-surface temperatures and positions associated with

fronts and zones in the African sector of the Southern Ocean (Fig.

1) are described by Deacon (1982), Clifford (1983) and Lutjeharms

and Valentine (in press).

Principal Components Analysis with orthoganal rotation was used to
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identify covariates on a broad oceanic scale (BMDP4M, Dixon, 1981,
with total abundance and biomass excluded due to

'multicolinearity). Finer scale analysis of biotic-abiotic
relationships was performed using 'Best subset regression
analysis' (BMDPY9R), which tests all possible biotic-abiotic
correlations using stepwise multiple regression, and provides
coefficients of determination as a measure of the biotic - abiotic
parameter covariation.. This program tests each selected biotic
variable against each abiotic-variable alone and in combinations

of 2,3.....n independent variables (five in this study).

Data analysed in annual or regional composites were also analysed
as segments of cruise tracks. Continuous bird and temperature
data across frontal zones were plotted and further analysed. 1In
some cases a linear fit of the bird abundance to SST was obtained
by (log +'i) transformation of the bird data. Where a log-linear
model was inappropriate, a Gaussian shaped curve was fit to the
change 1in bird abundance with respect ﬁo SST. The Gaussian

eguation was used to model seabird abundance on SST:

-------- | (1)

f(x) = Ple

where Pl is a scalar value for the bird abundance (y-axis), P2 is
the SST associated with the peak in bird abundance and P3 is a
scalar parameter which represents the breadth of the peak of

Seabird abundance in terms of SST (x-axis). The curve was fitted

for each cruise track separately using the maximum 1likelihood
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estimator of the least sgquares regreséion provided by BMDPAR 1982
(Dixon, 1981). This program fits a curve to a bivariate data set
according to a standard convergence criterion. The bird abundance
data for each cruise track were then transformed using the curve
parameter values (Pl, P2, P3) determined by the curve fitting
program to characterize the relationship between seabird abundance
and SST on that «cruise. The linear regression of the predicted

({transformed) versus observed bird abundances was a measure of the

relative strength of a relationship which states that seabirds
were significantly élumped at the thermal signature of the front.
An attempt was then made to find an egquation which might serve as
a general predictive model for seabird abundance at oceanic fronts
or convergences. This required establishing bird abundance
criteria for species or groups of species which indicate the

presence of an oceanic feature of biological importance.
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Fig. 1. African sector of the Southern Ocean showing area covered
in 14 voyages of the M.V. S.A. Agulhas, 1979-1982 (Appendix 1).
The winter (solid lines) and summer (dashed lines) mean positions
of the Sub—tropicél Convergence (STC),‘and Sub-Antarctic Front

(SAF) and Antarctic Polar Front (APF) are presented.
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Results

The habitat

On the basis of air and sea-surface temperature, and climate, the
African sector of the Southern Océan contains at least three
discrete zones: the sub-tropical, sub-Antarctic and Antarctic
(Table 1; Fig. 1; Baker, 1979: Deacon, 1982). The sub-tropical
zone includes the Agulhas and Benguela Currents, and a complex
retroflection and mixing =zone between these and the Antarctic
Circumpolar Current; presently referred to as the Sub-tfopical
Convergence zone (STC, Lutjeharms, 1981).>The sub-Antarctic zone
is dominated by the Antarctic Circumpolar Current, which is among
the world's strongest and deepest flowing currents (Munk, 1955).
This zone contains the Sub-Antarctic and Antarctic Polar
thermohaline fronté (SAF and APF, respectively, Tranter, 1982;
Lutjeharms and Valentine, in press). The Antarctic water zone
(AWZ) includes the interface of the‘Antarctic Circumpolér and East
Wind Drift currents and the sea-ice areas and the Antarctic
Continental; Shelf. Between the Antarctic Polar Front and the
Continental water boundary (CWB), a well mixed stable surface
layer exists with high mass transport along the front (Nowlin and
Clifford, 1982; Tranter, 1982). Southern Ocean fronts and mixing
‘zones are particularly rich in nutrients and plankton (Foxton,
1956; El-Sayed, 1970; Emery, Milliman  and Uchupi, 1973

Holm-Hansen et al.,1977; Deacon, 1982).

Seabirds and the habitat at macro-scale

Macro-scale habitat-types (i.e. the biogeographical zones;
sub-tropical, sub-Antarctic, Antafctic) have associated with them

particular seabird éssemblages (;,é. latitudinal zonation of the
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Table 1. Mean values of air temperature, sea surface temperature,
barometric pressﬁre, wind strength (Beaufort scale) and weather
code (1 clear, ‘dry to 6 stormy, wet) for the sub-tropical,
sub-Antarctic and Antarctic pelagic regions of the African sector
of the Southern oOcean, for 1979-80 and 1980-8l1. Range of all

values in brackets.

sub-tropical sub-Antarctic Antarctic
1979-80 1980-81 1979-80 1980-81 1979-80 1980-81
AIR T 13.7+3.0 14.3+4.1 5.3+3.3 5.5+2.8 -0.5+2.3 0.2+1.5
(°c) (1.0-23.0) (0-17.0) (-10.0-10.0)
SEA T 14.0+3.5 16.6-4.5 4.2+43.0 5.6+2.9 0.6+0.6 1.2+1.2
(°¢) (10.0~-26.0) (-0.3-17.0) (=1.3-3.0)

BAR 1016+10.3 1016+7.9 1000+13.1 1004+11.4 983+11.0 991+8.0

(987-1039) (960-1027) (960-1010)
WIND 5.3+1.5 5.4+1.5 6.0+1.6 6.2+1.5 4.8+1.6 4.8+1.9
(1.0-9.0) (1.0+10.0) (0-10.0)

WEATH 2.4+0.9 2.5+1.2 2.9+41.1 2.9+0.9 - 2.8+1.2 3.1+1.2

(1-6) : (1-6) (1-6)
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Table 2. Means (standard deviations) per 10 minute obsetv&fion of
abundance (numbers of individuals), biomass (live weight) and’
abundance of four food-type classes by latitudinal region and year

in the African sector of the Southern Ocean, 1979—1§88.

sub-tropical sub~-Antarctic Antarctic
1979-80 1980-82 1979-~-80 1980-82 1979-80 1980-82
N obs. | 1174 1331 846 943 985 1086

Abundance 26.8(169.8) 20.7(88.8) 23.2(42.2) 9.2(19.5) 25.1(124.0) 15.9(72.
Biomass(kg) 18.8(160.4) 10.0(47.9) $.9(12.1) 5.0(10.4) 9.3 (33:8) 5.3(19.
Plankton 10.6 (38.3) 12.3(78.3) 13.1(41.1) 4.6(16.8) 15.4(119.7) 9.1(60.
Cephalopod A12.3(165.3) 4.2(34.9) 2.8 (3.6) 1.5 (2.3) 0.7 (1.8) 0.6 (3.:
Fish 0.9 (1.9) 1.6(11.1) 0.7 (5.3) 1.2 (9.0) 0.9 (7.4) 4.4(38.:

Mixed 2.9 (4.4) 2.7(10.5) 6.5 (8.6) 2.0 (2.9) 8.2 (34.0) 1.7 (5.°

- e e e e e e e o m e e . mm  me m— e m m we e o e e me - em e e B e M Ge e e e o e W e e e —— — -
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avifauna, Table 2). Latitudinal zonation of the aerial avifauna
in the Southern Ocean has been described by Shuntov ef gl. (198la)
for areas between 80°E through 180 ° to 80° w longitude. My
results extend the record of latitudinal zonation of seabirds to
include 55% of the Southern Ocean. Shuntov et al.'s (1981b) data,
which span 13 years, include annual variations in pelagic counts
of up to 100%, as do my data for two years (1979-80 and 1980-81,
Table 2). It is wunlikely that the absolute size of the
populations of Southern Ocean seabirds changed by 50%, as appears
to be the case between two years in the sub-Antarctic zone (Table

2), since Croxall (1984) reports low adult mortality at sea.

The sub-tropical avifauna was concentrated along the sub-Tropical
frontal =zone, whereAsquid-eating Procellariiformes dominated the
avifauna (in biomass), although large aggregations of planktivores
occurred (Fig. 3, Table 2). The Antarctic avifauna was very
patchy (Figs 2 and 3); large aggregations of planktivores
dominated in abundance (Fig. 2, Table 2). At sea, avian
diet-classes were independent of each other (Tablé 3) presumably
due to differences in the disﬁribution and availability of their
prey. The predominance of squid-eating birds to the north and
planktivores to the south (Figs 2 and 3) coincided witﬁ the warm
to cold (Africa-Antarctica) enQironmental gradient. This
relationship was not reflected by a Principal Components Analysis
which showed relative independence of seabird variables from

environmental variables over two successive years (Table 4).
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Fig. 2. Pelagic distribution of planktivorous seabirds in the
African sector of the Southern Ocean, 1979-1981 (after Fig. 1,

Section 5.1.1).
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Fig. 3. Pelagic distribution of cephalopod-eating seabirds in the
African sector of the Southern Ocean; 1979—1981 (after rig. 2,

Section 5.1.1).
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Table 3. Coefficients of correlation (r) between numbers of
individual- seabirds ordered by four principal diet-classes in
three latitudinal regions of the African sector of the Southern

Ocean during 1979-80 (A) and 1980-81 (B).

- Plankton Cephalopods Fish
Cephalopods A 0.101 1.000
B 0.306 1.000

Fish A 0.113 0.278 1.000

B 0.191 . 0.272 1.000

- Mixed A 0.009 0.144 _ 0.104

B 0.226 0.318 0.234

sub-Antarctic

Cephalopods A ‘ -0.014 1.000
B _ 0.161 1.000

Fish A ' 0.042 0.131 1.000

B -0.051 0.052 1.000

Mixed A -0.004 0.166 0.147

B - -0.045 0.261 0.155

——— — — A —— — — — — —— —— —————— — — — - —— . —— T T — — — ——— —— — — ——— T ———— W ——t——
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Table 4. Principal Components Analysis showing covariations among
bird species richness (BSR), species diversity (BSD), numbers of
individuals in four diet groups, air temperature, sea surface
temperature, barometric pressure, wind strength and weather during
1979-80 and 1980-81 in the African séctor of the Southern Ocean.
Rotated (orthogonal Vmethod) factor loadings 1indicate relative
strength and direction of each contributing variable for factors
with‘Eigenvalues greater‘than 0.9 (variables with factor loadings
between -0.275 and 0.275 are disregarded). Percentage of total

variance explained by each factor is presented.

1979-80

AIR 0.957 BSR 0.940 PF 0.895 WIND 0.983 FF 0.866 WEATH 0.959
WAT 0.942 BSD 0.872 MF -0.424 MF -0.432

BAR 0.856 CF  0.689

CF  0.345 MF  0.556

MF -0.345 FF  0.311

—— . —— o —— - ———— v . — ———— — —— e ———— — ——— . v —— —— —— o —— v — ——— —— - —— - ——



WAT 0.964 CF  (0.873 FF 0.806 MF 0.950 PF 0.968 WEATH 0.948
AIR 0.960 BSD 0.872 WIND -0.752  BSR 0.279 BSR 0.321

BAR 0.842 BSR 0.869
FF 0.286

WIND 0.286

——— s — -—— s - - — o - ——— ——— - —— e ——— —— —— . ———— —— — —— — — — —— ———
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Table 5. Coefficents of determination '(R2 ) and sign of
relationship between seabirds grouped by principle diet and
habitat variables. Strongest associations for 1979%-1981 are

presented (P<0.0l1) for zonal scale analyses. Sample sizes as in

Table 3.
Diet Zone Variables R2
Plankton sub-tropical -AIR, -WAT 0.26
sub-Antarctic -AIR, -WAT 0.18
-BAR, ~WIND, -WEATH 0.13
Antarctic -AIR, WAT, WIND 0.17
AIR, WAT, -BAR 0.17
Cephalopods sub-tropical -AIR, =~WAT 0.06
Antarctic AIR, BAR, WIND ‘ 0.09
Fish sub-tropical - =-WAT, ~-WIND 0.07
sub-Antarctic WAT, ~-BAR, WEATH - 0.05
Antarctic -AIR, ~-WIND, BAR 0.31
-~AIR, ~WAT, -~WIND 0.30
Mixed sub-tropical - -AIR, ~WAT, -BAR 0.18

sub-Antarctic -WAT, -~-BAR, WEATH 0.12

Antarctic -WAT, WIND, -BAR 0.04

R s ey — Y T T — — ——————— —— - — —— . G— " —— —— ————— — —— ——— {——— —— - ——— T Vo — —
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The avifauna of the oceanic 2zones differed in terms of the
dominant seabird species and diet-classes (Table 2). At zonal
scale as much as 30% of seabird distribution can be explained in
terms of the environmental gradients characteristic of each zone
(Tabie 5). In the sub-tropical zones, squid-, and plankton-eating
bird abundance correlated with cool waters, which represented the
STC zone or pockets of water of similar sST (i.e. 11-17°%, Figs 2
to 5). South of the APF, the'ébundance of planktivores correlated
with ssT of 1-3%c (Figs 2,4, Table 5), which were relatively warm
SST's for the Antarctic region (Table 1). Fish-eating species in
the Antarctic zone occurred in calm conditions and cold water,

which were typical near Antarctica (Table 5).

Seabirds and the habitat at meso-scale

Seabird-temperature correlations analysed by single cruise tracks
were stronger (Tables 6 and 7) than when the cruises were lumped
(Table 5). Correlations between the birds and habitat parameters
were masked when data from different seasons or ecological zones
were lumped. Analyses of subsets of data for which the majority
of the birds sighted were behaving in the same way reduced the
biological 'noise' in correlation analyses (i.e. the individual
birds observed during 6ne cruise would be in the same phase of
their annual cycle and such observations would not likely include
birds about to return to their breeding site as well as birds just

departing from breeding, as would occur in lumped data).

The Cape Town to Prince Edward Islands cruises were in spring
(when adults are migrating to breeding sites) and autumn (when
breeding birds disperse for winter foraging). In spring as much

as 38% of planktivore distribution correlated with cold
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Table 6. Coefficients of determination (R2

) and sign of
relationship between seabirds grouped by principle diet and
habitat variables during Spring (Sept.-0Oct.) and Autumn
(April-May) for single <cruise tracks between Cape-Town, South

Africa, and the Prince Edward Islands. Strongest associations are

presented (P<0.01)

Diet Season n Variables R2
Plankton Spring 70  -AIR, WAT 0.38
73 -AIR, -WAT, —-BAR, -WIND, WEATH 0.48

Autumn 73 -AIR, -WAT, BAR, -WIND : 0.43

64 AIR, WAT, -WIND, WEATH 0.19

Cephalopods Spring 70 BAR, WEATH 0.19
73 ~AIR, -WAT 0.35

Autumn 73 AIR, WIND, ~-WEATH 0.11

64 AIR, WAT ' 0.13

Fish Spring 70 ~-AIR, —-WIND 0.23
73 AIR, WAT, -BAR, -WEATH 0.31

Autumn 73 BAR, -WIND - 0.29

Mixed Spring 70 -AIR, BAR, WIND 0.15
73 -AIR, -WAT 0.11

Autumn 73 AIR, -BAR 0.24

64 -AIR, BAR, WIND 0.23



2
Table 7. Coefficients of determination (R ) from canonical correlations

of seabird abundance by diet-classes with environmental variables
{abbreviations as in text). Data are from cruises between Cape Town (C)
and Marion.Island (M) which is part of the Prince Edward Island group,
shown as month/yr/route. Relative contributions of each variable in

brackets.'

canonical variable

2
Cruise dependant independent . R
sEring.
9/79/CM  PF(.894) +vevewso... AIRT(-.629) . 0.40
FF(.964) .v.esveesss WINDS(-.628),BAR(.569) : . 0.25
ME(.948) .-aooc.onluo WINDS(.BZg) ,BAR(-GSZ)'AIRT("-S74) 0-18
9/80/CM PF(.855),FF(-.522),. AIRT(-.793),BAR(-.784),SST(~-.601) 0.32

9/80/MC PF(.819),FF(~.477).. SST(-2.393),BAR(1.438),WINDS(~.822),
WEATH(~.652) ,AIRT(~.513) 0.54
CF(.939),MF(.405)... S8T(-.956) ,AIRT(1.311) ,WEATH(~,704) 0.39

10/81/CM CE(.857) <uveeeeues. AIRT(L.164) 0.33
PF(1.022) .vvvv.uv.. AIRT(-4.367) ,BAR(-2.161),SST(2.437)  0.24

11/81/MC FF(2539) veeeseewe. AIRT(1.995),BAR(-1.823),SST(.633) 0.62
PF (.907),FF(.729).. BAR(~1.986) ,ALRT(.800) ,SST(.655) 0.24

Autumn

4/81/CM PF(.715),FF(.460)... SST(2.398),BAR(1.743),AIRT(~1.132),
. WINDS (~.745) : 0.53
MF(.951) .e¢eecseees. BAR(-1.165),AIRT(-1.453),55T(.724) 0.26

5/81/MC MF(.656) ,PF(-.468), AIRT(-2.397),SST(1.094),BAR(-.605,)
CF(~.431) ........ WINDS(.549) A 0.46

6/81/CM MF(.713),PF(.507)... BAR(-2.309),AIRT(l.Bll),WEATH(-.704) 0.48

6/8L/MC FF(.726) <eeeeeeeess WINDS(-1.447),WEATH(.796),SST(.757),

: AIRT(~.616) 0.72

PF(.652) ,MF(-.541), ‘
CF(.508),FF(.492). SST(-1.344),WEATH(-.933) ' ~0.48

CF(.730),FF(.515),
MF(.494) ....ee... AIRT(4.168),BAR(2.362),SST(=-2.224) 0.3%
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Fig. 4. Mean number of individual seabirds in plankton (solid
line), cephalopod- (dashed 1line), fish- (dotted line), and |
mixed-diet (dot-dashed 1line) classes associated with sea-surface
temperatures for 1980-1981 study season in the African sector of

the Southern Ocean. Front labels as in text at approx. SST.
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Fig. 5. Mean number of individual seabirds in plankton (solid
line), cephalopod- (dashed line), fish- (dotted line), and mixed
diet (dot-dash 1line) classes associated with air temperature for

1980-1981 season in the African sector of the Southern Ocean.
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temperatures between Cape Town and the Prince Edward Islands
(Table 6). 1In autumn, the abundances of some species, especially
the squid-eaters, correlated with warmer conditions. When seabird
diet-classes were combined in canonical correlations with habitat
variables, during spring, planktivores associated with cold
temperatures and calm weather (Table 7). Squid-eating seabird
abundance correlated with warm areas, the abundance of piscivores
correlated with warm areas and good weather (Table 7). During
autumn, the abundances of planktivores and piscivores correlated
with warm, clear condifions (Table 7). At this season, the
abundance of most species correlated with good weather and warm
air. Most species shifted from warm to cold SST as winter

approached (Table 7).

Graphical data (Figs 2-5) and linear-model regression analyses
(Tables 4-7) indicated that each cruise track should be broken
down into segments which cross areas or SST's associated with
fronts. The Sub-tropical Convergence is a zone of oceanic mixing.
The fronts move north in winter and vsouth in summer (cClifford,
1983) and the birds of the sub-tropical and sub-Antarctic zones
form a mixed assemblage in this broad STC zone. Seabird
abundance~-maxima occur as a series of Gaussian-distribution
curves, which, when lumped, give the impression of one maximum
across the STC zone (Figs 4 and 5). Further analyses concentrate
on the clumping of seabirds at temperature signatures of the
series of thermohaline fronts which occur within the STC zone and
between Africa and the Antarctic zone (Lutjeharms and Valentine,

in press).

A simple curvilinear model of seabird abundance and SST

During six spring, eight summer and six autumn cruise tracks
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between Cape Town and the sub-Antarctic waters (i.g.'én fouté to
Antarctica or the Prince Edward 1Islands) seabirds were counted
continuously as the vessel crossed latitudes associated with the
Agulhas Current thermal fronts (AGF, 36 to 3708), the Sub-tropical
Convergence 2zone (STC, 39 vto 4l°S) and the Sub-Antarctic Front
(SAF, 42 to 4505). Seabird concentrations occurred in the vicinity
of the STC zone, the African continental shelf edge (northern edge

of the Agulhas current) and north of the SAF zone (Fig. 6).

During spring (Sep.-Nov.) birdé were significantly clumped on 5 of
6 crﬁises across 35-45©s (Fig. 6, Appendix 3). The SST's with
which birds associated became progressively warmer as summer
approached (12.4-20.1%c¢, Appendix 3). On seven of eight summer
Cruise tracks maximum bird abundance was significantly associated
with SST's which were warmer than during spring (13.4-21.10C),
except for the SAF (Fig. 6, Appendix 3}. During autumn
(April-June) énly three of six of the <cruise tracks showed
significant clumping of birds, and these were at a wide range of

SST (8.7—17.90C, Fig. 6, Appendix 3).

When the association of bird abundance with SST was treated by a
- curvilinear model, the relative strength of the association
exceeded any results obtained using linear models. Spring cruises
provided the best fits of the curvilinear model (Fig. 6). 1In two
cases the correlatipn was high; r> 0.90. In summer half the
explained variances were greater than r= 0.40, while bird
abundances were generally lower than during spring. In autumn, the

explained variances were not particularly high (Fig. 6).

For the 26 crossings which produced fits to the Gaussian . curve,

coefficients of correlation, r, increased significantly with
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Fig. 6. Seabird distribution where total abundance (TOT) exceeded

25 1individuals per observation, (a) in relation to the African

continental shelf, Sub-tropical Convergence zone (STC) and
Sub-Antarctic front (SAF) (solid 1line, winter; broken line,
summer) . Graphs and statistics for three examples of curvilinear

model showing typical results for (b) spring, (c) summer and (d)
autumn. A measure of the fit (r) between predicted (*) and
observed (numerals) seabird abundances in relation to SSTOC (WAT)

are shown with the Gaussian-curve parameter values (Pl, P2, P3).
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increases in the scalar parameter for peak abundance (r vs. Pl,
r=0.74, P<0.05, Fig. 7). In order to determine if total abundance
is the most appropriate index for studying seabird-SST
associations, the variance of birds by single species or by
plankton-, sguid-, fish-, and mixed-diet classes was compared with

those for total abundance.

Model driver species

The best fit of the curvilinear model 1s accounted for primarily
by prions in September, 1979 and 1980 at the STC (Fig. 6);
Softplumaged Petrels and Blackbrowed Albatrosses were of secondary
importance in SST correlations. 1In November (Fig. 6) terns and
Softplumaged Petrels fit the model well at the STC. The strong
association of SST with Softplumaged Petrels in November 1981 was
not a 'typical' arrangement of single species. 1In November 1981,
the regression of terns alone was slightly higher than for total

abundance (r=0.95 vs r=0.94, respectively).

In October 1981, prions and Softplumaged Petrels were clumped at
15.1°Cc. on the same cruise, prions, Greater Shearwaters,
Whitechinned Petrels and Softplumaged Petrels were abundant at
19—20c>C, north of the main concentrations of prions and
Softplumaged Petrels. For cruises where the model fit very well
(i.e. r>O.70),‘one or two, but not always the same, species or
diet-classes drove the model. Generally, when prions, Softpluméged
and wWhitechinned petrels or Blackbrowed Albatrosses were present
in high abundances (relative to their mean abundances), and these

birds were clumped together, the model produced middle to high

correlation coefficients (i.e. r > 0.40}.



Species which did not fit the model

During January. 1980; certain species which did not fit the model
reduced correlations between SST and the model driver species
prions, Softplumaged Petrels and Wandering Albatrosses (r=0.55 vs
r=0.40, Table 8). Bird variables which did not fit the model only
reduced the r value by 0.0l in November 198l. In October 1981,
planktoh-eating birds so outnumbered othgr species that, in the
equation for total abundance, the outliers (squid-, and mixed;diet
species) had an r=-0.19 pbut did not effect the model fit. 1In
October 1981, at the AGF, the species which at other times fit the
model poorly gave a fit of r=0.34 and the planktivores were the
-outlier species, with an .r=0.15. buring September 1980, Blue,
Whitechinned and Kerguelen petrels did not fit well, r=0.04, but

'only reduced the model fit for total abundance by 0.01 (Table 8).

The influence of weather upon seabird distribution

I considered the additional influence of macro—scéle weather
patterns on seabird abundance. Weather, Barometric pressure and
wind strength were more important in regression eguations along
single cruise tracks than at zonal scales (Table 6). For some
cruises, temperature variables accounted for 20-30% of the
variance and the addition of weather variables increased the total
variance explained by another 5-10 %. This indicates a complex
interaction effect between weather and sea upon seabird abundance.
The direct influence of weather on biological populations is due
to the cumulative effect of several meteorological events over
longer' time and space scales than my data represent (Steele 1978,
1981). Sometimes good weather contributed to 1ncreased seabird

numbers, and at other times bad weather did so (Table ©6).



Barometric pressure and the build-up and drop-off

certainly

variables was inconsistent.

south of

non-

linear

Africa in

Prince Edward Islands

phenomena.

cruises.

The

average

Consequently,
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winds are

The relationship among weather

weather

system

the

passes

four to five days, which is the duration of

influence on

seabird abundance of weather cannot be adequately tested on single

cruises. Time series data at a fixed point are

needed

for this.

The influence of weather on seabird abundance is highly stochastic

when data such as these are analysed.

Tapble 8. Model

coefficients

driver gpecies and other

between

seabird apundance and SST for selscted

species’

correlation

single

cruise tracks petween Marion Island and Cape Town during 1979-1982

Cruise Front original driver suppressor
(Month) r tot r r
Spring
, 12
1a(9) STC 0.43 PAC ,HC (0.41) CF+MF (0.28)
3 4 5 6
4a(9) STC 0.91 PAC,DM ,PTM (0.92) HC,PRA ,PTB (0.04)
Sa(l1l0) STC 0.79 PF(0.79) : CF+MF (-0.19)
9a(lc) AGF 0.33 CF+MF (0.34) PF{(0.15)
7
Sp(11) AGF 0.94 ST (0.95)
Summer
8
2b(2) STC 0.40 PAC,DE,PTM(0.55) PUGA (-0.43)
3a(2) sTC 0.43 PF+MF (0.41) CF(0.35)FF(=0.05)
3b(3) STC 0.61 PF(0.54)CF(0.51) MF (0.36)FF (0.02)
6a(2) STC 0.70 PF(0.56)MF (0.50) FF(~0.06)
6b(3) SAF 0.45 PF+MF (0.54) CF(0.20)FF(-0.45)

l. prions, 2.
petrel, 5.

Shearwater

Blue petrel, 3.

Whitechinned petrel,

Blackbrowed albatross,

6.

Kerguslen petrel, 7.

——

4., Softplumaged

terns, 8.

Great



Discussion

Seabirds at sea appear to use habitat cues (e.g. sz) to identify
different oceanic zones, or the fronts between them. Two
oceanographic determinants of seabird distribution are indicated
by two patterns: 1) correlations between each zones' avifauna and
a specific set of <conditions, and 2) within each zone,
correlations between birds and certain 'attractive' fronts. The
sub-tropical, sub-Antarctic and Antarctic oceanic zones represent
three discrete steps 1in an environmental gradient, which, when
represented by air-sea températures, correlates with the =zonation
of the avifauna. Analysis of seabird distribution for the whole
study area reflected pattern 1, above. Seabird distribution by
zone reflected pattern 1, while aggregations of birds within the

zone near fronts reflected pattern 2, above.

South Atlantic and Antarctic pelagic fishes (Myctophidae) - are
distributed in response to temperature-salinity zonation and to
disjunct areas of high primary production (Hulley, 198l1:; Targett,
1981). Disjunct distributions in response to meso—séale features
have recently been confirmed in the Southern Ocean for cephalopods
(Brandt, 1983) and zooplankton (Tranter et al., 1983 a,b). It is
presumed that cephalopod and =zooplankton distributions reflect
macro-scale patterns of primary production in the Southérn chan
(Deacon, 1982). The Sub-tropical Convergence =zone and the'
Antarctic water zone (> 50°s) support the highest measured values
of primary production in the study area (Holm-Hansen et al., 1977:
El-Sayed, 1978). Accordingly, squid-eating seabirds correlated
with sub-tropical temperatures where squid are expected to be most

abundant (Iverson, 1977). Planktivorous seabirds correlated with

the STC zone temperatures, where primary production is relatively

“a
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highest and with cold temperatures of the Antarctic zone (Section
5.2.1), probably in response to the great abundance of krill

(Euphasiacea) (Tranter, 1982; Weber and El-Sayed, 1985).

Seabirds flying between Africa and the Prince Edward Islands
during spring were likely to be heading back to their
sub-Antarctic breeding sites. Correlations between seabird
abundance and cold temperatures suggest that seabirds followed a
cold gradient towards the sub-Antarctic zone (Table 6).
Associations in autumn between sguid-eating seabirds and warm
temperatures suggest that, as they dispersed from their breeding
Ssites, they sought warmer sub-tropical water. The species of this
diet~class, in particular, move nearer to Africa when not actively
breeding (Abrams and Griffiths, 198l1; Abrams, 1983). But these
interpretationsv only account for a portion of the variation in
seabird abundance because univariate regression models can not
explain completely the movements of birds in transit; terrestrial
bird navigation and homing involve a variety of environmental cues

which are used from time to time by birds to orientate (Baker,

1878).

This study showed that as much asv 30-40% of the —wvariation 1in
seabird abundance could be associated with the Africa-Antarctica
environmental gradient (i.e. pattern 1 above, latitudinal zonation
of the avifauna). Within habitat =zones, these relationships
reached high relative measures of association (i.e. up to 80% 1in
terms of this seabird-SST model). Correlations of seabirdgs in
nearshore areas with habitat wvariaples which indicate fronts
.explained much smaller proportions of the variation of oird
abundance (Abrams and Griffiths, 1981; Kinder et al., 1983). The

extensive data herein enabled me to resolve and compare spatial

and temporal scales,
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which, when enhanced by the use of non-linear regression,
explained a greater proportion of the wvariation in seabird
distribution than previous studies. Modelling changes in
terrestrial bird abundance along an environmental gradient was
also most successful when the relationship was treated as

non-linear (Meents et al., 1983).

Equation (1) is particularly sensitive to seabird abundance (P1l)
and the degree of resolution of SST (P3), i.e. sampling frequency
along environmental gradient. Where the sea-surface temperature
measurements approximated real-time and distance changes at sea,
i.e. a continuum, the curve fitting proceeded more easily than
where data resolved 0.5-1.0%% temperature intervals. This must be
kept in mind when considering the interpretaﬁion of these results.
The positions and SST signatures of the fronts vary. K and the
oceanographic data resolution available varied considerably from
cruise to cruise. The STC and SAF are pushed south during summer
by increased flow in the Agulhas Current (Clifford, 1983). This
means that warmer conditions occur in higher latitudes during
summer. Warming through spring of the SST's to which birds were
attracted may reflect the <change 1in, or broadening of, the
ldcation of the STC =zone. The SST.gradient at fronts during
autumn may be less distinct than during other seasons, hence the
poor model fits during autumn because the ‘fronts were less
attractive to thé birds. Of the 24 cruises between Cape Town and
45 °s between April 1979 and April 1982, i.e. 60 crossings of the
AGF, STC and SAF, 34 crossings were unresolved by oceanographic
data or were of no interest to the birds. The causes of poor fits
to the model may be poor data or random seabird distribution. The
oceénographic analyses . necessary to resolve this question and to

discuss the dynamics of each front are beyond the Scope of this
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paper, but it is from such analyses that we might confirm how and

why birds are attracted to particular oceanic features.

Total abundance and selected single species should both be used as
dependent variables in modelling seabird-temperature associations.
The results of the Gaussian-curve model were uneqguivocal when the
model driver species were present in numbefs >25. Unusually large
numbers of terns drove the model in November 1981 (r=0.94),
whereas prions were the model driver most often, as in October
1981 (r=0.79), which typifies the difficulty in modelling
seabird-habitat relationships. Use of single vspecies alone as
indicators is not advisable. Due to the very large variances in
pelagic counts of seabirds, i.e. the large variances
characteristic of the model parameter Pl, it seems unlikely that
generalisations can be made a priori about the range of abundances
useful in predictive modelling. Rather, interpretation of each
case must be based on oceanic conditions during the cruise from

which the bird data come.

The relatively high energy per unit time required by planktivores
implies that they be consistently oriented with respect to prey
location (Section 5.1.1). Planktivores 'at sea have been the
seabirds most eésily reiated to weather and sea-surface structure
in the African sector of the Southern Ocean (Mendelsohn; 1981;
Griffiths et é;., 1982; Section 5.1.1). Planktivorous seabirds
are probably the best indicator of prey availability in space and
"time scales of less than 360 km and a month, respectively.
Planktivores and plankton show patchy distributions (Tranter,
19827 Tranter et al., 1983 a; Weber and El-sayed, in press:

Section 5.2.1), perhaps produced by the meso-scale variability of

Southern Ocean water structure, 1i.e. frontal meanders and
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cold-core rings averaging 180-360 km diameter and a month to move
across one diameter (Steele, 1978; Lutjeharms, 1981; Hofmann et

l., in press).

——

The stochastic influence of weather on bird abundance makes it
difficult to use weather in a deterministic model of
seabird-habitat associations. Seabirds may use weather as a
macro-scale orientation cue since the latitudinal zones of the
Southern Ocean have different climates. The wuse of regression
techniques to unravel seabird-weather associations is of dubious

value,
Conclusion

This study has constructed the hypothesis that in the region of an
oceanic front, seabirds clump at a sea-surface temperature
signature of the front. The validity of the model of seabird-front
association requires testing of the hypothesis that in the
vicinity of fronts, i.e. 200-540 km, consistently high proportions
of variation of seabird abundance can be explained by a Gaussian
curvilinear correlation with SST. The relevance of SST data as a
signature of the surface expression of a thermohaline front must

be confirmed by vertical and horizontal hydrological analyses



References

Abrams, R.W. (1983) Pelagic seabirds and trawl-fisheries 1in the

southern Benguela Current region. Mar. Ecol.-Prog. Ser., 11,

151-156.

Abrams, R.W., Griffiths, A.M., Hajee, Y. and- Schoeppe, E. (1981) A
computer assisted plotting program for analysing the dispersion
of pelagic seabirds and environmental features. P.S.Z.N.I. Mar.

Ecol., 2, 363-368.

Abrams, R.W. and Griffiths, A.M. (1981) Ecological structure of
the pelagic seabird community in the Benguela Current Region.

Mar. Ecol.-Prog. Ser., 5, 269-277.

Ashmole, N.P. (1971) Seabird ecology and the marine environment.

In: Avian biology Vvol. 1 (Ed. by D.S. Farner and J.R. King), pp.

224-271. Academic Press, New York.

Baker, R.R. (1978) The evolutionary ecology of animal migration.

Hodder and  Stoughton, London.

Baker, D.J. (1979) Polar oceanography II, Southern Ocean. Revs.

Geophys. and Space Phys., 17, 1518-1585.

Brandt, S.B. (1983) Pelagic squid associations with a warm-core

eddy of the East Australian Current. Aust. J. Mar. Freshw.

Res .., 34/ 587-607.

Brown, R.G.B. (1980) Seabirds as marine animals. In: Behavior of

marine animals Vol. 4 (Ed. by J. Burger, B.L. Olla, and H.E.

Winn), pp. 1-39. Plenum Press, New York.



5-65

Clifford, M. (1983) A descriptive study of the zonation of the

Antarctic Circumpolar Current and its relation to wind stress

and ice cover. M.S. Thesis, Texas A and M University, College

Station.

Croxall, J.Pf,(l984) Seabirds. In: Antarctic ecology (Ed. by R.M.

Laws), pp. 533-616. Academic Press, London.

Deacon, G.E.R. (1982) Physical and biological zonation in the

Southern Ocean. Deep-Sea Res., 29, 1-16.

~Dixon, W.J. (1981) BMDP statistical software 1981. Univ. cCalif.

Press, Befkeley.

El-Sayed, S.Z. (1970) On the productivity of the Southern Ocean.

In: Antarctic ecology (Ed. by M.W. Holdgate), pp. 119-135.

Academic Press, London.

El-Sayed, S.Z. (1978) Primary productivity and estimates of

potential yields of the southern ocean. 1In: Polar research,

AAAS selected symposium 7 (Ed. by M.A. McWhinnie), pp.

141-160. Westview Press, Boulder, Colorado.

Emery, K.O., Milliman, J.D. and Uchupi, E. (1973) Physical
propertiés and suspended matter of surface waters in the

southeastern Atlantic Ocean. J. Sed. Petrol., 43, 822-837.

Foxton, P. (1956) The distribution of the standing crop of

zooplankton in the Southern Ocean. Discovery Rep., 28, 191-236.

Griffiths, _A.M. (1981) Biases in censuses of pelagic seabirds at

sea in the Southern Ocean. In: Proc. symp. birds of the sea and

e

shore, 1979 (Ed. by J. Cooper), pp. 189-196. African Seabird

Group, Cape Town,.




5-66

-

Griffiths, A.M., Siegfried, W.R. and Abrams, R.W. (1982)
Ecological structure of a pelagic¢ seabird community in the

Southern Ocean. Polar Biol., 1, 39-46.

Hofmann, E.E., Whitworth, T. III and Nowlin, W.D. Jr. (in press)

Mesoscale flow variability at Drake Passage. J.Geophys. Res.

Holm Hansen, O., El-Sayed, S.Z., Francerschini, G.A. and Cuhel,
R.L. (1977) Primary production and the factors controlling

phytoplankton growth in the Southern Ocean. In: Adaptations

within Antarctic ecosystems: Proc. Third SCAR symposium on

Antarctic biology (Ed. by G.A. Llano), pp. 11-50. Smithsonian

Institution, Washington, D.C.

Hulley, P.A. (1981) Resﬁlts of the research <c¢ruises of FRYV

'Walther Herwig' to South America. LVIII. Family Myctophidae

(Osteichthyes, Myctophiformes). Arch. Fisch'wiss., 31, 1-300.

Hunt, G.L. Jr., Gould, P.J., Forsell, D.J. and Peterson, H. Jr.
(1981) pPelagic distribution of marine birds in the eastern

Bering Sea. In: The eastern Bering Sea shelf: oceanography and

resources, Vol. 2 (Ed. by D.W. Hood and J.A. Calder), pp.

689-717. Univ. of Washington Press, Seattle.

Iverson, I. (1977) The living resources of the Southern Ocean.

UNDP, FAO, Rome.

Joiris, €. (1978) Seabirds recorded in the northern North Sea in
July: the ecological implications of their distribution.

Gerfaut, 68, 419-440.

~Kinder, T.H., Hunt, G.L. Jr., Schneider, D. and Schumacher, J.D.
(1983) Correlations bétween seabirds and oceanic fronts around

the Pribilof 1Islands, Alaska. Estuarine, Coastal and Shelf




Science, 16, 309-319. .

Lutjeharms, J.R.E. (1981) sSpatial scales and intensities of
circulation in the ocean areas adjacent to South Africa. Deep

Sea Res., 28, 1289-1302.

Lutjeharms, J.R.E. and Valentine, H.R. (in press) Southern Ocean

thermal fronts south of Africa. Deep-Sea Res.

Manikowski, S. (1971) The influence of meteorological factors on

the behaviour of sea birds. Acta Zool. Cracov., 16, 581 - 667.

Meents, J.K., Rice, J., Anderson, B.W. and Ohmart, R.D. (1983)
Nonlinear relationships between birds and vegetation. Ecology,

64, 1022-1027.

Mendelsohn, J. (1981) Movements of prions Pachyptila spp. and 1low

pressure systems at Marion Island. In: Proc. symp. birds of the

sea and shore, 1979 (Ed. by J. Cooper), pp. 223-231. African

Seabird Group, Cape Town.

Munk, W. (1955) The circulatioh of the oceans. Sci. Amer., 193, 96

-104.

Nowlin, W.D. Jr. and Clifford, M. (1982) The kinematic and
thermohaline zonation of the Antarctic Circumpolar Current at

Drake Passage. J. Mar. Res., 40, 481-507.

Pocklington, R. (1979) An oceanographic interpretation of seabird

distributions in the Indian Ocean. Mar. Biol., 51, 9-21.

Schneider, D. and Hunt, G.L. (1982) Carbon flux to seabirds in
waters with different mixing regimes in the southeastern Bering

Sea. Mar. Biol., 67, 337-344.



5-68

Shuntov, V.P. (1974) Sea birds and the biological structure of the

ocean. Nat. Tech. Info. Serv. U.S. Dept. Commerce, Springfield,

Virginia.

Shuntov, V.P., Kirlan, D.F., Batytskaya, L.V., Glebhova, S.¥Y. and
Kolesova, J.G. (1981) Geographical distribution of seabirds in

connection with =zonality of oceanological environment in the

south ocean. Biol. Morva, 6, 16-26.

Shuntov, V.P., Kirlan, D.F., Batytskaya, L.V., Glebhova, S.¥Y. and
Kolosova, J.G. (198l1) General regularities of quantitative

distribution of seabirds in the south ocean. Biol. Morva, 2,

3—ll o

Steele, J.H. (1978) Spatial patterns in plankton communities. 1In:

NATO Conference Series,IV: marine sciences, Vol. 3 (Ed. by J.H.

Steele), pp. 1-20. Plenum Press, New York.

Steele, J.H. (1981) Some varieties of biological oceanography.

In: Evolution of physical oceanography (Ed. by C. Wunsch), pp.

376-388. Press, Boston.

Targett, T.E. (1981) Trophic ecology and structure of coastal

Antarctic fish communities. Mar. Ecol.-Prog. Ser., 4, 243-263.

Tranter, D.J. (1982) 1Interlinking of physical and biological

processés in the Antarctic Ocean. Oceanogr. Mar. Biol. Ann.

Rev., 20, 12-35.

Tranter, D.J., Tafe, D.J. and Sandland, R.L. (1983 a) Some
zooplankton characteristics of warm-core eddies shed by the East
Australian Current, with particular reference to copepods.

Aust. J. Mar. Freshw. Res., 34, 587-607.




5-69

Tranter, D.J., Leech, G.S. and Airy, D. (1983 b) Edge enrichment

in an ocean eddy. Aust. J. Mar. Freshw. Res., 34, 665-680.

lViebrock, H. (1962) The transfer of energy between the ocean and

the atmosphere 1in the Antarctic Region. J. Geophys. Res., 67,

4293-4302.

Weber, L.H. and El-Sayed, S.zZ. (1985) Spatial wvariability of
phytoplankton and krill distribution in the Indian sector of the

Southern Ocean. In: Antarctic nutrient cycles and food webs (Ed.

by W.R. Siegfried, P.R. Condy and R.M. Laws), Springer Verlag,

Berlin.



APPENDIX 1. (a) Research cruises of the M.V. §5.A., Agulhas {in the
Affican sector of the Southern Ocean, April 1979-May . 1982. (b)
cruises from which data were taken for the curvilinear model of
seabird - 5ST assocliations. Cruises for which oceanographic data

were analysed by Lutjeharms and Valentine(*).

(a)

DATE . DESTINATION
30-04-79 14-05-79 SOUTH TO 48°s, GOUGH
23-05-79 13-06-79 MARION
18-07-79 05-08-79 GOUGH, BOUVET, ICE
07-09-79 24-09-79 MARION
26-10-79 16-11-79 . GOUGH
05-01-80 10-02-80 SANAE
29-02-80 01-04-80 PRE-FIBEX (BIOMASS)
11-06-80 13-06-80 MARION
04-09-80 24-09-80 MARION
16-10-80 24-10-80 GOUGH
"31-12-80 28-01-81 SANRAE
1i-02-81 19-03-81 FIBEX (BIOMASS)
18-04-81 12-05-81 MARION
04-06-81 12-06-81v MARION
16-10-81 25-11-81 MARION
17-04-82 25-05-82 MARION
(b) NUMBER FRONTS
+LEG IDENTIFIER
Out In
DESTINATION MONTH (a) (b)
1 MARION 1979 9 1 2
2 SANAE 1980 1-2 2% : 1*
3 PREFIBEX 1980 2-3 2 1+
4 MARION 1980 9 1+ o*
5 SANAE 1981 1 1* 2+
6 FIBEX 19€1 2-3 2+ 2+
7 MARION 1981 4-5 ) 2
8 MARION 1981 6 o 3
9 MARION 19€1 10-11 1 2

10 MARION 1982 4-5 -1 o]
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APPENDIX 3. Goodness of fit of curvilinear model (r), sample size
(n), and Gaussian curvé parameters (Pl,P2,P3) for total seabird
abundance by SST across fronts in the African sector of the Southern
Ocean, Sept 1979 to May 1982. Crossings are presented for which data
permitted a fit of the curvilinear model (26 of 60 possible crossings,

reference cruise and month to Appendix 1).

Cruise Front r n curve perameters
{(Month) (Pl) (P2) (P3)
Spring la(9) STC 0.43 39 118.0 12.4 0.240
1b(9) AGF 0.72 8 33.4 15.8 0.067
1b(9) SAF 0.25 34 5.7 8.2 1.800
4a(9) STC 0.91 81 252.0 13.4 1.360
9a(l1l0) STC 0.79 36 253.0 15.1 0.017
9a(10) AGF 0.33 44 16.8 20.1 0.230
Sb(11l) AGF ' 0.94 78 325.0 18.1 0.013
Summer 5a(l) SAF 0.21 42 3.9 7.2 2.210
5b(l) STC 0.35 37 - 16.6 17.1 1.400
5b(l) AGF 0.35 35 18.2 20.7 0.001
2a(l) STC 0.15 180 23.7 14.7 16.700
2b(2) AGF 0.40 28 11.5 20.1 0.410
3a(2) STC 0.43 98 50.4 13.4 3.210
3a(2) SAF 0.95 37 441.7 9.6 0.008
3b(3) STC 0.61 56 39.4 17.4 0.330
6a(2) AGF 0.37 64 3.6 20.6 0.036
6a(2) STC 0.70 52 13.5 19.2 4,980
6b(3) AGF 0.26 80 90.1 21.1 0.080
6b(3) SAF 0.45 30 15.6 8.5 0.130
Autumn/
Winter 7b(5) STC 0.26 28 9.1 17.9 0.310
: 7b(5) SAF 0.34 26 9.8 9.2 0.450
10a(4) STC 0.43 70 55.6 15.5 7.000
8a(6) STC 0.23 76 19.3 12.5 20.000
8b(6) STC 0.33 13 16.1 13.6 0.200
8b(6) AGF 0.50 38 26.0 12.3 20.000
8b(6) SAF 0.78 25 26,2 8.7 0.720



5.1.3. FIBEX Correspondence Analysis

Relationships of pelagic seabirds with the Southern Ocean

environment assessed by Correspondence Analyses
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Abstract. A descriptive, ordination procedure, Correspondence
Analysis, is used to characterize the changes in abundance of four
Southern Ocean seabird diet classes along the Africau— Antarctica
environmental gradient. The analysis suggests that the
relationship between planktivores and piscivores with sea-surface
temperature follows a quadratic or bell-shaped function. The
relationship between squid-eating and mixed-diet seabirds with

windspeed may follow an increasing function with an asymptote.
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Spatio-temporal changes in pelagic seabird assemblages probably
reflect changes in the dispersion of prey stocks (Croxall, 1984).

Direct observations of seabird-prey interactions are too rare to

allow modelling on that basis alone (Griffiths, 1983).
Construction of a deterministic model of seabird-habitat
relationships, which 1is 1linked to a similar prey-habitat
interaction model, seems the most practical approach to the

guestion of whether or not monitoring pelagic seabirds can be
useful 1in the management of pelagic prey stocks. éuch a model
requires an understanding of the multiple environmental cues used
by seabirds to 'read' their habitat for purposes of long—rénge
navigation (Baker, 1978) betweén areas of high prey density and

seabird breeding colonies.

Seabird distribution in deep-sea areas has been related
qualitatively to patterns of sea temperature, salinity and weather
(Pocklington, 1979). Areas of peak seabird density coincide with
oceanic areas reported to <contain concentrations of food
(Griffiths et al., 1982; Section 5.1.1). If these areas can be

recognized by simple environmental parameters then a descriptive

model of seabird-habitat-prey relationships can be developed.

Linear regression techniques épplied to seabird-habitat
interactiqns have been insufficient, suggesting'that. models must
include non-linear reiétionships between seabird abundance and,
~for examplé, sea—surfaée temperature (Section 5.1.27 Section
5.2.1). This paper reports preliminary efforts to use
Correspondence Analysis to qualify the relationships of seabird
abundance with temperature, wind strength and wgather parameters.
The nature of non-linear regression equations which may fit a

deterministic model can be explored in this manner.



(8,1
I

78

Methods

Data on seabird distribution and environﬁental variables were
collected aboard the M.V. S.A. Agulhas during 16 February to 10
March, 1981, 1in an area bounded by 59° and 699 and 15o and 30°E
and between this area and Cape Town as part of the First
Intérnational BIOMASS Experiment (FIBEX) (Fig.l). All birds flying
past and passed by, the moving ship (mean speed = 23.4km h-1) in a
lkm-wide transect were recorded as described.by Griffiths (1981),
- during 1445 10-minute seabird observations (hereinafter referred

to as stations).

Fig. 1. Study area, African sector of the Southern Ocean showing

FIBEX cruise track.
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.The predictability of the abundance of seabirds in four diet
classes (plankton, squid, fish, mixed) in relation to
environmental features was assessed at oceanic and regional scales
by identifying the relative strengths of seabird associations with
air temperature (AIR), water temperature (waT), barometric
pressure (BAR), wind strength on Beaufort scale (WIND) and weather

(WEATH) coded from 1 (clear sky) to 6 (storm with rain or snow).

Each of the variables (four seabird and five environmental) was
categorized on a three-point scale (High, Medium, Low) with
Cutpoints chosen in such a way so that as close as possible to 1/3
of the 1445 data points for that variable fell into each category.
The eﬁception was seabird diet group ‘'fish feeders', which could
only be categorized as High and Low. The nine original variables
then became 15 environmental and 11 seabird variables. A 15 x 11
matrix, X, was produced with element Xij in row i and column j of
X being the number of times environmental variable i and seabird

group variable j cooccurred at the 1445 stations.

- The matrix X was then subjected to Correspondence Analysis, a data
analytic technigue which displays the most important relationship
between the rows and columns of the matrix (in this case the
‘relationship between seabird groups and the environmental
variables) and orders them from most to least important in a
series of axes (Benzecri et al., 1973; Greenacre, 1978, 1984,
Greenacre and Underhill, 1982). Plots can be made of pairs of
axes, and the proportion of the information 1in the data matrix
explained by each axis is provided as a measure of confidence in
the ‘patterns resolved. The relative strength and general
curvilinear form of the associations among the variables can be

deduced from the geometrical relationship of the variable vectors,

within the limits of the three-point scale.
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Results and Discussion

Seabirds which take principally cephalopods or mixed diets occur
on Correspondence Analysis axis 1, which accounts for 58% of the
total information content of the data matrix (Fig. 2). Species
which generally feed on plankton and fish occur on CA axis 2,
which accounts for a further 27% of the data matrix. Thus, the
first two axes account for 85% of the information contained in the
data. Species-classes which sometimes occurred in large flocks,
planktivores and piscivores, are independent '(in terms of
variables influencing their abundance) from the distribution of
species which contribute to avifaunal divérsity (corroborated by

Griffiths et al., 1982).

Water ana air temperature covary but define a non-linear trend
across CA axes 1 and 2 (Fig. 2). That temperature hés an
association with seabird abundance is clear from previous 1linear
analyses, but the nature of the relationship reguires a measure of
confidence (Abrams énd Griffiths, 1981; Section 5.1.2). Moreover,
- an explanation of the weak contributions of weather énd barometric
pressure to strictly linear regression equations is made clear by
the CA results. Weather and wind strength show non-linear

associations to bird variables.

The CA results provide graphical description of what have been
statistically weak, but intuitively meaningful, seabird-habitat
correlations. Seabird species which wander widely, and are
predominant in the sub-tropical region (e.g. albatrosses and large
petrels), coincide with the warm part of the air and water
temperature curve (Aprams and Griffiths, 1981, Griffiths et al.,

1982, Section 5.1.2).
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Fig. 2. Variability in seabird . abundance (dashed. lines;
PF-plankton eating species; CF-squid eating species; FrF-£fish

eating species; MF-mixed diet species), compared with variability

in physical habitat parameters (solid lines; B-barometric
pressure; A-air temperature; W-sea-surface temperature;
Wi-~windspeed; We-weather). The ranges for the variables are

grouped as low (L) to high (H).
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Species that dominate the subﬂhtarctié and Antarctic seas, feeding
mainly on plankton and f£ish (e.g. priéns, terns, small sheérwaters
and petrels), are most abundant in association with sea-surface
temperatures in the middle of the range of the areas covered by
the FIBEX cruise (A5-13°C). The CA suggests that the abundance of
plankton- and fish-eating birds may be related to temperature by a

»

nonlinear function with a singlé mode (Fig. 3a,b).

.Abrams and Griffiths (1981) and Griffiths et al. (1982) found
relatively few of the planktivores from the Southern Ocean in the
warm subtropical region. The north-south =zonation of certain
seabird species suggests that the Africa-Antarctica temperature
gradient may be useful to the birds for navigation or orientation.
Plantivores and piscivores dominated the avifauna in high
latitudes (>SOSDS) and their abundance apparently correlated with
patches of relatively warm upwelled water in the vicinity of the
"Antarctic Divergence." The curvilinear nature of

Seabird-temperature associations has not been easy to model

(section 5.1.2).

Overcast, dry weather corresponds with the moderate temperatures
in thé CA results, which are conditions associated with relatively
high abundances of planktivores and piscivores, This concurs with
results from:linear analyses which suggested that piscivores avoid
bad weather and strong winds (Sectioﬁs 5.1.2;, 5.2.1). The results
of correlations between planktivore abundance and weather in
Section 5.1.22 are inconsistent, which suggested that there was a
curvilinear relationship involved. This paper supports that

suspicion.

This study shows an association between low planktivore abundance

and clear weather with hi&h barometric pressure (Fig. 2). There

a
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may be a tendency among these species to leave an area of good
weather in anticipation of incoming bad weather, as indicatéd by a
correspondence between low barometric pressure (which accoméanies
a cold front) and planktivore abundénce (Fig. 2). Mendelsohn
(1981) found that prions (Rachyptila) avoid bad weather and
proposed this to be because sea-surface turbulence disperses
plankton otherwise concentrated in the euphotic zone near the

surface, during relative calm (Tranter 1977).

Nisbet and Drury (1968) consiaer that the more powerful correlates
of bird migration density are parameters associated with the
weather at the migrator's'destination, implying that birds are
adapted more to weather prediction than to tolerance of current
conditions. Unfortunately, this study does not all§w us to
determine whether the planktivores are associated with the
leading, or the trailing edge of a weather system, but we suspect
the birds can so differentiate. Further, carefully designed data
“collection (i.e. time-series analysis) is necessary to define the
precise nature of the relationship of flocking species with the

passage of weather systems.
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Sections 5.1.2 and 5.2.1 demonstrate that cephalopod- and mixed
diet feeding species pay only limited attention to weather, as
might be expected for widely dispersed, meandering species which
can go relatively long periods between meais (Section 5.1.1). CA
axis 1 suggests that squid-eating and mixed-diet seabirds are
associated with méderate to high wind speeds (4-10 Beaufort scale,

Fig. 2). Wandering Albatross (Diomedea exulans) in the Southern

Ocean are associated with boundary areas between these wind speeds
and low wind speeds (Abrams et al., 198l). The birds wuse wind,
but do not seem constrained by it. The CA suggests that the
abundance of seabirds which take principally squid and mixed-diets
is related to wind speed by a non-linear function lwith an

asymptote (Fig. 3 ¢ and d).

Conclusion

The use of Correspondence Analysis to explore the nature of
seabird-habitat associations has provided a measure of confidence
that seabird-habitat relationships require non-linear modelling.
In the case of temperature the equation appears to be quadratic or
possibly bell-shaped. In the case of windspeed, the equation

appears to increase to an asymptote.
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5.2. Meso-scale seabird distributions

Pelagic seabird distribution and abundance in relation

to meso-scale variability in marine habitat structure

Oceanographic determinants of the distribution and abundance of
pelagic seabirds operate on scales of biogeographical =zones
.(macro-scale) and over areas <3 x lO3 Km > (meso-scale). Section
5.2.1 shows that the absolute numbers and species composition of
the avifauna associated with macro-scale zones are only general
trends, and that within these zones are finer scale distributions.
Sections 5.2.2 to 5.2.3 show that these meso-scale distributions
are associated with meso-scale oceanic flow variability.
Moreover, the distribution of the seabirds in both of these
studies correlates with the distribution of potential prey.
Section 5.2.4 assesses statistically the relationship between
seabird assemblages and particular habiﬁat-types and the

hydrological processes which generate meso-scale habitat

variability.



5.2.1. FIBEX seabirds

Distribution of seabirds in the African sector of FIBEX
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The paper presents a quantitative account of the abundance of
seabirds (excluding pehguins) in relation to environmental
features in a small area of the southern Indian Ocean. Plankton-
eating birds were abundant.\ Piscivorous birds were less numerous,
but their biomass was slightly higher than. that of the
planktivores. Cephalopod-eaters and species in a mixed-diet class
were widespread, but not as abundant as either planktivores or
piscivores. Planktivores were most abundant in a narrow
latitudinal band at 61-63° s. High planktivore abundance was
~correlated positively (about 33 %) with relatively warm air and
surface-water temperatures and low barometric pressure, and high
piscivore abundance (about 32 %) with weak winds and cloudy ﬁo wet
weather. The abundance of cephalopod-eaters correlated very

poorly (about 4 %) with these variables.



Introduction

During the austral summer of 1980 - 1981, an international survey
was carried out, as part of BIOMASS (Biological Investigations of
Marine Antarctic Systems and Stocks), in order to gain information

on the distribution and abundance of krill Euphausia superba and

its predators in the Southern Ocean (Anon., 1977). The survey,
known as FIBEX (First International BIOMASS Experiment), was made
in areas believed to contain dense concentrations of krill

(Mauchline, 1980).

This paper gives a preliminary account of the distribution of
pelagic seabirds (excluding penguins because they are difficult to
detect and count at sea) in the FIBEX sector of the southern
Indian Ocean surveyed by South Africa. More particularly, the
report deals with the abundance of seaﬁirds in relation to
selected environmental features, 1in a preliminary assessment of
the usefulness of seabirds as 1indicators of peculiar oceanic

biotopes and prey populations.
Materials and Methods

The M.V. S.A. Agulhas operated from 16 February to 10 March, 1981,
in an area bounded by 59%and 69°s and 15%nd 30°E (Fig. 1). All
birds flying past, and passed by, the moving ship (mean speed =
23.4km Hq) in a 1l-km-wide transect were ;ecorded as described by
" Griffiths (1981), during 585 10-minute seabird observatioqs
(referred to as stations). Barometric pressure, air and
surface-water temperatures, wind strength  (Beaufort scale) and
" weather (cloud cover and precipitation, scaled from 1 (clear) to 6

(storm)) were recorded at each station.
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Fig. 1. Cruise track of the M.V. S.A. Agulhas in the South African

sector of FIBEX in the southern Indian Ocean, 16 February
March, 1981.
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The avifauna was analysed according to species richness (BSR =
total number of species), Shannon-Wiener diversity index (BSD = H
=-§: p; log pi, where p. is the proportion of the il species in
the assemblage), abundance (number of individuals) and biomass
(total 1live-weight of all birds) at each station in relation to
four principal diet and four'feeding-method categories (Appendix
1l). Patterns of seabird dispersion wére examined from
computer-drawn maps, using the SOPS plotting programme (Abrams et
al., 1981). Linear and stepwise multiple regression and factor
analysis (PCA) were used to characterize relationships within the
avifauna and between the birds and their environmeﬁt. Linear
cofrelation matrices, including all biotic and abiotic parameters,
facilitate focusing on noteworthy patterns. Use of this technique
does not imply tests of hypotheses, since inferential statistics
require certain assumptions to be met which are not valid for
these data. Multi-~colinearity and non-normal distributions weré
adjusted when multiple regressions were calculated between diet
groups and physical variables. These analyses are not, however,
meant to Dbe taken as inferential tests of hypotheses, but rather
as characterizations of associations between ' seabirds and major

enviromental features.

Results

Seabirds tended to be clumped (Fig. 2) in the area betﬁeen 61-63°
S, especially plankton-eaters (Fig. 3). During~this StUdy two
species and 25 birds were recorded at an aQerage observation
station (Table 1). Planktivores (including krill eaters)

contributed the greatest numbers of species and individuals per
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Fig. 2. The distribution and mean abundance (no. individuals) of
seabirds (excluding penguins) according to half-degree quadrates
in the South African sector of FIBEX in the southern Indian Ocean,

16 February - 10 March, 198l.
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Fig. 3. The distribution and mean abundance (no. individuals) of
plankton-eating seabirds (excluding penguins) according to
half-degree quadrates in the South African sector of FIBEX in the

southern Indian Ocean, 16 February - 10 March, 1981.
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Fig. 4. The distribution and mean abundance (no. individuals) of
fish-eating seabirds (excluding penguins) according to half-degree
quadrates in the South African sector of FIBEX in the southern

Indian Ocean, 16 February - 10 March, 198l.
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Table 1. Mean species richness (BSR), diversity (BSD), abundance
(number of individuals) and biomass (kg live-weight) of seabirds
(excluding penguins) at 585 stations in the South African sector

of FIBEX in the southern Indian Ocean.

BSR BSD Abundance Biomass
Mean 2.01 0.44 25.24 7.82
S.D. 1.29 0.43 39.14 25.77
Range 0-7 0-1.83 0-1574 0-322.50

Total 15608 4657
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Table 2. Mean abundance (number of individuals) of seabirds
(excluding penguins) according to four principal fdod—type classes
at 585 stations in the South African sector of FIBEX in the

southern Indian Ocean.

Food type
Plankton Cephalopod Fish Mixed
Mean 16.44 0.69 6.62 1.49
S.D. 81.49 2.22 34.79 3.11

Range 0-1573 0-44 0-460 0-32

—— - —— — — — —— — —— - " — — ——— — . ——— —— —— T — —————— —— " T — A —— — —— — " — — 7 ——— — ————
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Table 3. Coefficients of correlation {(r) between species richness
(BSR), diversity (BsSD), abundance (number of individuals) and
biomass (kg 1live-weight), and food-type groups of seabirds
(excluding penguins) at 585 stations in the South African sector

of FIBEX in the southern Indian Ocean.

Food type BSR BSD Abundance Biomass
Plankton 0.526 0.230 0.826 . 0.521
Cephalopods 0.469 0.419 0.251 0.285
Fish 0.238 . 0.054 0.540 0.730

Mixed 0.454 0.408 0.306 0.084
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Table 4. Coefficients of correlation (r) bétween food-type and
feeding-method groups of seabirds (excluding pengiuns) at 585
stations in the South African sector of FIBEX in the southern

Indian Ocean.

Food type
Feeding method Plankton Cephalopods Fish Mixed
Surface-seizing 0.398 0.422 - 0.053 0.613
Surface-filtering 0.945 0.156 0.202 0.048
Pursuit-plunging 0.246 0.002 0.906 - 0.1386

Dipping/pattering - 0.100 - 0.081 0.304 0.248

- — A — — i —— ———— — S — T —— — ———— — — T f—— > ——— — — — {— — — —  — ——— ———
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station (Tables 2 and 3). Although there were rélatively few
piécivorous species (Appendix 1), they were abundant and accounted
for a biomass slightly higher than that of the planktivores.
Céphalopod—eaters, and those species placed in a mixed-diet class
(species not <classifiable as either predominantly plankton-,
- cephalopod- or fish-eaters), were widespread, but not as abundant
as  either planktivores or piscivores (Tables 2 and 3).
Correlations between the principal diet groups and the feeding
methods ﬁsed by the birds (Table 4) and between each 6f the four
diet and feedingvmethod groups separately (Tables 5 and 6) showed
that there was no trend in co-occurrence between species belonging
to different diet groups. Planktivores and piscivores co-occurred
together but were not entirely coincident, in a narrow latitudinal

.

band at.61-63°s (Figs 3 and 4).

The abundancé of‘planktivores and piscivores was correlated with
33 .% and 32 %, respectively, of the variation of the physical
parameters considered here; not more than 4 % of the variation of
abundance of cephalopod-eaters was explained by these variables
(Table 7). High planktivore abuﬁdance was associated with
relatively warm air and surface-water temperatures and low
barometric pressure. High planktivore abundance was also
associated with cloudy to wet weather ana relatively calm winds
(Fig. 5). High piscivore abundance was associated with high
bafometric pressure, weak winds and cloudy weather (Table 7, Fig.
5);.In addition to these primary biotic-abiotic associations, the
various seabird diet groups were associated with other

combinations of abiotic variables (Table 7).
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Table 5. Coefficients of correlation (r) between food-type groups
of seabirds (excluding penguins) at 585 stations in the South

African sector of FIBEX in the southern Indian Ocean.

S — — —— — —— ——— — —— — — —— - — - - — — — —— " — Y — ——— —— — — Y T — ——— —— i —— ——— _— —— - —— —————

Food-type Plankton Cephalopods Mixed
Cephalopods 0.132 : 1.000
Fish 0.184 -0.037 1.000

Mixed 0.045 0.078 -0.021

— . . ————— — ————— - —— — — —— — —— — —— —— T — —— > - —— —— T — . —— — ——— — —— — ——————— ——
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Table 6. Coefficients of correlation (r) beéetween feeding-method
groups of seabirds (excluding penguins) at 585 stations in the

South African sector of FIBEX in the southern Indian Ocean.

- — — — . — — — ——— — —— — ———— — — ———— —— T —— — Y — —— - —— - ———— T t— — ——— —— — " _——— =" S

Feeding-method surface- Pursuit- Dipping/
filtering plunging Pattering

Surface-seizing 0.240 =0.108 0.093

Surface-filtering 1.000

Pursuit-plunging 0.287 - 1.000

Dipping/Pattering -0.171 -0.081 ' 1.000
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Table 7. Coefficients of determination (R2) between abundance (no.
individual birds) of four food-type groups of seabirds (excluding
penguins) and subsets of five physical variables (BAR = barometric
pressure, AIR = air temperature, WAT = surface-water temperature,
WIN = wind strength, WEA = weather) in the South African sector of

FIBEX 1in the southern Indian Ocean. The directional influence of

each variable in the regression equation is indicated (+, -).
Food-type

Physical e e e e

variables- Plankton Cephalopods Fish  Mixed

BAR - -

AIR + 0.33 + 0.04

WAT + ' +

BAR - +

WAT _ + 0.31 + 0.32

WIN - _ -

AIR + + - -

WAT + 0.22 + 0.04 + 0.31 v - 0.14

WIN - + - +

BAR - o+ -

WIN - 0.16 -~ 0.32 + 0.14

WEA + + -

AIR + +

WAT ' + 0.22 + 0.04

WEA + +
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AIR + o+ - -
WIN - 0.14 + 0.04 - 0.31 + 0.14
WEA + + + -

BAR . -

AIR + 0.04

WEA +

WAT + + -

WIN - 0.16 - 0.31 + 0.13
WEA + + : -

BAR - -

-WAT + 0.29 + 0.01

WEA . + +

BAR - + -
AIR + 0.04 - 0.32 - .0.15

WIN + - + .

. . e o S ——— — —— — — —— — — WA M S . AR W e T ST G MR e e G S S T R SR S S S S G i WA G G SR S S N S S S — — T = . G —— — - —
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Fig. 5. Mean abundance per 585 stations of planktivorous (solid
bar) and piscivorous (open bar) seabirds in association with wind
strength (Beaufort scale)(a) and weather (1= clear to 6= Storm)

(b) in the South African sector of FIBEX in the Southern Ocean.

Statistical significance by ANOVA (BMDP1lV).

o
o

D F=18.3 p<.001 Not significant

by F test
l F=3.72 p<£.02 y .

NUMBER BIRDS/STATION

0-2 3-4 5-6 7-8 : 1 2 3 4

WIND STRENGTH | " WEATHER
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Discussion

In the Southern Ocean, avian abundance and biomass tend to be high
near the Subtropical Convergence (39-43°s), sSub-aAntarctic and
Polar Fronts (47—489 51-53 © S, respectively; Valentine and
.Lutjeharms, 1983) and the Antarctic Continental Water Boundary
(variable), but species richness and abundance " do not usually
reach levels observed in neritic regions (Griffiths et al., 1982).
The overall abundance and non-random distribution of birds in the
South African sector of FIBEX was similar to what has been

observed generally in the African sector of the Southern Ocean

(cf. Griffiths et al., 1982).

In the area considered here, the abundance of planktivores, mostly"

prions Pachyptila spp. and the blue petrel Halobaena caerulea, is
"believed to reflect the birds' response ‘to an abundance of
plankton and krill which tend to be concentrated near upwelling
zones 1in the latitudes associated with the Antarctic Continental
Water Boundary (Marr, 1962;: Ainley and Jacobs, 19817 Deacon,

1982).

The co-occurrence of the main concentrations of piscivorous and

planktivorous seabirds in areas of relatively warm water (which
could be upwelled sub-surface Antarctic water) suggests a dynamic
process in the wvicinity of 61-63° S which enhanced seabird
foraging. I propose that a dynamic process, such as a
current-meander induced eddy (Peterson et al.,  1982), passed
eastwards through the study area and was détected by planktivorous
birds as a patch of enriched water containing elevated nutrient or
plankton (including euphausids) concentrations. Piscivorous and
other 'seabirds were attracted to the process subsequently, perhaps

as larger prey were attracted to the plankton (including
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euphausids) . concentrations. The concentration of planktivores
could have occurred at the start of such a series of hydrological
events, followed by the attraction of piscivores as the bird-prey
assémblage moved eastwards. I feel that the extrgme clumping of
birds 1in <certain areas 'can only represent their attraction to
concentrated food resources. The relatively weak association
between seabirds and abiotic features indicates a need for more
study of the nature of seabird navigation and foraging behaviour.
Multidisciplinary .input 1is needed to determine if the redundancy
of seabird-abiotic associations (Table 7) reflects the complicated
environment, the use by seabirds of multiple cues in locating prey

(see Baker, 1978), or, as is most likely, both conditions apply.

The presence of piscivores, chiefly Arctic terns Sterna paradisaea

in the south of the survey grid presumably is associated with an
enhanced availability of fish aﬁ the Antarctic shelf (Targett,
1981) and the presence of 'ice just south of the grid on which
terns can roost. Species in the mixed-diet class, especially the

Antarctic petrel Thalassoica antarctica and snow petrel Pagodroma

nivea which breed on Antarctica, were also abundant close to the
continent, probably because of the 1ice nearby and increased
availability of food at the ice edges and polynas (Zink, 1981;
Griffiths, 1983), and at oceanic fronts or other dynamic processes
created by the East wihd and Circumpolari currents (Ainley and

Jacobs, 1981). The"Kergueleh 'petrel Pterodroma brevirostris

predominated amongst the mixed-diet class observed farther north

in the vicinity of 61-63°s.

I suspect that planktivores,  being relatively small-bodied and
requiring frequent meals of small prey items, are more dependent

on regular location of patchy SQurces of abundant food than are
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larger species. The distribution of large-bodied seabirds, such as
albatrosses, is more random since they apparently reguire to
encounter food items less frequently (Griffiths et al., 1982).

All these speculations are in need of further study.
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5.2.2. Gough Island seabirds and hydrography

The distribution of pelagic seabirds in relation to the

oceanic habitat of Gough Island
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Summary. The distribution and abundance of seabirds capable of
flight is described and related to the hydrology of the Gough
Island region. Concurrent seabird, hydrographic and hydro-acoustic
surveys from the austral spring, 1980, are assessed in order to
highlight biotic-abiotic associations. bn a macro-scale, the
~avifauna is explained by Gough Island's position bethen two ﬁajor
biogeographic zones; and the wuse of Gough Island as a breeding
site by seabirds. On a meso-scale, seabird abundance is greatest
in areas of hydrological variability, where the acoustic and

net-haul results indicate concentrations of potential seabird

prey.
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Introduction

Seabird distfibution and abﬁndance over the deep-seas is
non-random in relation to oceanographic featurés (e.g.
convergences, divergences and fronts) (Pocklington, 1979; Brown,
1980; Griffiths et al., 1982; Section 5.1.1). Close to‘ land,
however, seabird distribution is  not only influenced by
oceanographic features concentrating prey biomass, butlalso bf the
location and adcessibility of suitable breeding sites (Abrams and
Griffiths, 1981: Ainley and Jacobs, 1981; Hunt et al., 1981). 1In
particular, recent studies of meso-scale hydrological processes
(<100 km in diameter) have revealed a close association between
high relative seabird abundances and short-lived hydrodynamic
events (e.é. upwelling), as well as with more permanent features
close to the éontinental margin (e.g. longshore water transport
(Joiris, 1978; Ainley and Jacobs, 1981; Hoffman et al., 1981:
Schneider, 1983; Section 5.1.2). Similar associations have also
been implicated in the vicinity of oceanié islands where offshore
prey availability can be strongly influenced by the 'island mass

effect' (Ashmole and Ashmole, 1971).

An opportunity arose to study meso-scale seabifd-habitat
associations far from a continent, near Gough 1Island during
November, 1980. The distribution of seabirds capable of flight was
assessed during a detailed hydrological survey of the region
(Miller and Tromp, 1982). 1In addition, hydro-acoustics and
mid-water trawling were used to assess the distribution and
abundance of potential seabird prey in the form of zooplankton and

micro-nekton (Miller, 1982).

0o

Gough 1Island (40~ S, IOOW) is a breeding site for Southern Ocean

seabirds, but is also located in the boundary region between the
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sub-tropical- and sub-~Antarctic oceanic zones (Knox, 1960). This
paper considers relationships betweenl the pelagic avifauna and
hydrodynamic events observed during the above survey as they fit a
more global picture of the Gough Island-Tristan da Cunha  region
derived from satellite-tracked buoys passing through the region
during the First GARP Global Experiment (FGGE) (Keeley and Taylor,

1981).

Methods

Observations of seabirds were made by experienced workers aboard
the M.V. S.A. Agulhas during October-November, 1980 (austral
spring). A hydrological and hydro-acoustic/trawling survey was
conductea concurrently aboard the same vessel by the Sea Fisheries
Research Institute (Miller, 1982; Miller and Tromp, 1982) around
Gough Island (40°S, lOow, Fig. la). Echo-integrator deflections
(mm) were used as a relative index of scatterer abundance (Miller,
1982). Seabird counts were recorded in 140 l0-minute observations
(Anon., 1982), including all birds which flew past, or were passed
by, the steaming vessel (mean speed = 23 km h-1). Prevailing
current direction and flow rates for the macro—écale region around
Gough Island were taken from data made available through the First
GARP Global Experiment, (FGGE satellite tracked buoys, Keeley and
.Taylor, 1981), which was conducted throughout the year preceding

this survey. ' ' .

Geography

Gough Island is the most southérly member of the Tristan da Cunha

érchipelego and constitutes an important feature of the

EN
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mid-Atlantic ridge (Fig. 1b). The FGGE buoy composite veétor data
show that net macro-scale current flow north of Goughb Island is
easterly (Fig. lc). South of the 1Island, the Antarctic
Circumpolar Current flows easterly (Deacon, 1982), although the
bucy data provides some evidence for t;ansport of surface water
northward across 4OOS (Fig. 1 ¢,d). This appears to occur as
well as the mixing processes which are inherent in the
'Sub-tropical Frontal' zone (e.g. current meanders, Lutjeharmsf

1981; Miller and Tromp, 1982).

Gough 1Island 1is the first promontory to break surface and to be
encountered by the prevailing easterly currents in the fegion'
(Fig. l1). In accordance with current theories, mixing effects
would be compounded in the lee of the island (Owen, 1981; Townsend
et al., 1983), a fact clearly supported by tﬂe FGGE buoy tracks
(Fig. 1d). Furthermore, a steep, north-south sea-surface
temperature gradieﬁt (22—150C) shown in the buoy data (Fig. 14)
reflects the 'Sub-tropical Frontal' zone (Knox, 1960; Lutjeharms
and Valentine, in press) near Gough Island. Data collected during
the hydreclogical survey placés the 'Sub-tropicalb Convergence'
slightly to the north of Gough 1Island, although islandé can
apparently be characterized by.mixed waters of diffefent origin
(Miller and Tromp, -1982). More, receﬁtlyy the 'Sub-tropical
Convergence' has been associated with the 14°c surface temperature
isotherm and it is postulated that a second 'Sub—AntarctiE Front'
may be present in association with surface water temperatures of
7-9° ¢ ‘(Lutjeharms and Valentine, in press). In this analysis
Gough Island would fall withinvthé 'Sub—tropiéal Frontal' zone,
even though the strongest thermal gradients lie just to the north

of the Island.
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Fig. 1. The Gough Island-Tristan da Cunha study area showing a)

survey grid and hydrographic stations, b) bottom topography (depth
in thousands of meters), c¢) regional mean current vectors from
compositel FGGE buoy data (courtesy S Patterson, Texas A and M
Univ.), and d) current flow taken from individual FGGE bouy tracks
near Gough 1Island (broken lines with numerals (months) represent

progression of each bouy in the direction of arrows, SST (Pc) in

italics).
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Table 1. Correlation coefficients between bird species
richness (BSR), species diversity (BSD), abundance (no.
of individuals, all species), biomass (live-weight, kg)
and abundance by diet-class (see Appendix 1) for avi-
fauna in the vicinity of Gough Island, November, 1980.
At the right table margin and along the bottom margin

the means (SD) for each variable are given.

Diet-class BSR BSD Abundance | Biomass Mean SD
plankton 0.352 -0.315 0.658 0.102 53.2 86.3
squid 0.341 0.096 0.414 0.804 18.3 47.6
fish 0.342 0.179 0.342 0.159 5.0 13.4
mixed 0.426 0.393 0.374 0.388 13.5 27.8
mean 7.7 1.2 90.1 43.8

SDh 2.6 0.5 102.9 51.0
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Seabirds

During the 1980 survey, the pelagic avian community was dominated
numerically by plankton-eating species (e.g. prions pachyptila

spp. and diving petrels Pelecanoides spp.), while primarily

squid-eating birds accounted for the greatest bioﬁass (e.g.
albatrosses Diomedea spp. .and large petrels pPuffinus gravis, and
Pterodroma spp.) (Table 1, Appendix 1). Sub-Antarctic seabird
species occurred in abundances typical of the avifauna in
latitudes higher than Gough 1Island (Section 5.1.2) (e.g.

Blackbrowed Albatross Diomedea melanophris, Pintado Petrels

Daption capense, Whitechinned Petrels Procellaria aequinoctialis,

Wilson's Storm Petrels Qceancdroma oceanicus and Kerguelen Petrels

. Pterodroma brevirostris). Penguins .were not considered in this

study due to the difficulty of observing them at sea.

Seabird-habitat associations

The distribution of plankton— and squid-eating seabirds (including
thbse breeding on the 1Island and others) around Gough Island
tended to aggregate close inshore and in the lee of the 1Island
(Figs 2 and 3). Seabirds in transit to and from nests probably
accounted for a large proportion of the near-island observations.
High seabird abundances were apparent in associétion witﬁ the
vsteepest SST gradient of the survey, to the ~southeast of the
Island, and with a tongue of relatively warm surface water (>12°¢)

to the north of the Island (Figs 2 and 3).

Vertical temperatufe profiles and salinity data indicate a
sub-surface advection of cold water (minimum 9Oc) to the east of

the Island which coincided with a similar vertical advection of
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(individuals

Fig. 2. The distribution of plankton—eating.séabirds

approx. 4 km2) for Gough Island survey (area within
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Fig. 3. The distribution of squid-eating seabirds (individuals per
station, 4 km?)
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for Gough 1Island survey
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nutrient salts (Fig. 4, Miller and Tr@mp, 1982). To the
south-east of Gough Island, plankton-eating seabirds were abundant
over the cocl water on the western edge of the SST gradient (Fig.
2). Squid-éating birds co-occurred .partially with planktivores
but were most abundant in cooler waters (<llpC) close inshore and
in the cool water on the western edge of the SST grédient
south-east of the Island (Fig. 3). Acoustic and net-haul results
suggest a concentration of zooplankton in the lee of the 1Island
(Fig. 6) (Miller, 1982), particularly close to the strong SST
gradient (Figs 4 and 5b). It seems likely, therefore, that
foraging birds were responding to the effects ofv nutrient
enhancement and increased zooplankton abundance in the lee of the

Island.

Surface nitrate exhibited a strong distributional gradient
directly east of the Island, extending north to south (Fig. 5b).
A relatively steep phosphate gradient coingided with the nitrate
feature to the east of fhe Island, but to the north-east turned to
the west (Fig. 5a, b). High abundance of plankton-eating birds
were encountered from close inshore through the position where the

nitrate-~phosphate gradients crossed and within the 12°¢

surface-isotherm (Figs 2 and 3). Squid-eating birds overlapped
with planktivores, and were abundant across the nitrate-phosphate

interface, in both the cool and warm water (Fig. 3).

Miller and Tromp (1982) propose that the sub-surface temperature
maximum north of the island indicated a sub-surface intrusion of
sub—tfopical water (Fig. 7). Here, plapkton—eating seabirds
increased gradually up to, and decreased away from, the 12°c
isotherm (Fig. 2), wh;ch coincided with the east-west surface

phosphate gradient (Fig. 5). Squid-eating birds again co-occurred
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Fig. 5. Horizontal

profiles (gy-at/l) of sea-surface phosphate
(a) and nitrate (b), in the vicinity of Gough Island, after Miller

and Tromp (1982)
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Fig. 6. The distribution of echo-integrator deflections (mm) in

the vicinity of Gough Island, after Miller (1982)
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with planktivores but were most abundant over cooler waters (<11°
C) close inshore and near the south-eastern edge of the

- warm-water tongue (Fig. 3).

Enhanced acoustic backscatter was recorded where planktivorous
seabird density was greatesf on the north-south survey leg and
south~east of the Island (Figs 2 and 6). Seabird abundance to the
south-west of the island was high in association with both a patch
of cold water and enhanced acoustic scatter (Figs 2,3 and 6)

(Miller, 1982).
Discussion

Seabird abundances observed during November, 1980, in the vicinity
of Gough Island wefe substantially greater than those in the
Sub-~tropical Frontal =zone or in the vicinity of the Antarctic
Polar Front of the African sector of the Southern Ocean:; both
areas of high aerial seabird density (Griffiths et al., 1982;:
Section 5.1.1). The pelagic avifauna in the vicinity of - Gough
Island during November, 1980, included sub~-tropical and
sub-Antarctic species (Section 5.1.1), and was a mixture of
non-breeding species and species which breed on the 1Island
(Wétson, 1975). Several of the species observed during the survey
breed at localities some distance from the Island and were present
in sufficiently high abundance (Appendix 1) (Section 5.1.1) to
suggest a possible attraction to the area as a foraging ground.
The Blackbrowed Albatross breeds at South Georgia (54° s; 78° w)
(Watson, 1975) and migrates through the Gough-Tristan area on its
way to 1its austral winter foraging grounds off the South
African/Namibian coasts (Morant et al., 1983). As a result, birds
undertaking such migrations may stop at, or linger in transit, in

the vicinity of Gough Island to feed and possibly rest.
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The marine productivity in the waters close to Gough is probably
enhanced in two ways. First, as the island constitutes a breeding
site for the large numbers of birds, the relatively narrow neritic
zone is probably enriched by nutrient salt run-off resulting ffom
ephemeral leaching of guano deposits into near-shore water
(Selickman and Golovkin, 1972; Burger et al., 1978; Frost, 1979;
Miller and Tromp, 1982). The shallow waters close to the Island
support extensive faunal and floral diversity and have been shown
to be especia;ly rich in macrophytic algae (Womersley, 1954;
Knox; 1960; ' Chamberlain, 1965; Koop and Andersdn, 1982),

ichthyofauna (Penrith, 1967) and the crustacean, Jasus lalandii

(Heydorn, 1969). The present survey was undertaken in early
summer when bird incubation shifts are still sufficiently long to
allow parent birds to forage far from the Island. For this reason,
relatively high abundances of birds close inshore probably not
only indicates breeding activity but also that considerable food
is available near the Island. Secondly, since the shelf is narrow
(Fig. 1lb), like so many oceanic islands, waters around Gough
Island probably exhibit many of thé characteristics associated
with deep-sea frontal zones and their mixing processes (Van Dorn
et al., 1967; Owen, 1981; Townsend et al., 1983). Under such
circumstances, it is postulated that vertical and horizontal
oceanic mixing would enhance productivity in the deeper waters
surrounding the Island and especially in its lee (Miller énd

Tromp, 1982).

As a result of the relatively high salinity encountered, Miller
and Tromp (1982) suggest that waters in the lee of the Island' may
be susceptible to the effects of downétream baroclinic eddy
formation, which, in combination with both horizontal and vertical

mixing, could account for the co-occurrence of temperate and
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saline water. Combined with effects of ‘boﬁh horizontal and
vertical mixing induced by topographical effects (e.g. eddy
formation) and possibly upwelling, it would appear that biological
productivity in the area in the lee of Gough Island is probably

affected by relatively small-scale hydrodynamic events.

- Squid- and plankton-eating birds co-occurred in their greatest
abundances at and near the warm water to the north of the Island
and 1in the temperature/nutrient ‘'fronts' - north-east and
south-east of the Island. Hunt et al. (198l1) describe how oceanic
temperature fronts, acting as barriers to plankton movement,
influenced seabird dispersion in the Bering Sea. Such 'barriers',
if broken by horizontal tfansport due to a frontal meander (with
eddies or rinés being shed), may producevpatches of enhanced prey

diversity (Wiebe et al., 1976).

As already stressed, Gough Island lies at the northern boundary of
the Antarctic Circumpolar Current and thus provides a unique
biotope for Southern Ocean seabirds by virtue of its position. The
persistence' of oceanic mixing processes due to the topographical
effects of the 1Island could sustain the relatively steep
-environmental gradients. As such, the area would be anaiagous to a
biogeographical boundary zone which would tend to concéntrate and
support a diverse aquatic fauna (see Owen,-l981 for review).
Joiris (1978; 1983) has shown that restriction of plankton
distribution .by hydrodynamic variability directly affects seabird
distribution in the North Sea. However, the relationships between
seabird distribution and the Gough Island oceanic 'fronts' cannot
~be ‘confirmed as causative, since .associations between bird
abundance and habitat structure represent second-order bird-prey

correlations (Section 5.1.2).



5-132

Unfortunately the small sea-surface temperature gradients (i.e.
11—13<)C) prevailing at the time of the survey do not provide
unequivocal evidence for frontal discontinuities in the absence of
small-scale measurements of current flow (e.g. see Hofmann et al.,
1981). Both the Hunt et al. and Joiris projects were in high
latitudes where relatively small gradients of sea-surface
temperature were signatures of fronts (i.e. < 4%, Joiris, 1983;
Kinder et al., 1983). If warm water distribution during this
study was indicative of frontal expressions, then it could have
provided conditions for enhanced plénkton production and in turn a
rich_foraging ground for seabirds. Accordingly, nutrients or prey
normally wunavailable to squid and fish would occur in a confined

area where the concentration of several trophic 1levels could

attract seabirds.

At present, interpretation of seabird-habitat associations lacks

"sufficient input on the effect of weather on bird activity and

behaviour. Mendelsohn (1981)‘ has shown that prions (Pachyptilla
spp.) avoid inclement weather conditions around the Prince Edward
Islands (southern Indian Ocean). Conversely, Section 5.1.2 showed
little <correlation between seabird abundance and selected
meteorological parameters. It 1is conservative to conclude that
near Gough Island, observations of low bird density may have been
linked with harsh weather. HoweQer, no large portions of the bird

survey were missed due to harsh weather.

Further study of the Gough 1Island area is indicated, with
collectibn of detailed hydrological and meteorological data
concurrently with*bioiogical and-avifaunal surveys. Such research
must also determine, through a ﬁime series approach, if the

non-breeding birds around Gough Island are present as short-term
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transients or because the area consistently offers easy access to

a diverse prey community.
Conclusion

‘Seabirds exhibited non-random distribution over waters close to
Gough Island. Hydrological and hydro-acoustic data suggest the
possible attraction of seabirds to areas characterized by
hydrological wvariability. Distribution patterns observed during
the survey suggest a co-occurrence between seabirds feeding
relatively far offshore and regions of hydrodynamic discontinuity,

and between seabirds feeding close inshore and the neritic zone.
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5.2.3. FIBEX hydrography and krill distribution

Relationships between seabirds, krill and hydrography

in the South African area of FIBEX
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Introduction

The First 1International BIOMASS Experiment (FIBEX) aimed at
assessing the distribution and abundance of krill Euphausia
superba and some of its predators in the Southern Ocean (Anon.,
1981). Here, I relate aerial seabird diétribution (excluding
penguins, because they are difficult to detect ané count at sea)
to krill distribution in the South African area of FIBEX during
February-March, 1981 (Fig. 1). These relationships are compared
with the distribution of séabirds in the same area -  during
March-April, 1980, and with hydrographic information for the same

area.
Methods

The distribution of seabirds in the South African FIBEX area
(between 6008 and 6908, and l4OE and 310E) was assessed using the
BIOMASS Seabird Mapping SCHeme (Anon., 1982) during
February-March, 19811(Séction 5.2.1) and during March-April, 1980.
Concurrent with the seabird observations during 1981, the
distribution of krill (g m 2 ) was determined from 30—, ahd
120-minute interval readings of a hull-mounted echo-sounder
(Hampton, 1985). Seabird distributions observed during
March-April, 1980, as well as those reported for the South African
area of FIBEX (Feb.-March, 198l), are related to a recently
described hydrological feature of the region (Gordon and Huber, in
press; A.L. Gordon, pers. comm.). _Seabird distribution is
analysed as in Section 5.2.1, in terms of abundances of species
lumped by principal diet: plankton (PF), squid (CF), fish (FF).and
mixed-diet (MF). The composite of sea-surface temperature for
February-March, 1981, is from data logged with seabird counts and

those logged by CTD casts of the Sea Fisheries Research Institute.
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Fig. 1. The distribution and abundance (no. individuals) of

seabirds (all species) in the South African FIBEX
February-March, 1981 (after Section 5.2.1).
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Results and discussion

Planktivores and piscivores were the most abundant seabirds in
1981, and were concentrated in a narrow latitudinal band between
61°s ana 63%s (Fig. 1). Krill were generally patchy throughout
the survey area. Acoustic evidence (echo-integrator deflections
(mm)) for the highest sub-surface (i.e. > 10 m depth) densities (g
rﬁz ) (Fig. 2) was obtained in the same latitudinal band as the
highest seabird abundance (Fig. 1), and coincident with a patch of
seabirds between 63oand 6408. In the northern half of the survey
area, where predators and putative prey were most abundant, the
variance in bird abundance and krill density both differed
significantly by one degree of latitude (Table 1), which was the
finest resolution of the data available for analysis.
Conseguently, correlations of high-density planktivore patches
with hign relative abundance of krill were not well represented in
regression models. Increases in séabird abundance occurred in the

'vicinity of high krill abundance (according to 30-minute interval

records) along the transect of highest bird abundance (Fig. 3).
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Table 1. Analysis of variance (d.f. 3,158) of seabird abundance
(no. individuals per 10-min) and krill density (g 62) by one
degree latitudinal bands between 61°S and 65°S during March, 1981.

Krill wvariables are the 30- and 120-min echo-integrator interval

'density estimates (g m?)

Seabird abundance Krill

- — - ————— - — - -—— ————-— - -

Planktivores Piscivores All species (30-min)(120-min)

—— . — — —— —— - - - —— - - — —— . —— - ———— ————— - - -

F-value -~ 6.97 5.04 8.84 4.15 8.55

Probability 0.001 0.002 0.001 0.007 0.001

e ————— —— ——— - ————— — - ————————— - —— . —— - —— A ————— —————— ———
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Fig. 2. Continuous time sequence of krill density (g m2) based on
30-min echo-integrator readings throughout the survey of
February-March, 1981, in the South African FIBEX area (after

Hampton (1985)).
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In both years (March-April, 1980 and February-March, ‘1931)f
planktivores featured prominently between 6i°and 6495 (Fiés 1 éha'
4). In 1981, some of the concentrations of krill and seabirds
coincided with patches of relatively warm sea-surface temperature
(Figs 2, 4 and v5). A preliminary assessment (Section 5.2.1)
suggested that a meso-scale hydrodynamic feature (i.e. an eddy)
passed eastwards throﬁgh the study area during February-March,
1981, as a patch of prey-rich water. This could explain the
patchy occurrence of planktivores along the western part of the
transects of 7-8 March, and the patchy occurrence of piscivores

along tne eastern part of these transects (Fig. 3).

The existence of a front between the return floQ of the -eastern
Weddell Gyre and an anti-cyclonic gyre passing through the South
African FIBEX area has been postulated (Gordon and Huber in
press). This inter-gyral front appears to originate near the Maud
Rise (6505, 0 ), and runs north-east. It may have been bresent
across the north-west corner of the South African FIBEX survey
area during 1981 (Fig. 5). Warm-core eddies are shed to the west
of the inter-gyral front into cold Weddell Gyre waters (Gordon and
Huber, in press). 1I1f, during February-March, 1981, cold-core
eddies were shed from the inter-gyral front eastwards, into the
South African FIBEX area, they could have caused the heterogeneity
Oopbserved 1in the sea-surface temperatures during'the survey (Fig.
5). However, the main direction of flow in the north-west corner
of the South- African FIBEX area 1s south-Qesterly, so that my
proposal (Section 5.2.1) of an easterly movement 1in sea-surface

features seems an over-simplification.

Processes associated with the inter-gyral front might enhance the

availlability of krill to seabirds. The features studied by Gordon
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and Huber (in press) are not expressed at the sea-surface, but the
pycnocline is within 50 m of the surface at the north-eastern end
of the inter-gyral front, in the vicinity of the high seabird
abundances found during two sSuccessive summers, Eddies shed
eastwards from the front would not recross the front (A.L. Gordon,
pers. comm.), and could contain plankton and nekton (including
krill) of Weddell Sea origin. Such eddies would not provide
strong sea-surface expreésions, but even small SST and salinity
fluxes 1in Antarctic waters might enhance biological production
(Tranter, l§82: Ronner et al., 1983). Conditions are conducive to
biological enhancement where a pycnocline nears the surface (A.L.
Gordon, pers. comm.), because nutrients would be readily available
to surface mixing processes and light, thereby enhancing a change
from a purely deep-sea, oligotrophic habitat to a habitat
containing meso-scale 'parcels' of eutrophicvwater which could
support seabird prey. Such events do occur 1in Antarctic waters

(Tranter, 1982).

1 suggest that the occurrence of relatively warm water, krill and
seabirds (in two years) in the vicinity of the position proposed
for the inter-gyral front was the result of hydro-dynamic
processes which mixed nutrients from the shallow pycnocline of the
inter-gyral front, and brought together, near the sea-surface,
phytoplankton, zooplankton and krill in numbers large enough to
attract seabirds. Further surveys of the area should aim to test
the relationship pbetween the fauna and the oceanic dynamics, and
attempt to resolve the nature of hydrological events to the east

of the inter-gyral front.
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Fig. 4. The distribution and abundance (no. individuals km2 ) of

planktivorous birds (Halobeana caerulea, and Pachyptila spp.) in

the South African FIBEX area during March-April, 1980.
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Fig. 5. fhe south African FIBEX survey area and vicinity with
approiimate position of the inter-gyral <£ront (dashed line}
postulated by Gordon and Huber (in press). A sea-surface
temperature profile 1is presented for the area surveyed by South
Africa during February-March, 1981, from data taken from the
ship's 1log and physical data 1logged by Sea Fisheries Resear;h
Institute. The current flow {arrows) of the eastern Weddell Gyre

and the anti-cyclonic gyre are from A.L. Gordon (pers. comm.).
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5.2.4. Agulhas Current Retroflection region

Relationships between seabirds and meso-scale hydrographic

 features in the Agulhas Current Retroflection region
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Abstract. The species diversity, density‘ and distribution of
aerial seabirds in the Agulhas Current Retroflection region during
November~December, 1983, are described in relation to meso-scale
sea-surface habitat-types and circulation features resolved by
real-time hydrography. The density of seabirds, especially
species known to feed on plankton, correlates positively with cool
water and thermohaline fronts. The diversity of .seabird
assemblages correlates positively with habitat-types which are

characterized by sea-surface mixing processes (e.g. eddies).
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Introduction

The macro-scale distribution of seabirds at sea reflects the
biogeographical zonation of the marine habitat (Pocklington>l979,
Griffiths et al., 1982; Section 5.1.1). The greatest densities
of birds at sea occur within neritic and frontal zones (Ainley and
Jacobs, 1981; Schneider, 1983; Section 5.1.2). In neritic and
nearshore areas, seabird distribution is related to the positions
of fronts and the oceanographic properties of habitat-types
(Joiris, 1978, 1983; Schneider and Hunt, 1982; Schneider, 1983).
However, it is not known how the distribution of seabirds 1is
influenced by meso-scale sea-surface structure within a complex
deep-sea mixing zone. This paper extends our understanding of the
'océanographic determinants of pelagic seabird dispersion to a
deep-sea area between the southern African continental shelf and

the sub-Antarctic zone, where meso-scale features (e.g. eddies)

are common (Lutjeharms, 1981).
Methods

The Agulhés Retroflection Cruise (ARC)_investigated the meso-scale
hydrography of the area during November—Decehber, 1983 (Gordon, in
press). Concurrently, seabird distribution and density were
assessed in relation to fronts, eddies, currents and current
meanders in the interface region of the South Atlantic, Agulhas
Current and Antarctic Circumpolar Current, and in a frontal zone
" previously termed the 'Sub-Tropical Convergencé' (Deacon 1982).
During the Agulhaé Retroflection Cruise in the area between 35%s
and 429s latitudes and between 14Oand 27OE longitudes (Fig. l)}

seabirds observed flying past, or passed by,—within 300 m abeam of
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I

the R/V Knorr while steaming (mean vessel speed= 18 km hq'), were
counted, using the BIOMASS Seabird Mapping Scheme (10-minute
observations, Anon., 1984). In my analyses, seabird species were
lumped by principal diet-class: plankton- (PF), squid- (CF) and
fish-eating species (FF), and species not readily classified (MF).
Sea-surface temperature (SST), air temperature (AIR), salinity
(SAL), barometric pressure (BAR), sea-surface oxygen values (0XY),
wind speed (WINDS), weather (WEATH, coded 1 (clear, dry) to 6
(storm) ) and solar radiation (RAD) were recorded at 2-3 minute
intervals and coded for analysis at the interval of seabird
counts. Identification of the sea-surface circulation features was

based on XBT vertical sections (Lutjeharms, 1984).

Gordon (in press) identified discrete ocean circulation features
based on measures of geostrophié flow (i.e. dynamic topography
and | potential temperature-salinity space diagrams) and
satellite-tracked drifter buoys. The Cape Town Eddy was a mixture
of South Atlantic central water and Agulhas South Indian QOcean
water. The Cape Town Eddy received Agulhas water from the
Retroflection Eddy. The latter eddy was shed from the Agulhas
Current Retroflection and separated from it by a thermal front.
The 2zone previously referred to as the 'Sub-Tropical Convergence'
{Deacon, 1982) hereafter 1is referred to as the 'Sub-tropical
Front' (STF), and was a stéep thermohaline gradient separating
Agulhas Current Retroflection water from sub-Antarctic boundary
water. Based on these features, habitat-sectors defined for this
analysis are: the Cape Town Eddy (CTE): the Retroflection Eddy
and Sub-tropical Front (RE-STF); the Agulhas Current Rétroflection
system (Azulhas), and Sub-Antarctic water boundary (SAW) (Fig. 1l).
The breakdown of the cruise data into sectors was facilitated for

cruise participants by A.L. Gordon (pers. comm.).
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Seabird speéies' richness and diversity for habitat—gectors were
summarized by fhe Analysis of Alpha and Beta Diversity‘(Ter Braak,
1983), which is a species-centred bi-plot ordination analysis. 1In
this analysis, the habitat-sectors with the highest diversity are
plotted closest to the‘origin. The species or species-classes with
the largest vectors pointing in the direction of the co-ordinates
of a habitat-sector contribute most to the species diversity of
that sector. A sector with 1low diversity has relatively few
species with long vectors in its directién, and a sector with high
diversity has‘a large number of species with shorter vectors (Ter

Braak, 1983).

Cruise segmentsvwhich crossed >300 km (16 h steaming at 18 km h7],
.or 6ne day's steaming) were taken to réflecﬁ macro-scale seabird
distribution (i.e. passage across one or more habitat-sectors).
Cruise segments within a sector or across sector boundaries
(fronts) were taken to reflect méso-scale distribution. The
correlation of seabird density (no. individuals km2) with the SsT
signatures of sea-surface features was performed by considering

seabird counts as a Gaussian function of SST:

-------- | (1)

f(y) = P1 * e

Qhere Pl is a scalar value for bird density (y-axisf, P2 (ssT
signatﬁre of sea-surface feature) is the SST associated with the
‘'peak in bird density, and P3 1is a scalar parameter "which
represents the breédth of the peak of seabird density in terms of

SST (x-axis). The curve parameter values (Pl, P2, P3) were
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determined by a computer program (BMDPAR, Dixon, 1981) which fits
a curve through observed bird densities plotted against SST for
each cruise-track segment. The equation derived was used to
predict seabird density (y-values) for each SST (x-values) on that
Cruise segment. For each segment wherein seabird counts were
stopped partway into an SST feature, thé bird counts were
transformed as a log + 1 function of SST. For each segment, the
linear regression of the predicted (transformed) versus observed
bird densities tested the hypothesis that seabird density
inc;eases up to, and decreases away from, the SST signature of a
sea-surface feature. The values of P2 and P3 are not the same for
different sea-surface features. Consequently, an approximate
analysis of vafiance was used to establish that the composite of
curvilinear . model-runs provided a better fit to the déta than the
assumption that bird density and sea-surface temperature were
independent (see Siegfried and Underhill (1975) for application of

this test on biological data).
Results

Thirty-three (33) species of pelagic seabirds were recorded during
the Agulhas Retroflection Cruise (ARC), of which 10 species

~accounted for > 85% of a total of 6,059 individuals (Appendix 1).

Prineipal Components Analysis shows covariation among squid and
fish eatigg species, so that species of these classes were lumped
for further analysis (Appendix 2). Albatrosses and large petrels
were correlsated most strongly with avian biomass, species richness
and diversity (Appendix 3). Prions Pachyptila spp. were
correlated most strongly with avian density, but correlated most

‘weakly with species richness and diversity (Appendix 3). The

mixed-diet class comprised principally Softplumaged Petrels
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Pterodroma mollis which co-occurred to some extent with prions

(Appendix 2).

Macro-scale seabird distribution

Seabird density (all species) was greatest in areas of relatively
€ool SST and at thermohaline fronts (Fig. 2). Seabird density (all
species) was correlated negatively with SST (R=-0.62, P<0.05).
Plankton-eating birds correlated with cold air and high
sea—sﬁrface.oxygen values (Table 1), both of which correlated with
cold S5T (R=0.55, R=0.94, respectively, P<0.01). Piscivores
éenerally correlated with warm environmental conditions typical of
the African continental shelf (can. var. 3, Table 1). Squid-eating
seabirds were most abundant in the absence of planktivores and
piscivores and over <c¢old water, when the air was cold and
barometric pressure was low (can. var. 2, Table 1). During ARC,
the passage of a cold-weatner front was encountered (i.e. 1low
temperatures; low barometric pressure, strong winds and wet
weather). The absence of planktivores and relative abundance of
species which take squid and mixed-diets during this storm is

reflected in canonical variate 2 (Table 1}).

Meso-scale seabird distribution

The species composition and density of pelagic seabirds differed
by habitat-sectors (Table 2). Ter Braak's (1983) diversity
bi-plots - (Fig. 3) showed that the greatest differences in avian
species composition occurred between the Agulhas and sub-Antarctic
water (SAW) sectors. The Agulhas sector contained nutrient-poor,
warm surface water, in contrast to the nutrient-rich, cold surface
waters of the SAW sector (Figs 1 and 4). The Agulhas sector

contained principally piscivores, with some sqgquid-eating and
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mixed-diet species (Table 2, Fig. 3). The SAW sector was
dominaﬁed by planktivores (mainly prions) in density (Fig. 3), but
this 1is partly due to very large flocks of prions suppressing the
statistical importance of more normal-sized bird aggregations.
When ehe bird density data were log-transformed, the diversity
_bi-plot reflected more realistically the contribution to each
‘habitat-sector of bird species other than those which were

numerically dominant.

i

Extensive horizontal mixing was evident from the patchiness ' of
surface nutrients in the RE-STF and CTE sectors (Fig. 4).
- Squid-eating seabirds and species which take mixed-diets provided
relatively high avian diversity in the RE-STF and CTE sectors
(Fig. 3). These birds accounted for particularly high avian
biomass where the surface waters of the Retroflection Eddy (ca. 170
" C) and the Sub-tropical Front (ca. 17C)C) were pushed <close
together in a current meander (Table 2). 1In general, the short
vectors for the squid-eating albatrosses and petrels should be

noted, as they were the most widespread seabirds (Table 2, Fig.

3). The mixed-diet species were also widespread (Fig. .3).

The survey recrossed both the Retroflection and Cape Town eddy
sectors within one month. The seabird data for each crossing of
the eddies were ordered as an approximate ‘time series'
representing possiele phases of eddy development. The
Retroflection Eddy originated at the Agulhas Current Retroflection
'(apparently not long before the first crossing), and later (i.e.
the second crossing) was separated from the Agulhas Current by a
northward intrusion of cold water. Long-term transfer of Agulhas

water from the Retroflection Eddy fed the development of the Cape

Town Eddy. Subseqguent to the first crossing, the warm Agulhas
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Fig. 3. Ter Braak's (1983)

diversity for the

diversity bi—piots

habitat-sectors
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showing species

in the Agulhas Current

Retroflection region during November-December, 1983, in terms of

mean

and (b) the log-transformation of seabird

densities (no. individuals km2) of (a) seabird diet-classes,

species. Abbreviations

for diet-classes are given in the text. Pachyptila spp;'(l),
Oceanites oceénicus' (2), Oceanodroma leucorhoa (3), Fregetta
tropica (4), Fregetta grallaria (5), Diomedea exulans (6),
Diamedea melanophris (7), Diomedea <chlororhynchos (8), Diomedea
cauta (9), Pterodroma macroptera (10), Pterodroma lessonii (11),
Procellaria aeguinoctialis (12), Procellaria cinerea (13),
Puffinus gravis (14), Calonectrié diomedea (15), Puffinus griseus

(16), Sterna vittata (17), Sterna paradisaea (17), Sterna hirundu

(17), Morus capensis (18), Pterodroma mollis (19), Stercorarius
longicaudus (20).
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Table 1. Coefficients of determination (R2) and variable loadings
from canonical correlations between éeabird density (no.
individu%ls kmz) by diet-class and environmental variables in the
Agulhas Current Retroflection region, ‘November—December 1983.

Variable abbreviations as in text.

~ variables Canonical variate loadings

Seabird 1 2 3 4 .
diet-class

- — " G — — — — —— ——— — — —— ———————— — — — " T " o  ——— f— ——— — i — —

PF 0.779 -0.629 0.006 -0.435
CF | 0.007 0.763 0.103 -0.717
FF -0.329 -0.423 © 0.866 -0.102
MF 0.254 0.390 0.581 0.824
Environment
BAR © 0.140 -0.713 ~0.051  -0.126
SAL 0.040 0.330 -0.356 0.231
AIR ~0.572  =0.607 0.556 -0.712
WAT 0.253 -0.582 . -0.191 3.198
WINDS -0.097 0.444 0.695 0.029
WEATH 0.177 0.074 -0.133 ~0.239
OXY 10.705 -0.756 0.313 2.561
RAD 0.170 0.076 -0.643 -0.085
R 0.50 0.15 0.09 0.02

- — —— —— —— — —— — —— T —— — —— T — — — — —— T > S — — —— - —— T T — -V — " ——
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Table 2. Means and their standard deviations (in brackets) of bird
species richness (BSR), bird species diversity (BSD), biomasé
(live-weight) and density (no. individuals km2 (TOT)) of fotrv
seabird diet-classes (abbreviations as in text) for four habitat
sectors (abbreviations as in text). The differences between the
habita£—sectors are significant (P<0.0l1) for all variables. Data

are for the entire Agulhas Retroflection Cruise,

November-December, 1983

Sector N BSR BSD MASS PF CF FF MF TOT

CTE 140 l.61 0.42 2.82 0.1 1.3 0.4 0.7 2.5

(1.30) (0.48) (4.51) (0.4) (1.7) (0.9) (1.3) (2.6)

RE-STF 184 3.13 0.89 8.86 1.5 2.8 0.3 1.7 6.2

(1.81) (0.58) (8.98) (3.4) (2.6) (0.6) (3.3) (6.0)

SAW 128 4.48 1.10 8.92 14.4 3.3 0.3 4.3 22.3

S (1.68) (0.45) (6.14)(26.9) (3.1) (1.0) (3.8)(27.4)

Agulhas 182 2.22 0.55 9.45 0.8 1.7 3.0 1.8 7.3

(1.69) (0.53) (21.68) (3.8) (2.5) (9.7) (3.1)(11.7)

———— — — —— — — —— . " ——- ) N R W ik A D S P - G — — —— —— — — - — . S — — G S — T T . —— " S — —— Y - —— "
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water was mixed with Atlantic water within the Cape Town Eddy
(second crossing) (Gordon, in press). Seabird diversity and
density decreased as the 'time series' of eddy development
progressed (Fig. 5). Significant differences occurred (Chi;Square
test, P<0.001) in the densities and relative proportions
(diversity) of the birds lumped by diet—cl;sses for the early and
late crossings of the RE (g224.66) and the.CTE (5229.33) (Fig. 5).
The differences of seabird diet-class .diversity and density
between the CTE and the RE were most pronounced (5152.69, P<0.001,

Fig. 5).

Seabird-SST correlations

Seabird density was correlated positively with SST signatures of
thermohaline  fronts, which occurred along eddy rims and
habitat-sector boundaries (Fig. 2, Appendix 4). Piscivorous and
planktivorous seabirds were correlated with warm (SST>210C) and
cold (SST<17OC) fronts( respectively (Figs 2 and 6). Generalist
avian predators, i.e. squid-eaters and species which take mixed
diets, were correlated with diverse frontal conditions,

©¢ ang ZlOC (Figs 2 and 6). The

particularly SST's between 18
density of the combined diet-classes was the best correlate of the

SST signatures of the series of thermal gradients which comprised

the STF zone ( SST= 14-18%¢, Figs 2 and 6).

"Seven out of 18 meso-scale segments across fronts proauced
non-linear correlations between seabird density and SST with
R>0.70 (Fig. 6, Appendix 4). The association between seabird
density and SST was strongeSt over colder water (Figs 6 and 7).
-For the composite of all meso-scale correlstions (Appendix 4), the
variance explained by the curvilinear model was significantly
greater than for a model assuming independence of birds and SST

(Table 3). Surprisingly, there was not a good correlation petween
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bird dehsity and chahge in 8ST (per 10 minute field card or
multiples of them). However, where seabirds were aggregated at SST
fronts, there Wére also steep gradients in the dynamic topography
of the sea surface relative to the lSOOdb/lOOC plane (compare Fig.
2 with Fig. 2 1in Gordon, (in press)). Softplumaged Petrel
aggregations were more closely associated with the dynamic

topography gradients than with SST fronts.

Table 3. Analysis of variance to determine the overall
significance' of the correlations between observed seabird
densities (no. individuals km?) and seabird densities predicted by
the curvilinear regressions with SST (Appendix 4) for the Agulhas

Current Retroflection region during November-December, 1983.

Scale of analysis a.f. ' ss MS F Prob.

Macro-scale Regression 21 27937 1330
Residual 309 63214 205 6.49 - 0.01
Total 330 91151

Meso-scale " Regression 57 29214 513
Residual 313 33212 106 4.84 0.01

Total 370 62426

D — — —— ———— - — — ——— ——— — ———— ——— — —— — — . ——— T —— —— —— —— — — — - ——
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Fig. 5. Percentage density (no. individuals km 2 ) of seabird
diet-classes for the two crossings of.tHe Cape Town Eddy (CTE) and
the Retrofléction Eddy (RE) showing Atime between crossings
(x-axis). The differences in the seabird diet-class diversity and
density observed during the recrossings of each eddy, and the
differences in the avifauna between the CTE and RE, are
significant by Chi-Square test. Mean number of individuals per km
in plankton (open bar), squid (black bar), fish (hatched bar) and

mixed-diet (stippled bar) classes are shown above histograms.

60

€€
L0

50

PERCENTAGE OCCURRENCE

110

2 WKS , 3-6 MOS
RE




COEFFICIENT OF

5-172

Fig. 6. Coefficients of correlation (R) between observed and
predicted seabird densities (no. individuals km?) in relation to
SST signatures of fronts (P2) on 26 cruise segments (Appendix 4)

in the Agulhas Current Retroflection region during

November—December, 1983. The seabird variable used in each run of .

the predictive model is denoted as: plankton- (P), squid- (cC),
fish~ (F) and mixed-diet species (M) or all species (T). Results

from macro-scale cruise segments are circled, meso-scale segments

are not.
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Fig. 7. The relationship between mean predicted seabird density
(no. individuals km2) (P1) and sST (P2) for the 26 cruise segments
modelled in Fig. 6, in the Agulhas Current Retroflection region

during November-December, 1983. Abbreviations as in Fig. 6.
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Discussion

The seabird assemblages observed 1in each of four meso-scale
habitat-types were different in terms of species diversity and
density. Hence, this study supports the generalization that
meso-scale habitat-structure influences the composition of seabird
assemblages in deep-sea areas, (Section 5.2.1), as occurs in
nearshore environments (Joiris,‘l978, 1983: Schneider and Hunt,
1982). Generalist avian predators were associated with eddies,
perhaps pecause mixing processes inherent in ocean eddies enhance
prey diversity and availability (Tranter et al., 1983).
Conversely, specialist avian predators were relatively acute
indicators of the Sub-tropical Frontal zone (Section 5.1.2), a
biologically productive boundary zone between two biogeographical

regimes (see Section 5.2.2).

Generally, seabird distribution and density correlate positively
with the cooler waters of the area surveyed during ARC (Section
5.1.2). It 1is possible that the observed differences between
- seabirds associated with the CTE and the RE were due to the
proximity of the RE to the STF, or to the fact that the RE core
was cooler than that of the CTE. However, it is also possible that
differences in these avifauna reflected biological changes
generally found during the transfer of Agulhas water to the area
of the CTE. 1If the seabirds were tracking their environment on a
meso-scale, then the occurrence of a largely squid-eating avifauna
over the CTE could possibly indicate that 'older' eddies contain a
proportionately lower abundance of primary consumers (i.e.
plankton), relative to secondary consumers (i.e. squid and fish).

Data on prey distribution are needed to confirm this. Such a

finding could facilitate understanding of the spatio-temporal
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cycles involved in ecological succession in eddies.

Macro- and meso-scale oceanic features were equally significant
correlatés of seabird density. Curvilinear correlations between
fronts (indicated by SST) and seabird abundance were stronger than
in previous studies which relied on linear regression models and
scales of hydrography which were probably too coarse to resolve
meso-scale, sea-surface features (Kinder et al., 1983; Section

541.2). Taking together all of the macro-  and meso-scale

correlations, the variance 1in seabird density explained by

sea-surface temperature patterns was statistically significant.

The attraction of seabirds to fronts could be based 1in part on
temperature sensing (Schneider, 1983; Section 5.1.2). However,
correlations between seabirds and rate of change in SST were weak;,
indicating that seabirds probably use a variety of cues to locate
prey (Section 5.1.2). Seabirds are attracted to and avoid a
variety of meteorological conditions (Manikowski, 1971;
Mendelsohn, 1981; Section 5.2.1).- In the <case of Softplumaged
Petrels, somé of the variance unaccounted for by associations with
SST fronts may be partially explained by the birds' response to
baroclinic gradients, which correspond closely, but not entirely,
with SST fronts. It is possible that seabirds see current-jets,
such as currents of 2 knots and greater, which occurred along the
baroclinic and thermohaline gradients surrounding the cores of the
eddies and of the Agulhas Current Retroflection (Gordon, in

press).

The regression model developed 1in this study 1linking seabirgd

density with sea-surface temperature fronts describes a tendency
for birds to aggregate. at oceanic fronts. It is important to note

that @ . generalized model 1s not now possible Dbecause the
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characterisitics (é.g. SST) to which the birds seem to respond
differ with season and geographical location (Section 5.1.2). For
particular regions or habitat-types the species composition of
Seabird assemblages, and the étrength of associations petween bird
densities and the fronts, can be anticipated if the sea-surface
structure is known, Thus, predictive application of my
descriptive model requires real-time hydrology concurrent with
seablrd counts. Future research should aim at adding parameters
which complement sea-surface temperature’to the regression models,
thereby increasing our understanding of the multiple cues to which

seabirds respond.
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Appendix i. Principal food-type and feeding-method classes,
body-mass (live-weight) and percentage abundance (number of
individuals) of species observed in the Agulhas Current
Retroflection region during November-December, 1983. Diet and
feeding-method classifications based on data in Ashmole (1971) and
unpublished records taken from the FitzPatrick Institute, which

also maintains records of bird weights.

kg

Plankton Surface-filter Pachyptila spp, prions 0.15
Dip/patter Oceanites oceanicus, Wilson's Stormpetrel 0.04°

" Oceanodromia leucorhoa, Leach's Stormpetrel - 0,05

" Fregetta tropica, Blackbellied Stormpetrel 0.06

" Fregetta grallana,'Whitebellied Stormpetrel 0.05

" Phalaropus fulicarius, Grey Phalasope » 0.03

Squid surface seize/scavenge Diomedea exulans, Wandering Albatross 8.60
" . Diomedea melanophris, Blackbrowed Albatross ’ 3.50

" Diomedea chrysostoma, Greyheaded Albatross 3.60

" Diomedea chlororhynchos, Yellownosed Albatross 2.00

" Diomedea cauta, Shy Albatross 4.10

" ) Phoebetria fusca, Soéty Albatross x 2.50

" ‘ Phoebetria palpebrata, Light-mantled Sooty Albatross" 2.70

" Daption capense, Pintado Petrel ’ 0.45

’ " Pterodroma macroptera, Greatwinged Petrel 0.58

" _ Pterodroma lessonii, Whiteheaded Petrel 0.75

" ' Pterodroma incerta, Atlantic Petrel . 0.52

" i Procellaria aeguinoctialis, Whitechinned Petrel 1.21

" Procellaria cinerea, Grey Petrel 1.03

Pursuit plunge Puffinus gravis, Great Shearwater - ‘ 0.95




Fish

Mixed

Surface seize/scavenge
Pursuit plunge
Surface seize/scavenge
Dip/patter

"
Plunge

Dip/patter

Surface seize/scavenge

"

Piracy

Calonectris diomedea, Cory's Shearwater

Puffinus griseus, Sooty Shearwater

Puffinus assimilis, Little Shearwater

Sterna vittata, Antarctic tern

Sterna paradisaea, Arctic tern

Morus capensis, Cape Gannet

Sterna hirundu, Common Tern

Macronectes giganteus, Southern Giant Petrel

Pterodroma mollis, Softplumaged Petrel

Catharacta antarctica, Sub Antarctic Skua

Stercorarius pomarinus, Pomasines Skua -

Stercorarius parasiticus, Arctic Skua

Stercorarius longicaudus, Longtailed Skua
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0.96 2.33
0.79 1.81
0.23 0.23
0.14  1.37
0.13  0.55
2.70 5.46
0.15  1.37

13.12
4.10 0,52
0.31 20.28
1.63 0.12
0.67 0.03
0.53  0.11
0.29 1.09

22.15
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Appendix 2. Principal components analysis showing co-occurrences
among seabird species observed in the Agulhas Current
Retroflection region during November-December, 1983. Abbreviations
of species names are the first one or two letters of the genus and

species names given in Appendix 1.

PCl PC2 PC3 PC4 PC5 PC6
DM 0.794 0.00d 0.000 0.000 0.000 0.000
DCA 0.785 0.000 0.000 0.000 0.000 0.000
PRA 0.707 0.000 ~0.000 0.000 0.000 0.000
SC 0.000 0.744 0.000 0.000 0.000 0.000
STH 0.000 0.712 0.000 0.000 0.000 0.000
CD 0.000 0.540 0.000 0.000 0.000 0.000
PRC .O;OOO 0.000 0.687 0.000 0.000 0.000
PTM 0.000. 0.000 0.642 0.453 0.000 0.000
PAC 0.000 0.000 0.589 0.000 0.000 0.000
PTM 0.000 .0.000 0.000 0.572 0.000 0.000
DC 0.000 0.000 0.000 0.546 0.000 0.000
HY 0.000 0.000 0.269 0.519 0.000 0.000
PTMM 0.000 0.000 0.000 0.000 0.697 0.000
PUGA 0.000 0.000 0.000 0.000 0.579 0.300
DCL 0.000 0.000 0.000 0.000 0.000 0.671
PU 0.000 0.000 0.000 0.000 0.000 0.530
FRT 0.000 0.000 0.000. 0.000 0.000 -0.386
PUGI 0.000 0.000 0.000 0.000 0.270 0.000
MA 0.000 0.272 0.000 0.475 0.000 0.000
PTI 0.000 0.000 - 0.000 0.000 0.281 0.350
DCR 0.0bO 0.000 0.000 0.000 0.000 0.000

1010 I 0.000 0.303 0.000 0.000 0.000 0.000
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PTL 0.000 0.000 0.257 0.000 - 0.306 ~0.324

DMC 0.282 0.000 0.269 0.000 0.433 0.000

—— —— — — ——— T — ———— — — — — — ——- — {——— - — —— — — A — T~ — — — — — — ————— - — — T ————
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Appendix 3. Coefficients of correlation, (r) showing
interdependencie; among seabird variables in the habitat-sectors
CTE, RE-STF, Agulhas and SAW in the Agulhas Cﬁrrent Retroflection
region during No&ember-December, 1983. Abbreviations for
habitat-sectors and seabird variables are giveh in text. The

abundance variables were log-transformed for these regressions due

to the preponderance of zero counts.

CTE

BSR 1.0000

BSD 0.9337 1.0000
TOT 0.9238 0.8047 1.0000
MAS 0.8185 0.7137 0.8209 1.0000

PF 0.2707 0.2674  0.2541 0.0253 1.0000
CF 0.7391 0.6514 0.7786 0.8005 0.0687 1.0000
FF 0.3366 0.2790 - 0.3339 0.2568 —0.0543 0.0637 1.0000

MF 0.5814 0.5532 0.5698 0.3767 0.1950 0.2163 -0.141°9

) —  — — —— - — — — — —— — — — — ——— —— — — ———— ————— W — ———— —— — ——— —— " ", " " — — — — — ——— ——

- — — — — ———— —— ————————_ —— — —_—_ ——— — — — —— ———— — — —— — — " — —— — > WD " ———— T —— ————— . —

BSR  1.0000

" BSD 0.9556  1.0000

ToT | 0.8776  0.7631  1.0000

MAS 0.6990 0.6579 0.6919  1.0000

PF 0.5320  0.4494  0.6267  0.2023  1.0000

CF  0.7729 0.7518 0.7442 0.8160 0.2106  1.0000

FF 0.3199 0.3205 0.2386 0.0964 0.0425 .0.1455 1.0000
MF 0.4786  0.3854 0.5352 0.2207 0.2811 0.1411 0.0293
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1.0000
0.7566
0.7415
0.4610
0.7319
0.3655

0.2915

1.0000
0.8436
0.4029
0.6352
0.4892

0.4675

1.0000

0.2104

0.6792

0.5831

0.1489

1.0000

0.1329

0.1279

0.1888

1.0000

0.1265 1.0000

0.2856 -0.3769

-ty m—p S A " — — — —— —— f—— — — —} —— — - - — T — — ————— - t— — — o —— —— . — ——— — — —— . S o - —_— —— >

——— — — ——— —— — ——— — — — — — T —— — — —— " —— " —" —— —— — Vo — ——— — — —— - — - " " — " W ———

AGULHAS

BSR
BSR 1.0000
'BSD 0.9408
TOT 0.8877
MAS 0.8347
PF  0.4755
CF  0.7577
FF  0.4399
MF  0.3769
SAW

BSR
BSR 1.0000
BSD 0.7376
TOT 0.4540
MAS 0.5993
PF  0.2582
CF  0.6807
FF 0.4411
MF

0.3085

1.0000
—0.6751
0.2919
-0.2045
0.5556
0.4224

0.1553

1.0000
0.5985
0.7809
0.3607
0.1579

0.3681

1.0000
0.2836
0.6776
0.2084

0.3352

1.0000
-0.0551
0.0941

-0.0650

1.0000
0.2427 1.0000

0.3986 0.0813
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Appendix 4. Curvilinear correlations between seabird density (no.
individuals km?2) and ssT (9c) for 26 cruise-track segments in the
Agulhas Current Retroflection region during November-December,
1983, showing type of sea-surface feature (spatial scale in
brackets), location (abbreviations as in text), seabird variable
modelled (abbreviations as in text), sample size (N), mean
predicted density (Pl, no. individuals .kmz){ SST signature oﬁ
feature (P2,°C), and régreséion coefficient (R) between observed

and predicted seabird densities.

Seabird
Feature Location variable N Pl P2 R
Eddy rim :CTE TOT 29 4.1 21.1 0.13
(meso-scale) :SAW PF 21 28.4 14.9 0.75
Across neritic-
deep-sea ¢ west CF 34 4.8 20.4 0.14
bouﬁdary Agulhas bank FF 34 log+1l 19.3 -0.47‘
(macro-scale) : east TOT 44 22.4 22.1 0.39
Agulhas bank
In neritic
zone : east FF 26 136.7 22.5 0.79

(mesoéscale) ' Agulhas bank

ACross STF zone: (macro-scale)

14°E  TOT 45 log+l 13.0 -0.35



17-18°E

17-18°E

20-21°E

20-21°E

24-26°E

26°E

In STF zone: (meso-scale)

RE,STF meanders:

Mid-STF:

STF,SAW interface:

In SAW zone:(meso-scale)

18°E

TOT

PF
PF
TOT

TOT

CF
MF
CF

MF

TOT
MF
PF
TOT

PF

TOT

TOT

TOT

TOT
PF
PF
PF

PF

31
31
54
33
83

53

16

16

15

15

21

21

26

30

30

17
16

20

14

21

17

12

14

200.0
log+1l
41.0

54.9

log+1l
15.0

22.7

14.9
11.3

23.1

21.2

261.5

200.0

114.8

8l.7

20.1
22.0

20.2

17.8
18.1
16.0
17.1

19.0

16.7

l16.1

15.1

14.0

11.0

12.3

13.3

14.6

0.42
0.45
-0.57

0048



6. Synthesis and conclusion

6.1. Synthesis of results

H'There i1s consensus that, 1in neritic areas, aerial seabirds
concentrate where fish, squid and élankton are most abundant at
the sea-surface (Brown, 1980; Hunt et al., 1981: Croxall, 1984).
In this study, I show that the deep-sea distributibn of
non-breeding seabirds in the Southern Qcean reflects the structure

‘of the marine habitat. If seabird prey are ordered similarly, then
my reults reflect thé corollary that seabird assemblages at sea
reflect the dispersion of their 'prey. Three hypotheses are
examined which suggest that non-breeding seabirds can be used to
monitor prey stocks. First, the distribution of seabirds at sea
is non-random. Secondly, the distribution and abundance of
‘'seabirds correlate with aspects of the physical structure of the
marine habitat. Thirdly, the basis for the consistent structures

of seabird assemblages is the availability of prey.

In the Antarctic zones, very large aggregations of planktivorous
seabirds (secondary consumers) dominate the avifauna. In the .
sub-tropical and sub-Antarctic zones, avian assemblages are
characterized by a large biomass and a great diversity, due to
high relative abundances of squid-eating seabirds (tertiary
consumers). There is & transition zone between 47%nad 50°s, where
the seapird assemblages are dominated sometimes by squid-eating

species and at other times by plankton-eating species. These
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results of research conducted primarily in nearshore habitats
(Brown, 1980; Hunt et al., 1981: Hoffman et al., 1981; Joiris,
1983; Schneider, 1983). Section 5.2 provides details on how, in

deep-sea systems, meso-scale sea-surface structure influences the

distribution and abundance of pelagic seabirds.

The FIBEX study (Section 5.2.1) details the non-random
distribution of seabirds in a deep-sea zone which, in the
macro-scale analyses, is a zone of high relative abundance. The
Gough Island (Section 5.2.2) and FIBEX (Section 5.2.3)
hydrographic and hydro-acoustic studies show that zooplankton and
~seapirds, and krill and seabirds, assoclate together at meso-scale
sea-surface features. Unfortunately, the oceanographic data
(hydrographic and hydro-acoustic parameters) collected during
these cruises do not resolve sea-surface features at the scale of
the significant variation in seabird abundance. Conseguently, in
these studies (Sections 5.2.2 and 5.2.3), regressions between the
abundances of seabirds and their prey are disappointing. However,
the existence of these asséciations can be seen in comparisons of
‘maps of seabird abundance, the physical environment and

hydro-acoustic surveys.

Section 5.,2.4 presents results from the most advanced
oceanographic research cruise to date in the African sector of the
Southern Ocean. The Agulhas Retroflection Cruise ( ARC)
oceanographic data are 1in real-time, and a wide wvariety of-
meso-scale habitat features is resolved (Gordon, in press). The
ARC study details the seabird assemblages associated with fronts,
eddies, rings and currents. Moreover, the types of meso-scale
oceanic processes responsible for the sea-surface structure around

Gough Isiand and in the FIBEX sector are represented 1in the ARC
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data (Section 5.2.4). Consequently, I am able to describe the
degree to which seabird abundance correlates with a variety of

meso-scale habitat features.

In the Gough Island study (Section 5.2.2), seabirds aggregate at
an SST front which is similar to the meander-induced front crossed
during ARC. With the appropriate scale of data, as in the ARC
survey, this type 6f bird-SST correlation is characterized by a
curvilinear regression model (Section 5.2.4). Al though the
correlation between seabird abundance and SST is not particularly
strong in the FIBEX analysis (Section 5.2.1), both krill and
seabirds are exceptionally abundant at a patch of relatively warm
water (Section 5.2.3). A strong curvilinear correlation was found
between seabird abundance and SST for a similar feature during\ARC
(i.e. a warm-core eddy) . Hence, certain seabird-habitat
associations are clarified by examining data sets in which
environmental features are resolved at a meso-scale level of

-operation.

The frontal zones of the Southern Ocean are a mosaic of meso-scale
sea-surface features (e.g. the 'Sub-tropical Convergence' zone)
(Ldtjeharms, 1981: Gordon, in press). Hulley (1981) showed that
in the South Atlantic Ocean the abundance of myctophids was
éreatest in the vicinity of the 'Sub-~tropical Convergence' zone,
and Brandt (1983) and Tranter et al. (1983 a,b) showed that the
diveréity of zooplankton and squid aggregations were enhanced in
the vicinity of eddies shed by the East Australian Current. Thus,
this study pinpoints the guestion: Does meso-scale habitat
variability enhance prey diversity, therefore producing the
temporally variable; non-random distribution of seabirds observed

in Section 5.2.4? The hypotheslis generated by this study is that



6-5

the greater the number of meso-scale habitat-types {(i.e.
meso-scale features seem to be discrete habitat-types), the
greater 1is the diversity of seabird diet-classes observed in that

zone,

6.2. Seabirds as biological indicators

The hypotheses addressed in this thesis were supported
sufficiently to recommend testing directly the usefulness of
seabirds as indicators of the pelagic distribution of their prey.
Aerial seabirds at sea 1in the Southern Ocean show consistent
assoclations with the structure of their habitat. It is important
to qualify this finding by discussing the 1limitations affecting
the use of seabirds as indicators of prey distribution and

abundance.

‘Certain species, and trophic-classes, of birds have been found to
associate consistently with particular habitat conditions in
terrestrial ecosystems (Landres and MacMahon, 1980: Wiens and

Rotenberry, 198l1; Meents. et al., 1983). Wiens and Rotenberry
(1981) used linear regression to examine bird-habitat
relationships, which were better modelled by means of non-linear
regression by Meents et al. (1983). Evidently, both marine and
ﬁerrestrial birds exhibit some’non—linear correlations with the
structure of their habitats and, 1in certain cases, such
correlatiohs are strongest when local, spatio-temporal scales of
data collection and analysis are considered. Apparently, lumping

of data over seasons or across habitat-types or zones can mask

relationsnips which exist at finer scales.
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I propose that the consistent concentration of seabirds in
permanent frontal zones reflects consistency in the macro-scale
structure of pelagic biotic systems. If the distfibutions of
plankton, nekton and fish are confirmed to be 'stable' on a
‘macro-scale in the Southern Ocean (Holm-Hansen et al.,. 1977;
Hulley, 1981;:; Deacon, i982), 1 propose that large-scale changes
in the distribution and abundance of prey stocks would be
accurately reflected by changes 1in the macro-scale distribution of
pelagic aérial seabirds. Seabird aggregations outside permanent
frontal zones probably indicate relatively ephemeral occurrences
of prey stocks; whereas associations between seabirds and

meso-scale sea-surface features within frontal =zones probably

reflect more regular local concentrations of prey.

Which seabird species or diet-classes are likely to be the most
useful for predicting brey concentrations in the Southern Ocean?
Among the seabirds, leaving aside penguins, of each habitat area
or type, there are generalist and specialist species. The
generalist predator seabirds include those which take squid
because they switch diets, being highly opportunistic (Croxall and
Prince, 1980; Abrams, 1983). Species which take mixed-diets are by
definition generalists. Planktivores and piscivores are
specialists, since they require relatively frequent, specialized
meals (Prince, 1980; Section 5.1.1). In terms of Levins' (1968)
niche theory, speciélists (i.e. narrow-niche species) show
clustered distributions and generalists (i.e. broad-niche species)
show more diffuse distributions; the distributions of seabirds 1in
this study concur with Levins' (1968) contention. For example,
plaﬁktivores tend to be specialists relative to squid-eating
species (Croxall and Prince, 1980) and the former are more

accurate indicators of sea-surface features, partially because of
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their gregarious behaviour. As explained by Connell (1978: 483):
"The distribution and abundance of a species are ultimately
determined by tolerances to ‘extremes of physicai conditions...”,
it is clear that the squid-eating and mixed-diet seabirds have
broad environmental tolerances in terms of their range of abiotic
associations, and particularly since they apparently require fbod

infreguently.

In low latitudes (<509 S) of the African sector of the Southern
Ocean, species which are generalists in terms of foraging strategy
correlate equally with permanent and ephemeral habitat features.
The specialists remain as close as possible to the permanent
'Sub-tropical Front' =zone or the African continental shelf. The
planktivorous seabirds move to meso-scale features near to the
'Sub-tropical Front' =zone, but otherwise appear to be found away
from that zone only while travelling between frontal zones or
breeding sites. Associations of specialist seabirds with certain
features are consistent and sometimes guite strong. Generalist
species are not <consistently associated with specific habitat
features, except that there are always some of these birds
contributing to the diversity of assemblages within major frontal
zones., 1 recommend the use of all species combined to identify
macro-scale zones of prey concentration. Within such zones,
particular attention should be paid to the distribution and

apundance of planktivorous and piscivorous seabirds.

In the neritic ecosystem of southwestern Africa, changes in the
spatio-temporal distribution and abundance of seabirds correlate
'with the alteration of prey stocks resulting from 30 years of
commercial fishing (Crawford and Shelton, 1979; Burger and Cooper,

1984; Aprams, in press). I predict that similar changes might
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occur in the deep-sea Southern Ocean avifauna, too, because its
structure is probably ordered with respect to food availability
and correlated with the oceanic processes which apparently control
food availability. Among non-breeding seabirds of the Sduthern
Ocean, tnere is a tendency for species which take similar diets to
associate together on a macro-scale. This is convenient from the
viewpoint of summarizing results because the distribution at sea
of seabirds may be used by commercial fisheries for locating prey
concentrations. Moreover, the proportions of planktivores
increase in seabird assemblages as the predominant prey species
cnhange from squid and fish to krill along the Africa-Antarctica
‘environmental gradient. Should krill stocks become depleted in
Antarctic zones, I would expect the relative abundance of
planktivorous seabirds to increase in the zones where alternative
resources are available to them (e.g. zooplankton in

sub-Antarctic zones).

Changes 1in the macro-scale availability of prey stocks to seabirds
are not expected to result from changes in the marine habitat,
since the macro-scale habitat structure is relatively stable. I
provide informaéion on seabird responses to short-term habitat
instability, and fluctuations in the habitat of this order can be
expected to influence bird populations. Therefore, alteration of
the macro-scale distribution and abundance of prey stocks should
be reflected 1in the ecological structure of the avifauna.
)However, the use of seabirds for ecosystem or fisheries management
reguires some caution. A management model woculd be remiss 1if it
did not include both linear and non-linear seabird-hapitat
relationships. Moreover, the spatio-temporal scale of data

collection and analysis must take cognizance of the distinction

between macro-scale and meso-scale oceanic processes.



6.3. Conclusion

Concepts which were previously anecdotal or not gquantified in a
standardized fashion have been integrated in this thesis to form
the pbpasis of a hypothesis that decribes the basis for the
distribution, abundance and ecological structure of deep-sea
avifaunas. Although my descriptive model is a simplification of
reality, it is the type of puilding block that can be used to
direct further testing of theory (Roughgarden, 1983). My model
accommodates a tendency fof environmental variability since,
according to Pielou (1977:109), "...theoretical eguilibrium states
are themselves nonstationary.” Consegquently, there is not a
single generalized equation for the oceanographic determinants of
pelagic seabird distribution. The thesis itself is a descriptive
expression that sea-surface structure is the the most important

~mechanism affecting the organization of aerial seabirds at sea.

‘The field and analytical methods I use, and in some cases develop,
permit the generalizations of my results to be applied and ‘tested:
in other pelagic systems. However, I have also highlighted a need
for exploring alternate statistical methods of developing
regression models from pelagic count data which provide a high
degree of predictability (e.g. generalized linear models). This
vthesis predicts that concurrent surveys of pelagic seabirds and
their potential prey will show the following aspects of the

ecological structure of pelagic seabird assemblages:

1. Seabird species diversity and biomass are greatest in the

sub-tropical neritic and deep-sea frontal zones, where habitats
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are most heterogeneous, and prey stocks are considered to be

diverse.

2. The correlations between seabird abundance and particular
hydrographic conditions are more consistent in low latitudes than
in high latitudes. In low latitudes, seabird aggregations occur
regularly in frontal zones, where plankton, squid or fish are
considered to be relatively heterogeneous and abundant. Given
improved knowledge of high-latitude oceanography, the apparently
random occurrénce of large seapird assemblages should correlate

with ephemeral, oceanic mixing processes.

3. The wvariance 1in seabird diversity and abundance explained by
regression models are more or less egual at macro- and meso-scale
levels. However, within regions of high prey availability, where
seabirds are likely to be foraging, the proportion of variance 1in
bird apundance explained by regression on sea-surface temperature

will be considerably higher at meso-scale than at macro-scale,
Therefore, I p;opose that seabirds travelling between breeding and
foraging areas <cue principally on macro-scale environmental

gradients,and, within frontal zones, seabirds which are foraging

cue principally on meso-scale habitat features.

My basic contention 1is thatv‘pelagic avifaunas are strucfured
ecologically along a dimension with a form largely determined by
the air-sea interface and, particularly, sea-surface structure
{i.e. the dispersion of water masses, currents and frontal
zones). I raise the question of how the availability of some prey
Species to seabirds is related to these dynamic processes. Thus, I
provide & hypothetical framework for testing the habitat-food-bird
relationship. Moreover, I think that the consistency of the

seabird-habitat correlations found throughout the extensive range
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of spatio-temporal scales presented in my tpesis shows that these
associations provide an important reason for using seabirds as
indicators of prey distribution at sea. I believe that the
pregress made by this study through the refinement of scale of
data resolution and the introduction of non-linear statistics is
sufficient to recommend continued research into the development of
a model which includes seabirds as biological indicators for

fisheries management.
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